,frontlers Research Topics


https://www.frontiersin.org/research-topics/8731/structure-and-function-of-chloroplasts---volume-ii
https://www.frontiersin.org/research-topics/8731/structure-and-function-of-chloroplasts---volume-ii
https://www.frontiersin.org/research-topics/8731/structure-and-function-of-chloroplasts---volume-ii
https://www.frontiersin.org/journals/plant-science

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88966-373-6
DOI 10.3389/978-2-88966-373-6

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Plant Science

1 January 2021 | Structure and Function of Chloroplasts - Volume Il


https://www.frontiersin.org/research-topics/8731/structure-and-function-of-chloroplasts---volume-ii
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact

STRUCTURE AND FUNCTION OF
CHLOROPLASTS - VOLUME II

Topic Editors:

Hongbo Gao, Beijing Forestry University, China

Jurgen Soll, Ludwig Maximilian University of Munich, Germany
Rebecca L. Roston, University of Nebraska-Lincoln, United States
Yan Lu, Western Michigan University, United States

Luning Liu, University of Liverpool, United Kingdom

Dr. Degiang Duanmu based at Huazhong Agricultural University in China is
collaborating with Dr. Gao, Dr. Soll, Dr. Rosten, Dr. Lu and Dr. Liu as an editorial
assistant in this Research Topic.

Citation: Gao, H., Soll, J., Roston, R. L., Lu, Y., Liu, L., eds. (2021). Structure and
Function of Chloroplasts - Volume Il. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88966-373-6

Frontiers in Plant Science

2 January 2021 | Structure and Function of Chloroplasts - Volume ||


https://www.frontiersin.org/research-topics/8731/structure-and-function-of-chloroplasts---volume-ii
https://www.frontiersin.org/journals/plant-science
http://doi.org/10.3389/978-2-88966-373-6

Table of Contents

05

08

19

31

44

52

67

77

93

101

116

127

Editorial: Structure and Function of Chloroplasts - Volume Il

Yan Lu, Lu-Ning Liu, Rebecca L. Roston, Jurgen Soll and Hongbo Gao
Chloroplast Translation Elongation Factor EF-Tu/SVR11 is Involved in
var2-Mediated Leaf Variegation and Leaf Development in Arabidopsis
Siyu Liu, Lu Zheng, Jia Jia, Jia Guo, Mengdi Zheng, Jun Zhao, Jingxia Shao,
Xiayan Liu, Lijun An, Fei Yu and Yafei Qi

PPR Protein BFA2 is Essential for the Accumulation of the atpH/F
Transcript in Chloroplasts

Lin Zhang, Wen Zhou, Liping Che, Jean-David Rochaix, Congming Lu,
Wenjing Li and Lianwei Peng

Transcriptional Regulation of the Glucose-6-Phosphate/Phosphate
Translocator 2 is Related to Carbon Exchange Across the Chloroplast
Envelope

Sean E. Weise, Tiffany Liu, Kevin L. Childs, Alyssa L. Preiser, Hailey M. Katulski,
Christopher Perrin-Porzondek and Thomas D. Sharkey

Targeted Control of Chloroplast Quality to Improve Plant Acclimation: From
Protein Import to Degradation

Xiaolong Yang, Yangyang Li, Mingfang Qi, Yufeng Liu and Tianlai Li

The High Light Response in Arabidopsis Requires the Calcium Sensor
Protein CAS, a Target of STN7- and STN8-Mediated Phosphorylation
Edoardo Cutolo, Nargis Parvin, Henning Ruge, Niloufar Pirayesh,

Valentin Roustan, Wolfram Weckwerth, Markus Teige, Michele Grieco,
Veronique Larosa and Ute C. Vothknecht

A New Light on Photosystem Il Maintenance in Oxygenic Photosynthesis
Jun Liu, Yan Lu, Wei Hua and Robert L. Last

Introducing an Arabidopsis thaliana Thylakoid Thiol/Disulfide-Modulating
Protein Into Synechocystis Increases the Efficiency of Photosystem Il
Photochemistry

Ryan L. Wessendorf and Yan Lu

Arabidopsis thaliana Leaf Epidermal Guard Cells: A Model for Studying
Chloroplast Proliferation and Partitioning in Plants

Makoto T. Fujiwara, Alvin Sanjaya and Ryuuichi D. Itoh

Membrane-Specific Targeting of Tail-Anchored Proteins SECE1 and SECE2
Within Chloroplasts.

Stacy A. Anderson, Rajneesh Singhal and Donna E. Fernandez

Functional Implications of Multiple IM30 Oligomeric States

Carmen Siebenaller, Benedikt Junglas and Dirk Schneider

Arabidopsis PARCG6 is Critical for Plastid Morphogenesis in Pavement,
Trichome, and Guard Cells in Leaf Epidermis

Hiroki Ishikawa, Mana Yasuzawa, Nana Koike, Alvin Sanjaya, Shota Moriyama,
Aya Nishizawa, Kanae Matsuoka, Shun Sasaki, Yusuke Kazama, Yoriko Hayashi,
Tomoko Abe, Makoto T. Fujiwara and Ryuuichi D. Itoh

Frontiers in Plant Science

3 January 2021 | Structure and Function of Chloroplasts - Volume Il


https://www.frontiersin.org/research-topics/8731/structure-and-function-of-chloroplasts---volume-ii
https://www.frontiersin.org/journals/plant-science

146 Two Arabidopsis Chloroplast GrpE Homologues Exhibit Distinct Biological
Activities and Can Form Homo- and Hetero-Oligomers
Pai-Hsiang Su, Hsuan-Yu Lin and Yen-Hsun Lai

160 ROS-Driven Oxidative Modification: Its Impact on Chloroplasts-Nucleus
Communication
Chanhong Kim

166 Crystal Structure of the Chloroplastic Glutamine
Phosphoribosylpyrophosphate Amidotransferase GPRAT2 From
Arabidopsis thaliana
Xueli Cao, Bowen Du, Fengjiao Han, Yu Zhou, Junhui Ren, Wenhe Wang,
Zeliang Chen and Yi Zhang

174 Chloroplast Calcium Signaling in the Spotlight
Lorella Navazio, Elide Formentin, Laura Cendron and Ildikd Szabo

188 Relationship Between Glycerolipids and Photosynthetic Components
During Recovery of Thylakoid Membranes From Nitrogen
Starvation-Induced Attenuation in Synechocystis sp. PCC 6803
Koichi Kobayashi, Yuka Osawa, Akiko Yoshihara, Mie Shimojima and
Koichiro Awai

201 PDM4, a Pentatricopeptide Repeat Protein, Affects Chloroplast Gene
Expression and Chloroplast Development in Arabidopsis thaliana
Xinwei Wang, Lirong Zhao, Yi Man, Xiaojuan Li, Li Wang and Jianwei Xiao

Frontiers in Plant Science 4 January 2021 | Structure and Function of Chloroplasts - Volume Il


https://www.frontiersin.org/research-topics/8731/structure-and-function-of-chloroplasts---volume-ii
https://www.frontiersin.org/journals/plant-science

'," frontiers
in Plant Science

EDITORIAL
published: 25 November 2020
doi: 10.3389/fpls.2020.620152

OPEN ACCESS

Edited and reviewed by:
Alistair McCormick,
University of Edinburgh,
United Kingdom

*Correspondence:
Hongbo Gao
gaohongbo@bjfu.edu.cn

Specialty section:

This article was submitted to
Plant Physiology,

a section of the journal
Frontiers in Plant Science

Received: 22 October 2020
Accepted: 30 October 2020
Published: 25 November 2020

Citation:

Lu'Y, Liu L-N, Roston RL, Soll J and

Gao H (2020) Editorial: Structure and
Function of Chloroplasts - Volume I
Front. Plant Sci. 11:620152.

doi: 10.3389/fpls.2020.620152

Check for
updates

Editorial: Structure and Function of
Chloroplasts - Volume i

Yan Lu', Lu-Ning Liu?, Rebecca L. Roston?®, Jiirgen Soll* and Hongbo Gao **

! Department of Biological Sciences, Western Michigan University, Kalamazoo, M, United States, ? Institute of Systems,
Molecular and Integrative Biology, University of Liverpool, Liverpool, United Kingdom, ° Department of Biochemistry,
University of Nebraska-Lincoln, Lincoln, NE, United States, * Ludwig Maximilian University of Munich, Munich, Germany,
> College of Biological Sciences and Biotechnology, Beijjing Forestry University, Bejjing, China

Keywords: chloroplast, envelope, thylakoid, protein import, photosynthesis

Editorial on the Research Topic
Structure and Function of Chloroplasts - Volume II

As the site of photosynthesis, the chloroplast is responsible for producing all the biomass in plants.
It is also a metabolic center for production or modification of many important compounds, such as
carbohydrates, purines, pyrimidines, amino acids, fatty acids, precursors of several plant hormones,
and many secondary metabolites. The chloroplast also extensively communicates with other parts
and organelles of the cell. We were fortunate enough to have submissions from ~100 talented
chloroplast researchers. This topic contains 17 papers of which 11 are original research, 4 are
reviews or mini-reviews, and one is a perspective.

As the chloroplast is semi-autonomous, the biogenesis, development, division, and partitioning
of chloroplasts rely on nuclear-encoded proteins as well. A nuclear-encoded chloroplast-localized
translation elongation factor EF-Tu was found to be essential to chloroplast development in the
flowering plant Arabidopsis thaliana (Liu S. et al.). This prokaryotic-type translation elongation
factor also acts cooperatively with the chloroplast translation initiation factor IF3 to control leaf
vascular development.

Although most of the chloroplast proteins are encoded by the nuclear genome, the chloroplast
genome still contains >100 genes. Efficient transcription of these chloroplast-encoded genes and
subsequent translation of protein-coding transcripts is essential to chloroplast function. Nuclear
encoded pentatricopeptide repeat proteins (PPRs) have been repeatedly found to be involved in
transcription, transcript stabilization, intron splicing, editing, and translation in the chloroplast.
Wang et al. discovered that Pigment-Defective Mutant4 (PDM4), a chloroplast P-type PPR protein,
plays a crucial role in the expression of chloroplast genes and the development of chloroplasts in
Arabidopsis. PDM4 was also found to participate in the splicing of group II introns and possibly
the assembly of the large subunit of chloroplast ribosomes. Another chloroplast P-type PPR protein
covered by this special issue is Biogenesis Factor required for ATP synthase 2 (BFA2). This protein
is capable of binding to the afpF-atpA intergenic region in a sequence-specific manner, thus
preventing the degradation of the dicistronic atpH/F transcript by exoribonucleases (Zhang et al.).
The characterizations of two PPR proteins in this special issue demonstrate the importance of PPR
proteins in regulating transcription and RNA metabolism in the chloroplast.

Most chloroplast proteins are imported into the chloroplast and delivered to chloroplast
subcompartments via complex machinery. Worn-out and damaged chloroplasts and chloroplast
components are turned over efficiently to safeguard chloroplast function. Yang et al. reviewed the
molecular mechanisms and regulatory pathways of chloroplast protein import and degradation.
Relatively little is known about the targeting machinery of tail-anchored proteins, which have
stromal-exposed N-terminal domains and a C-terminal transmembrane domain. By studying
membrane-specific targeting of two Arabidopsis chloroplast secretory translocase proteins SECE1
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and SECE2, which localize to thylakoid membranes and the
inner envelope respectively, Anderson et al. discovered that the
transmembrane domain and the C-terminal tail of tail-anchored
proteins are important for their membrane-specific targeting.
Chloroplast stromal chaperone proteins (e.g., HSP90C, HSP70s,
and HSP40s) and the GrpE-type nucleotide exchange factors
have been proposed to participate in chloroplast protein import,
thylakoid integration, assembly and disassembly. Arabidopsis has
two nuclear-encoded chloroplast-targeted GrpE proteins: CGE1
and CGEL. Su et al. reported that CGE1 is the main functional
homolog among the two and that CGE2 may have a subsidiary or
regulatory function.

A chloroplast division site regulator protein, PARC6, was
discovered to be critical for chloroplast morphology in pavement
and guard cells, and leucoplast morphology in Arabidopsis
trichome cells (Ishikawa et al.). Analysis of PARC6 fused to a
flurorescent protein through confocal microscopysuggested that
it forms a ring at the chloroplast division site that changes
configuration during chloroplast division. Due to the highly
uniform size and shape of leaf epidermal guard cells and the
relatively stable number and morphology of chloroplasts in them,
leaf epidermal guard cells were recently proposed to be an
excellent model system to investigate chloroplast multiplication
and partitioning in plants (Fujiwara et al.).

The thylakoid membranes of cyanobacteria and chloroplasts
house a series of photosynthetic electron transport complexes.
The biogenesis, stabilization, and maintenance of thylakoid
membranes require the participation of the inner membrane-
associated protein of 30 kDa (IM30), which is also known as
the vesicle-inducing protein in plastids 1 (Vippl). Siebenaller
et al. reviewed that the ability of IM30 to form homo-
oligomeric protein complexes is crucial to its roles in thylakoid
membrane protection and remodeling. In the cyanobacterium
Synechocystis sp. PCC 6803, thylakoid membranes are reduced
in size, function under nitrogen starvation, and are quickly
recovered after nitrogen replenishment. Kobayashi et al.
reported that the contents of phosphatidylglycerol, an essential
phospholipid of photosystem complexes, and glycoglycerolipids,
the main constituents of thylakoid membrane lipid bilayers,
could be differentially regulated during the recovery from
nitrogen starvation. The levels of phosphatidylglycerol recovers
quickly after nitrogen is replenished whereas the content of
glycoglycerolipids recovers gradually.

Excess light exposure causes oxidative damage to
photosynthetic electron transport complexes, especially to
the reaction center of photosystem II (PSII). Liu J. et al. reviewed
recent advances on reaction center-based approaches for
repairing photodamaged PSII and antenna-based approaches for
rapid control of PSII light harvesting. Photosynthetic organisms
employ these diverse strategies to ensure PSII function under
static or fluctuating high light environments. Because of the
differences in mobility and environments, land plants are
subject to broader high light stress than algae and cyanobacteria.
Therefore, land plants developed additional thiol/disulfide-
modulating proteins, such as Low Quantum Yield of PSII 1
(LQY1), to repair photodamaged PSII. Wessendorf and Lu found

that introducing an Arabidopsis homolog of this protein into
the cyanobacterium Synechocystis significantly increases the
photochemical efficiency of PSIT under elevated light conditions.
This finding further demonstrated the role of thiol/disulfide-
modulating proteins in PSII repair. Photoacclimation of
light-dependent reactions involves reversible phosphorylation
of thylakoid proteins and redistribution of light-harvesting
antenna complexes between PSII and photosystem I (PSI).
As a phosphorylation target of state transition kinases 7 and
8, the calcium sensor receptor protein (CAS) was found to
play a role in phosphorylation-mediated photoacclimation in
Arabidopsis (Cutolo et al.). It was postulated that CAS may
modulate photosynthetic function by being phosphorylated in a
calcium-dependent manner and/or by influencing the dynamics
of chloroplast calcium concentration.

In addition to being a target of calcium signaling, the
chloroplast is also an active player in intracellular calcium
signaling. Navazio et al. discussed the role of chloroplast calcium
signaling under biotic and abiotic stresses and reviewed latest
advances in the discovery and characterization of calcium
sensors and calcium channels/transporters, especially those
that localize to the chloroplast. In the chloroplast, PSI and
PSII are major generators of reactive oxygen species (ROS).
Although excessive ROS causes oxidative damage, low levels
of ROS production triggers retrograde signaling between
chloroplasts and the nucleus (Kim), which is beneficial. Beta-
carotene and the Executer 1 protein associated with PSII
have been proposed to mediate retrograde signaling in the
grana core and grana margins, respectively. In addition, the
accumulation of ROS-damaged PSII core proteins may trigger
a damaged protein response, which induces the expression
of protein quality control- and ROS detoxification-related
nuclear genes. Furthermore, PSI-driven ROS may inactivate
3"-phosphoadenosine 5 -phosphate (PAP) phosphatase, which
leads to PAP accumulation-mediated retrograde signaling.
Retrograde signaling also plays vital roles in regulating the
expression of nuclear-encoded chloroplast proteins involved
in carbohydrate metabolism. For example, the expression
of glucose-6-phosphate/phosphate translocator 2 (GPT2)
increases rapidly if the growth light is elevated or if starch
metabolism is disrupted. The increase of the GPT2 transcript
is preceded by the transcript increases of transcription factors
involved in retrograde signaling, including Redox Responsive
Transcription Factor 1 (RRTF1) (Weise et al.). Further analyses
demonstrated that transcription of the GPT2 gene requires
and the export of triose phosphates from the chloroplast
and the expression of RRTF1. In addition to producing
sugars and starch, the chloroplast is also a manufacturer for
other metabolic important compounds, including purines.
The first committing step of de novo purine synthesis
is catalyzed by glutamine phosphoribosylpyrophosphate
amidotransferases (GPRATs). Cao et al. solved the crystal
structure of GPRAT?2 and identified the structural differences
between Arabidopsis GPRAT2 and its bacterial homologs.
GPRAT2 was previously identified as the target of a small
molecule, DAS34. The inhibition mechanism of DAS34
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was characterized at the structural level in this study. This
work sheds light on further development of herbicides
targeting GPRATS.

Altogether, this volume of the Research Topic provides exiting
works in the area of the structure, functions and maintenance
of chloroplasts, ranging from the biogenesis and development
of chloroplasts to gene transcription, protein synthesis and
turnover, metabolism, as well as the dynamics, signaling and
regulation of chloroplast functions including photosynthesis.
With the efforts of many researchers worldwide, the frontiers of
this topic keep evolving at a rapid pace.
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Chloroplast Translation Elongation
Factor EF-Tu/SVR11 Is Involved in
var2-Mediated Leaf Variegation and
Leaf Development in Arabidopsis

Siyu Liut, Lu Zhengt, Jia Jia, Jia Guo, Mengdi Zheng, Jun Zhao, Jingxia Shao,
Xiayan Liu, Lijun An, Fei Yu and Yafei Qi*

State Key Laboratory of Crop Stress Biology for Arid Areas and College of Life Sciences, Northwest A&F University,
Yangling, China

Chloroplasts are semiautonomous organelles, retaining their own genomes and gene
expression apparatuses but controlled by nucleus genome encoded protein factors
during evolution. To analyze the genetic regulatory network of FtsH-mediated chloroplast
development in Arabidopsis, a set of suppressor mutants of yellow variegated (var2)
have been identified. In this research, we reported the identification of another new
var2 suppressor locus, SUPPRESSOR OF VARIEGATION11 (SVR11), which encodes
a putative chloroplast-localized prokaryotic type translation elongation factor EF-Tu.
SVR11 is likely essential to chloroplast development and plant survival. GUS activity
reveals that SVR77 is abundant in the juvenile leaf tissue, lateral roots, and root tips.
Interestingly, we found that SVR77 and SVR9 together regulate leaf development,
including leaf margin development and cotyledon venation patterns. These findings
reinforce the notion that chloroplast translation state triggers retrograde signals regulate
not only chloroplast development but also leaf development.

Keywords: EF-Tu, chloroplast development, leaf variegation, retrograde signal, VAR2

INTRODUCTION

Chloroplasts are essential organelles for eukaryotic photosynthetic species, enabling the chemical
reactions powered by light energy to reduce CO; to carbohydrates. It is believed that chloroplasts
evolved from ancient prokaryotic cyanobacteria through endosymbiosis (Martin et al., 2002).
This co-evolution process, especially the transfer of most genes of chloroplast progenitors to the
host nuclear genomes, have given rise to modern-day chloroplast genomes with only around 120
genes, in contrast to the more than 3,000 genes of the current genome of cyanobacteria, such as
Synechocystis sp. (Timmis et al., 2004). The physical separation of nuclear and chloroplast genomes
raises at least two important implications. First, the remaining genes in chloroplast genomes are
expressed with prokaryotic gene expression systems, which are regulated by the nuclear genome
and must respond to developmental and environmental conditions (Jarvis and Lopez-Juez, 2013).

Abbreviations: CaMV, Cauliflower Mosaic Virus; EF-Ts, elongation factor thermo stable; EF-Tu, elongation factor
thermo unstable; FtsH, filamentous temperature sensitive H; GFP, green fluorescence protein; SVR, SUPPRESSOR OF
VARIEGATION; UTR, untranslated region; var2, yellow variegated?2.
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Second, many photosynthetic protein complexes are chimeric
in nature, and are composed of subunits encoded by both
nuclear and plastid genomes, and intricate regulation at
different levels are necessary for the optimal assembly of these
complexes. The semi-autonomous nature of the chloroplast
thus necessitates a fine coordination between the two genomes
(Kleine and Leister, 2016).

Higher plants have evolved multiple strategies to facilitate
the expression and coupling of nuclear and chloroplast
genomes. At the translation level, chloroplasts utilize a
prokaryotic translation system featuring the 70S ribosome
(Yamaguchi and Subramanian, 2000; Yamaguchi et al., 2000;
Tiller and Bock, 2014). Prokaryotic translation initiates through
the binding of 30S ribosomal subunit to the Shine-Dalgarno
sequence of mRNA, and the subsequent association of initiator
tRNA leads to the formation of pre-initiation complex, and this
process is assisted by initiation factors IFs (Laursen et al., 2005).
In Arabidopsis, chloroplast IF1 and IF2 homologs are encoded
by the nuclear genome, and null mutant alleles of Arabidopsis
IF1 and IF2 are embryonic lethal, indicating they are essential
genes for plant viability (Miura et al., 2007; Shen et al., 2013;
Nesbit et al., 2015). Further recruitment of the 50S ribosomal
subunit to pre-initiation complex forms an active initiation
complex (Laursen et al., 2005). The translation process requires
elongation factors EF-Tu, EF-G, and EF-Ts to incorporate
aminoacyl-tRNAs into 70S ribosomes (Krab and Parmeggiani,
2002). EF-Tu is a prokaryotic elongation factor belonging to
the GTP-binding protein family (Krab and Parmeggiani, 2002).
During translation elongation, GTP-bound EF-Tu forms a
ternary complex with aminoacyl-tRNA to facilitate the transport
of cognate aminoacyl-tRNA to the A-site of the 70S ribosome.
Next, the innate GTPase activity of EF-Tu hydrolyzes the GTP
to GDP, and GDP-bound EF-Tu is released from ribosome
and recycled to GTP-bound EF-Tu mediated by EF-Ts for
the next round of elongation (Krab and Parmeggiani, 1998).
During endosymbiosis, genes coding for many of the chloroplast
70S ribosomal proteins and most translational factors have
been transferred to the nuclear genome and are subject to
nuclear regulation. Partial loss of chloroplast EF-Tu activities
in Arabidopsis, maize, and tomato reduced heat tolerance,
suggesting chloroplast EF-Tu is involved in the plant response to
environmental changes (Ristic et al., 2004; Li et al., 2018).

Chloroplast gene expression is also regulated by post-
translational mechanisms including the operation of a vast array
of protease systems (Nishimura et al., 2016). An intriguing
group of proteolytic enzymes that has attracted attention
is the chloroplast FtsH proteases, due to the unique leaf
variegation phenotypes of yellow variegatedl (varl) and yellow
variegated2 (var2) mutants, defective in thylakoid-localized FtsH
proteins AtFtsH5 and AtFtsH2, respectively (Chen et al., 2000;
Takechi et al., 2000; Sakamoto et al., 2002). FtsH proteins belong
to the AAA (ATPase associated with various cellular activities)
ATPase superfamily, which is ubiquitously present in prokaryotes
and eukaryotes, as well as in mitochondria and chloroplasts
(Janska et al., 2013). Thylakoid FtsH complexes comprise four
members of FtsH proteins, FtsH1 and FtsH5 (type A) and
FtsH2 and FtsH8 (type B), in which VAR2/AtFtsH2 is one

of the most abundant subunits (Yu et al, 2004; Zaltsman
et al., 2005; Nishimura et al, 2016). Biochemical analysis
suggested that thylakoid FtsHs are required to degrade photo-
damaged reaction center protein D1 during Photosystem II repair
cycle (Lindahl et al., 2000; Kato et al, 2009; Malnoé et al,
2014). Interestingly, VAR2/AtFtsH2-mediated post-translational
regulation is closely related with chloroplast translation. Multiple
genetic screens for var2 suppressors in several laboratories
have yielded an increasing number of genetic factors involved
in chloroplast transcription, translation and post-translational
turnover (Park and Rodermel, 2004; Yu et al., 2008; Adam et al.,
2011; reviewed in Liu et al.,, 2010 and Putarjunan et al., 2013).
Recently, we reported a new var2 suppressor mutant, svr9-
I, which is defective in a bona fide chloroplast-localized
prokaryotic translation initiation factor IF3 (Zheng et al., 2016).
In Bacteria, initiation factor IF3, encoded by the essential
infC gene, binds to the 30S ribosomal subunit to promote
dissociation of the 70S ribosome for ribosome recycling and
translation initiation (Laursen et al., 2005). Down regulation
of SVRY, alone or with its homologous gene SVRILI, not
only suppresses var2 leaf variegation phenotype, but also causes
leaf developmental abnormalities including serrated leaf margin
and altered cotyledon venation patterns (Zheng et al., 2016).
The characterization of var2 suppressor genes thus provides
a unique opportunity to uncover additional regulators of
chloroplast translation.

Here, we report the identification of a new var2 suppressor
mutant, svrll-1. Molecular cloning, complementation and
protein localization studies confirmed that SVRII encodes a
putative prokaryotic translation elongation factor EF-Tu, which
is localized in chloroplasts. Interestingly, functional genetic
analysis of SVRII, SVRY, and SVRILI showed that svrll-I
svr9-1 double mutants display a more serrated leaf margin and
altered cotyledon venation patterns compared to those of the
wild type, while svrll-1 svr9-1 svr9-1l-1/+ mutants have an
even more pronounced leaf serration. These data suggest that
chloroplast translation elongation factor EF-Tu/SVR11 not only
regulate chloroplast development, but also act synergistically
with chloroplast translation initiation factor IF3/SVRY to dictate
leaf margin and cotyledon vascular development. Our findings
uncover a new translation elongation factor in regulating
chloroplast and leaf development in Arabidopsis.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana plants used in this study are all in the
Columbia-0 background. The T-DNA insertion line CS819179
(svr11-3) was obtained from the Arabidopsis Biological Resource
Center (ABRC); the accurate position of each T-DNA insertion
sites were identified by sequencing PCR products that include
plant genomic DNA and T-DNA left border sequences.
Arabidopsis seeds were grown at 22°C under continuous
illumination (~100 wmol m~2s~!) on commercial soil mix
(Pindstrup, Denmark). All seeds were stratified for 2 days at
4°C before sown on soil or half strength MS medium. For
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heat stress at a moderate level, 8-day-old seedlings were treated
at 38°C for 90 min, and then moved into 22°C for recovery
(Queitsch et al., 2000).

Chlorophyll Fluorescence Imaging

Chlorophyll fluorescence was measured with 2-week-old plants
using Open FluorCam FC800-O (Photon Systems Instruments;
Czechia). Whole plants were dark adapted for 10 min to oxidize
the plastoquinone pool before measurement, and the minimum
fluorescence Fo was measured. The maximum fluorescence Fy
was determined by a saturating flash of light. The maximum
quantum yield of photosystem II (Fy/Fy) is calculated as
Fum — Fo/Fy. Measurement of Fy/Fyy was performed in three
independent biological repeats.

RNA Manipulations, Vector

Constructions, and Transformations

Total RNAs were extracted using Trizol RNA reagent (Life
Technologies, Carlsbad, CA, United States) according to the
manufacturer’s instructions. For semi-quantitative RT-PCR
analysis, first-strand cDNA was synthesized from 1 g DNase-
treated total RNA using a PrimeScript reverse transcription kit
(Roche, Switzerland). The gene-specific primers used in this
study are listed in Table 1. The semi-quantitative RT-PCR was
performed in three independent biological repeats.

To complement the svr11-1 and 049-002 mutants, a full-length
At4g20360 (SVRI1) cDNA was amplified by Primer STAR™ HS
DNA polymerase (Takara) using primers 20360F and 20360R.
The PCR product was digested with BamHI and cloned into
the BamHI site of pBluescript KS+. The sequenced SVRII
fragment was then transferred into pBIl111L-intron plasmid
which is modified from pBI111L plasmid (Yu et al., 2004). In
brief, the first intron sequence of At5g27700 at its 5 UTR region
were amplified with primers 27700inF (Xbal) and 27700inR

(BamHI), and inserted into the multiple cloning site of pBI111L
as a chimeric intron at the 5 UTR region of insertion genes.
The resulting construct was transformed into Agrobacterium by
electroporation. Arabidopsis transformation was performed as
described (Clough and Bent, 1998).

Inverse PCR

Genomic DNA extracted from 049-002 homozygous plants was
digested with restriction enzyme EcoRI overnight. The DNA
fragments were further precipitated with 2.5 volumes of ethanol
and 0.1 volumes of 3M sodium acetate (pH 5.2). After dissolving
in Milli-Q water, DNA fragments were ligated with T4 DNA
Ligase. Inverse PCR were performed with Pfu DNA Polymerase
using primers SKC12 and OCS3. One 1.5 kb PCR amplified band
was sequenced with the SKC12 primer.

Evolutionary Analysis

Full-length protein sequences of SVR11 homologous proteins
from dicots Arabidopsis thaliana, monocots Oryza sativa, moss
Physcomitrella patens, green algae Chlamydomonas reinhardtii,
yeast Saccharomyces cerevisiae, and prokaryotic species such as
Synechocystis and Escherichia coli were obtained from NCBI using
the BLASTP program. Evolutionary analyses were conducted
in MEGA X, and the Neighbor-joining algorithm was used to
generate the initial tree (Kumar et al, 2018). The accession
numbers of protein sequences were included.

Transient Expression of SVR11-GFP and

SVR11-Like-GFP

In order to generate a C-terminal GFP-tagged SVR11, the coding
sequences of SVR11 amplified with primers 20360F and 20360
GFPR, SVR11-like with 02930F and 02930 GFPR, were cloned
into transient expression vector pTF486. The resulting construct
were designated p35S:SVR11-GFP and p35S::SVR11-like-GFP.

TABLE 1 | Primers used in this study.

Primer name Primer sequences

Notes

20360 F 5-CATGGATCCACCCTAGCTTCTCGATTTCTC-3 p358S:: intronSVR11
20360 R 5'-CATGGATCCGAAAGCAAGTAGAGATGCTCAC-3

27700 inF 5-CATCTCGAGACTCTCGCTTTCTTCATCATCTC-3' p358S:: intronSVR11
27700 inR 5-CATTCTAGAGCTTTGAAAGAGTAAACGAGTCC-3'

20360 GFPR 5'-CATGGGATCCACCACCACCACCACCTTGAGGATCGTCCCAATAAC-3 p35S:: SVR11-GFP
02930 F 5'-CGCGGATCCATGGCGTCCGTTGTTCTTCG-3 p35S:: SVR11-like-GFP
02930 GFPR 5-CGCGGATCCGGTCATCACTTTTGATACAAC-3

20360 PF 5'-CATTCTAGACTACCCTTTTGCTGTCTTGTAAG-3' PSVR11::uidA
20360 PR 5'-CATGGATCCGAAGATGGAATTGGAGAGCAGAG-3'

20360 F3 5 -GTTACGATTTGTGACGTGTG-3 Genotyping

20360 F1 5-ACCCTAGCTTCTCGATTTCTC-3'

20360 R1: 5 -GAAAGCAAGTAGAGATGCTCAC-3'

20360 R2: 5-CAGCTAAAGCCTCATCAAGAATC-3

CMB35E 5 -AAGATGCCTCTGCCGACAGT-3' Sequencing
pCB308R 5-AACGACAATCTGAGCTCCAC-3 Genotyping

uidA-R 5'-GTTCAGTTCGTTGTTCACAC-3' Genotyping

SKC12 5 -TTGACAGTGACGACAAATCG-3' Inverse PCR

0CS3 5-TAGAGCTCTTATACTCGAGG-3 Inverse PCR
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Arabidopsis leaf protoplast preparation and transient expression
of GFP constructs were performed as described by Yoo et al.
(2007). Bright field images and fluorescent signals from GFP
and chlorophyll autofluorescence were monitored using a Leica
DM5000B fluorescent microscope (Leica, Germany).

Histochemical GUS Staining

Amplified with primers 20360 PF and 20360 PR, a 1,493-
bp genomic DNA fragment upstream of the start codon of
At4g20360 was cloned into pCB308 (Xiang et al, 1999),
to generate SVRI11 promoter-p-glucuronidase (GUS) construct
PSVRII:uidA. The construct pSVRII:uidA was transformed
into wild-type Arabidopsis plant, and pSVRII::uidA lines were
screened with BASTA. GUS activities were assayed in the T2
generations (Jefferson et al, 1987). The GUS staining was
performed with three independent transgenic lines.

Leaf Silhouettes and Cotyledon Veins

Observation

For leaf silhouettes imaging, individual true leaves were covered
with water and photographed using Research stereo microscope
(SMZ25; Nikon) equipped with a CCD camera (DS-U3; Nikon).
Those photos were converted to black and white by Adobe
Photoshop 8.0.1 by filled the leaf blades with black, so that it
is easier to observe the silhouettes of leaves between different
phenotypes. The leaf dissection index was calculated as described
(perimeter?/4m*leaf area, Bilsborough et al., 2011). For cotyledon
veins observation, cotyledons of 10-day-old plants were cut
down and decolorized in 70% ethanol, till the cotyledons blade
turned colorless without chlorophyll and the veins become
clearly visible then the cotyledon samples were photographed by
stereo microscope photographing. Cotyledon vein patterns were
quantified in three independent biological replicates with tested
lines containing at least 100 seedlings each time.

RESULTS
Identification of 049-002 and svr11-1

We have performed extensive genetic suppressor screens
for mutants that could reverse the var2 leaf variegation
phenotype (reviewed in Liu et al., 2010 and Putarjunan et al,,
2013). Here, we report the identification of a new recessive
suppressor line, designated as 049-002, from the activation
tagging T-DNA mutant population in the var2-5 mutant
background (Yu etal, 2008). Following our naming sequence,
the suppressor gene locus was named as SUPPRESSOR OF
VARIEGATIONII (SVRI11) and the mutant allele in 049-002
as svrll-1. Overall, 049-002 (var2-5 svrl1-1) did not show the
characteristic leaf variegation phenotype of var2-5, indicating
that svrll-1 is a robust suppressor of var2-5 (Figure 1A).
In addition, the statures of 049-002 and svrll-1 resembled
that of wild type, suggesting overall plant growth was not
dramatically altered by the svrll-1 mutation. Interestingly,
both 049-002 and svrlI-1 showed a virescent phenotype, i.e.,
a gradual yellow to green leaf color gradient along the leaf

A 049-002
WT

(var2-5
var2-5  gyr11.1) svrit-1

c var2-4
WT svr11-1 var2-4  svr11-1

FIGURE 1 | Phenotypes of single and double suppressor mutants.

(A) Representative 2-week-old seedlings of wild type (WT), var2-5, double
suppressor mutant 049-002 (var2-5 svr11-1), and svr17-1 plants.

(C) Representative 2-week-old seedlings of wild type (WT), svr11-1, var2-4,
and the double mutant var2-4 svr11-1. (B,D) Representative Fv/Fy
measurement of the same group of plants used in (A,C), respectively. The
false color scale representing for the value of Fy/Fy is at the right of the figure.
The measurement of Fy/Fy was repeated three times.

proximal-distal axis (Figure 1A). This virescence phenotype
was correlated with a reduction of photosynthetic parameters,
as indicated by the Fy/Fy (the maximum quantum yield of
photosystem II) of whole plant chlorophyll fluorescence imaging
(Figure 1B). svrll-1 could also reverse the leaf variegation
of the var2-4 mutant, a stronger allele of var2, indicating
that the suppression of var2 leaf variegation by svrlI-1 does
not depend on the nature of var2 mutation and is not allele
specific (Figures 1C,D).

Molecular Cloning of SVR11

To clone SVRII, we first determined that the syrl1-1 mutant
phenotype co-segregated with the resistance to herbicide Basta,
suggesting the mutant is tagged by T-DNA insert(s) (data not
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A
5
500bp At4g20360
svr11-1
B p35S::intron::At4g20360
WT

svr11-1 #1 #2

c svr11-1
p35S::intron::At4g20360
WT  svr11-1
D 049-002
p358S::intron::At4g20360
WT 049-002 #1 #2

FIGURE 2 | Cloning of SVR77 and complementation of svr77-7. (A) A T-DNA
insertion was identified in the 3'-UTR of At4g20360 by inverse PCR. The left
border (LB) and the right border (RB) were indicated. Gray boxes and the
white box represent UTRs and the exon, respectively. (B) Representative
2-week-old wild-type, svr17-1 and svr17-1 p35S::intron At4g20360
(constitutive expression line of At4g20360 in svr11-1 background). (C) The
accumulation of At4g20360 transcripts was indicated by semi-quantitative
RT-PCR. The semi-quantitative RT-PCR was repeated three times.

(D) Representative 2-week-old wild-type, 049-002 and 049-002 p35S::intron
At4g20360 (constitutive expression of At4g20360 in 049-002 background).

shown). Next, we carried out inverse PCR to identify the
T-DNA insertion site and sequencing of inverse PCR products
confirmed that the T-DNA was inserted in the 3’ UTR of
At4¢20360 (Figure 2A). We found that At4¢g20360 expression
was reduced in svrll-I, likely a consequence of T-DNA
insertion in 3’ UTR (Figure 2C). Complementation analysis
was executed to confirm that the virescent phenotype in svrll-
I and the suppression of var2 variegation in 049-002 were
due to the disruption of SVRII expression. To this end, we
generated a binary vector in which a full-length At4¢20360
cDNA was driven by the constitutive CaMV 35S promoter.
In addition, sequences of the first intron of At5g27700 were

placed between the 35S promoter and the cDNA sequences
to achieve better expression (Rose et al., 2008). This construct
(p35S::intron::At4g20360) was transformed into svrlI-1 and
049-002, respectively. We recovered multiple independent
transgenic lines and confirmed that elevated expression of
At4g20360 was able to complement the virescent phenotype
of svr11-1 (Figure 2B). Furthermore, ectopic expression of
At4g20360 was able to restore the var2-5 leaf variegation
phenotype in 049-002 background (Figure 2D). Together, these
data indicate that the virescent chloroplast defect in svrlI-
I and the suppression of var2 leaf variegation in 049-002
were caused by reduced expression of At4g20360, and that
At4g20360 is SVRII.

SVR11/At49g20360 Defines a Putative
Prokaryotic EF-Tu in Chloroplasts

Homologous sequences of SVR11 from different species were
obtained from National Center for Biotechnology Information
(NCBI) and their evolutionary relationship was analyzed
(Figure 3A). SVR11 and SVR11-like proteins from these species
were all annotated as prokaryotic translation elongation factor
EF-Tuhomologs. In prokaryotic organisms such as cyanobacteria
and E. coli, only one copy of EF-Tu was identified. In
contrast, eukaryotic photosynthetic species such as Arabidopsis,
rice, moss, and green algae contains at least two EF-Tu
homologs (Figure 3A).

The EF-Tu sequences grouped in the same clade with
SVRI1 in the phylogenetic tree were all predicted to contain
chloroplast transit peptides (Figure 3A Clade 2, Emanuelsson
et al., 1999). To confirm the sub-cellular localizations of
SVR11, a transient expression vector was generated expressing
a full-length SVRII cDNA fused in-frame at its C-terminus
with green fluorescent protein (GFP), under the control of
the 35S promoter (p35S:SVRII-GFP). This construct, as well
as a control vector containing only the GFP (p35S::GFP),
were introduced into Wild-type Arabidopsis leaf protoplasts,
respectively, and their expressions were monitored by
confocal microscopy. Figure 3B shows that GFP signals for
Pp35S:SVRII-GFP appeared as distinct foci, which overlapped
nicely with chlorophyll auto-fluorescence signals, suggesting
co-localizations with chloroplasts. To examine if SVRI11-
GFP could also be targeted to mitochondria, we transient
expressed p35S:SVRII-GFP in protoplasts isolated from
transgenic lines stably expressing a mitochondrion marker
protein tagged with mCherry, ScCOX4-mCherry (Nelson et al.,
2007). SVR11-GFP did not overlap with signals of ScCOX4-
mCherry, suggesting SVR11-GFP is likely not targeted to
mitochondria (Figure 3C). These results demonstrate that
the SVRI11-GFP is targeted into the chloroplast and SVR11
is a nuclear encoded chloroplast protein. SVRI11-like was
predicted to be a mitochondrial EF-Tu (Nikolovski et al.,
2012), or identified in the mitochondrial soluble protein by
mass spectrometry (Ito et al, 2006). Interestingly, SVR11-
like-GFP aggregate to large or small dots in the cytosol,
neither targeted into mitochondria nor to chloroplasts
(Supplementary Figure S1).
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a single protoplast are shown. Bar stands for 10 um.

A OSEF-Tu2 XP 015630440.1
——{— AtSVR11-like
PPEF-Tu2 XP 024356963.1
CrEF-Tu2 PNW81763.1
SCEF-Tu NP 014830.1
ECEF-Tu EGW64019.1
Synechocystis EF-Tu WP 010872941
CrEF-Tul NP 958362.1
AtSVR11
OsEF-Tul XP 015627061.1
PPEF-Tul XP 024400312.1
—_—
0.050

B GFP Chlorophyll Merge BF
c ScCOX4-mCherry

FIGURE 3 | Evolutionary relationships of SVR11 homologs and subcellular localization of SVR11. (A) Phylogenetic analysis of the SVR11 protein family. Full-length
protein sequences of SVR11 homologous proteins of different species indicated by the accession numbers were obtained from NCBI using BLASTP. The
neighbor-joining algorithm was used to generate the initial tree. (B) Leaf protoplasts prepared from wild type Arabidopsis plants were transformed with the
p35S::SVR11-GFP fusion construct or the control construct p35S::GFP. Confocal microscopy was used to monitor fluorescence signals from the GFP channel
(500-550 nm) and chlorophyll autofluorescence (663-738 nm). Bright field (BF) images served as controls for protoplast integrity. (C) Transient expression of
p35S::SVR11-GFP fusion protein in protoplasts isolated from plants expressing a mitochondrion marker ScCOX4-mCherry (570-620 nm). Representative images of
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Clade 2

p35S::
SVR11-GFP
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A svr11-3 svr11-1
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svr11-1

svr11-3(T/+)

svr11-3/

FIGURE 4 | Phenotypic characterization of the svr77 T-DNA insertion null allele
mutant. (A) Identification of a null allele of SVR11, svr11-3. (B) Developing
seeds within a silique from a heterozygous svr77-3 mutant and wild-type at
the same developing state. Bar stands for 2,500 um. (C) Representative
2-week-old wild-type, svr11-3(T/+), svr11-1, svr11-3/svr11-1 plants.

Moderate Heat Stress Has Little Impact

on var2 Variegations

It was reported that knock-down of chloroplastic EF-Tu
in maize, Arabidopsis, and tomato mutants reduced heat
tolerance (Ristic et al., 2004; Li et al, 2018). We then
test if heat stress can affect the variegation phenotype
of var2 mutants. To avoid lethality caused by the severe
heat stress at 45°C, a moderate level of heat stress at
38°C for 90 min were used as suggested (Queitsch et al,
2000). Moderate heat stress had little impact either on
the variegation phenotype of var2 and var2 background
suppressor mutants, or on the virescent phenotype of svrii-I
(Supplementary Figure S2).

SVR11 Is Essential to Plant Development

To further examine the roles that SVR11 play in plant
development, we sought for loss-of-function alleles of
SVRII. We obtained a second allele of svril, CS819179
which contained a T-DNA inserted in the encoding
sequence of SVRII (Figure 4A). No homozygous T-DNA
insertion line was identified even backcrossed to wild-type
five times, probably due to homozygote is embryo lethal.
Terminated ovules were observed in the developing siliques
in heterozygous mutants (Figure 4B). We renamed CS819179

FIGURE 5 | Tissue expression patterns of SVR77. GUS staining of transgenic
plants expressing the SVR71 promoter-GUS fusion vector pSVR117::uidA. The
GUS staining was performed with three independent transgenic lines.
Representative whole seedling (A), root tip (B), and lateral root (C) of
6-day-old transgenic seedling grown on half-strength Murashige and Skoog
(MS) solid medium containing 1% sucrose. Representative leaf tissues above
the soil from 2-week-old (D) and 3-week-old (E) plants.

as svrll-3, and then «crossed heterozygous svrl11-3(T/+)
to svrll-1. svrll-1/syr11-3 was obtained by genotyping F1
generation, which is much smaller in size than svrl1-1 and
the leaf blade is yellow-colored. We speculated that the
phenotypic defect severity was determined by SVRII damage
degree (Figure 4C).

SVR11 Is Abundant in Juvenile Tissues

To characterize the spatial and temporal expression profiles
of SVRI11, we generated a fusion construct in which the
B-glucuronidase gene (GUS) gene was controlled by the
SVRII promoter (1.5-kb region upstream of the SVRII
start codon). This vector was transformed into wild-
type plants and GUS activities of pSVRII:GUS transgenic
lines were assayed at different growth stages. In brief,
in 6-day-old seedlings GUS expression was detected
including in the root tip and lateral roots, suggesting that
SVRI11 activities are necessary for both photosynthetic
and non-photosynthetic tissues (Figures 5A-C), also
in 2-week-old plants and 3-week-old juvenile rosette
leaves (Figures 5D,E).

Chloroplast EF-Tu and IF3 Regulate Leaf
Development

Previously, we have reported a var2 suppressor locus SVRY,
encoding a chloroplast translation initiation factor IF3, which
mediates var2 leaf variegation and leaf marginal serration
formation (Zheng et al, 2016). Next, we tested genetically
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FIGURE 6 | Genetic interaction between SVR77 and SVR9.

(A) Representative 12-day-old wild-type, svr17-1, svr9-1, svr11-1svr9-1,
svrol1-1, svr11-1 svr9l1-1, and svr11-1 svr9-1 svr9l1-1(T/+). (B) The third leaf
silhouettes of 20-day-old plants. Bar for 2,000 pm. (C) Quantitative
comparisons of leaf shapes in WT, svr17-1, svr9-1, svr11-1 svr9-1, and
svr11-1 svr9-1svr9l1-1(T/+) shown in (B), based on the leaf dissection index
(perimeter?/4n*leaf area). Fifteen individuals of each genotype were used in
the statistical analysis.

the functional relationships between SVRII and SVRY, as
well as SVRILI, a functionally redundant homolog of SVR9
(Figure 6) (Zheng et al, 2016). At the single mutant level,
svr9-1 showed a stronger degree of virescence than that
of svrll-1, and svr9l1-1 showed a WT-like phenotype, as
reported (Figure 6A) (Zheng et al, 2016). Consistent with
both EF-Tu and IF3’s involvement in translation, svr11-1 svr9-
I mutants were more virescent (Figure 6). The virescent level
of svrll-1, svr9-1 and svrll-1 svr9-1 double mutants were

quantified by measurement of Fy/Fy; (Supplementary Figure
$3). Interestingly, svr11-1 svr9-1, but not svrlI-1 svr9l1-1, showed
a prominent leaf margin serration phenotype (Figure 6B).
Furthermore, we obtained mutants that are homozygous for
svrll-1 and svr9-1 while heterozygous for svr9li-1 (svrll-1
svr9-1 syr9l1-1 T/+). These mutants not only showed strong
virescence phenotype, the leaf serration was also the most
conspicuous (Figures 6B,C). The leaf serrations were further
quantified by the leaf dissection index (perimeter?/47*leaf area)
(Bilsborough et al., 2011) (Figure 6C).

We have shown that leaf serration phenotype may be
associated with leaf vasculature development (Zheng et al., 2016).
We then tested leaf vascular development and examined the
cotyledon venation patterns in svr11-1 and svrl11-1 svr9-1 double
mutant. The numbers of closed areoles in mature cotyledons
are indicators of leaf vascular development (Sieburth, 1999), and
cotyledons from 10-day-old seedlings were observed under a
dissecting microscope. Wild type cotyledons with two, three, and
four areoles were predominant (Zheng et al., 2016, and also in
the research, Table 2). In svr11-1, although the similar percentage
of cotyledons show two, three or four areoles compared to wild
type, cotyledons with only one areole were also identified in
svrl1l-1 (Table 2). Noticeably, cotyledons with only one areole
or no closed areoles were drastically increased in svrll-1 svr9-
1 (Figure 7 and Table 2). Taken together, these data show that
chloroplast translation EF-Tu and IF3 activities act synergistically
to regulate leaf margin and cotyledon vascular development.

4 Areoles

WT

3 Areoles

svr11-1
svr9-1

FIGURE 7 | Representative 10-day-old cotyledon vein patterns with different
numbers of areoles from wild-type and svr17-7 svr9-1.

TABLE 2 | Quantification of cotyledon vein patterns in wild type, svr17-7 and svr17-1 svr9-1.

Genotype Total Zero areole One areole Two areoles Three areoles Four areoles Five areoles
WT 353 N.A. N.A. 171 (48.4%) 134 (38.0%) 48 (13.6%) N.A.
svr11-1 432 N.A. 21 (4.8%) 194 (44.9%) 167 (38.7%) 50 (11.6%) N.A.
svr11-1 svr9-1 345 56 (16.2%) 147 (42.6%) 105 (30.4%) 32 (9.3%) 5(1.4%) N.A.

Cotyledon vein patterns were quantified in three independent biological replicates with each genotype line containing at least 100 seedlings. Numbers were added
together from three independent biological replicates. Percentages of different types of areoles are indicated in the parentheses. N.A., not applicable.
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DISCUSSION

Chloroplasts are semi-autonomous organelles that derived from
ancient cyanobacterium-like organisms through the process of
endosymbiosis (Nowack and Weber, 2018). One of the key
evidence supporting the endosymbiosis theory is the discovery
of prokaryotic gene expression systems in the chloroplast. In
this study, we identified svrl1-1 as a genetic suppressor of
the Arabidopsis var2 mutant and confirmed that SVRI1 codes
for a chloroplast-localized prokaryotic translation elongation
factor EF-Tu. As a prokaryotic elongation factor, GTP-bound
EF-Tu facilitates the transport of aminoacyl-tRNA to the
A-site of the 70S ribosome during translation elongation (Krab
and Parmeggiani, 2002). Consistent with their critical roles
in translation, null alleles or higher-order mutants of many
translation factors are lethal, suggesting essential roles of these
factors for plant survival (Miura et al., 2007; Bryant et al.,
2011; Zheng et al, 2016). Interestingly, svrll-I mutant is
phenotypically reminiscent of svr9-1, defective in a chloroplast
translation initiation factor IF3 (Zheng et al., 2016). Both mutants
show a distinct virescent phenotype with more pronounced
reductions of chlorophyll accumulation and photosynthetic
capacities at young, dividing tissues, suggesting their activities
are required at early process (Lopez-Juez and Pyke, 2005). This
is in agreement with the higher expression of these genes in
young tissues and higher needs for their activities in those
tissues. It is conceivable that a higher demand for translation
capacities at younger stage of development is necessary to
establish robust phototropic growth. Findings from our group
and others have shown that mutations in chloroplast 70S
ribosome proteins mostly lead to rather uniform pale green
or pale yellow leaf colorations (Bryant et al, 2011; Romani
et al., 2012; Tiller et al., 2012; Liu et al., 2013). These findings
suggest a possible regulatory way for translation factors and
ribosomal proteins during chloroplast and leaf development
at early stages.

Thylakoid-localized ~ FtsHs are ATP-dependent zinc
metalloproteases participating in the degradation of damaged
photosynthetic subunits, especially damaged PSII reaction center
D1 subunits during photoinhibition (Nishimura etal., 2016).
Arabidopsis mutants varl and var2, defective in thylakoid-
localized FtsH proteins VARI/AtFtsH5 and VAR2/AtFtsH2,
respectively, show unique leaf variegation phenotypes, suggesting
that these FtsHs may play additional roles in chloroplast
development besides D1 degradation (Chen etal., 2000;
Takechi et al, 2000). Molecular genetics analyses of var2
suppressor mutants have also established that the chloroplast
development defect, ie., the leaf variegation phenotype, of
var2 is dependent on functional chloroplast gene expression,
especially chloroplast translation, providing further support for
additional roles of VAR2/AtFtsH2 in chloroplast development
(Miura et al., 2007; Yu et al., 2008; Liu et al., 2010, 2013;
Putarjunan et al., 2013). Recently, we reported two var2
suppressor loci, SVRIO, coding for a member of circularly
permuted GTPase family involved in the processing of plastid
ribosomal RNAs, and SVRY, a chloroplast translation initiation
factor IF3 involved in chloroplast translation (Kim et al., 2012;

Qi et al., 2016; Zheng et al,, 2016). In this report, building on
the var2 suppressor screening work, we found that a mutation
in SVRII, encoding a chloroplast translation elongation
factor EF-Tu, can suppress var2 leaf variegated phenotype.
The identification of SVRII as a var2 suppression locus on
one hand strengthens the functional relationship between
VAR2/AtFtsH2 and chloroplast translation, on the other hand,
it also provides further indication that VAR2/AtFtsH2 is
related to the chloroplast translation process in general, rather
than a specific functional link with individual components.
Interestingly, through genetic enhancer analysis, we have
recently for the first time established an intriguing link between
VAR2/AtFtsH2 and cytosolic translation (Wang et al., 2018). In
contrary to chloroplast translation, the reduction of cytosolic
translation dramatically enhances var2 leaf variegation,
suggesting chloroplast development in var2 is intimately
regulated by cytosolic translation. Based on the suppression
by reduced chloroplast translation and the enhancement by
reduced cytosolic translation, a model was proposed in which
FtsH may serve as an important factor in mediating the
balance of cytosolic and chloroplast translation (Wang et al.,
2018). Although the molecular mechanism underlying the
maintenance of this balance remains unclear in higher plants,
nuclear and mitochondrial translation balance has been shown
to be vital of protein homeostasis in other model organisms
(Topfetal., 2016).

The coordination between the nuclear and the chloroplast
genome and gene expression requires fine regulation of bi-
directional communications from nucleus to chloroplasts
(anterograde) and also from chloroplasts to the nucleus
(retrograde) (Jarvis and Lopez-Juez, 2013). Given the importance
and complexity, it came as no surprise that multiple regulatory
pathways have been uncovered to ensure the coupling of
the genomes. Canonical work have used the expressions of
nuclear encoded photosynthetic genes, for example LhcB or
RbcS, as marker genes to probe the retrograde regulation of
these genes when chloroplast functional states were disturbed,
for instance, when treated with photo-bleaching herbicide
norflurazon or chloroplast translation inhibitor lincomycin
(Nott et al., 2006; Chi et al., 2013; Kleine and Leister, 2016). It
has also been long recognized that the retrograde regulation
of nuclear gene expression also involves the modulation
of leaf development by the functional state of chloroplasts
(Pogson et al., 2015). For example, abnormal leaf mesophyll
developments were observed in the white leaf sectors of
Arabidopsis immutans mutant, or in white tissues after
norflurazon  treatment (Aluruetal, 2009). Despite the
accumulating evidence, our understanding of how states of
chloroplasts affect leaf development remains limited. We
previously reported that the chloroplast translation initiation
factor IF3/SVR9 regulates chloroplast development, as well
as leaf development, including leaf margin and cotyledon
vasculature development (Zheng et al., 2016). In addition, we
reported that mutations in SVR9 affect auxin homeostasis,
and leaf margin development in a CUC2-dependent way
(Nikovics et al., 2006; Zheng et al., 2016). In this work, we found
that SVRII also regulate leaf margin and cotyledon venation.
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Moreover, SVRI11 and SVR9 work synergistically to regulate leaf
margin development and cotyledon venation patterns. These
findings reinforce the notion that chloroplast translation defects
can trigger a signaling pathway to regulate leaf development
(Zheng et al., 2016). This pathway seems to be activated only
by certain types of translation defects caused mainly by the
lack of translation factors, as not all chloroplast translation
mutant display related phenotypes. Recently, it was shown that
VAR2/AtFtsH2 may mediate a singlet oxygen signaling pathway
from chloroplasts to the nucleus (Wang et al., 2016). Future
research is warranted to address the relationship between these
pathways and the components of this signaling pathway from the
chloroplast to the nucleus.
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As a fascinating and complicated nanomotor, chloroplast ATP synthase comprises
nine subunits encoded by both the nuclear and plastid genomes. Because of its
uneven subunit stoichiometry, biogenesis of ATP synthase and expression of plastid-
encoded ATP synthase genes requires assistance by nucleus-encoded factors involved
in transcriptional, post-transcriptional, and translational steps. In this study, we report
a P-class pentatricopeptide repeat (PPR) protein BFA2 (Biogenesis Factor required for
ATP synthase 2) that is essential for accumulation of the dicistronic atpH/F transcript
in Arabidopsis chloroplasts. A loss-of-function mutation in BFA2 results in a specific
reduction of more than 3/4 of chloroplast ATP synthase, which is likely due to the
absence of dicistronic atpH/F transcript. BFA2 protein contains 22 putative PPR
motifs and exclusively localizes in the chloroplast. Bioinformatics and Electrophoretic
Mobility Shift Assays (EMSA) analysis showed that BFA2 binds to the consensus
sequence of the atpF-atpA intergenic region in a sequence-specific manner. However,
translation initiation of the atpA was not affected in the bfa2 mutant. Thus, we propose
that the chloroplast PPR protein BFA2 mainly acts as barrier to prevent the atoH/F
transcript degradation by exoribonucleases by binding to the consensus sequence of
the atpF-atpA intergenic region.

Keywords: chloroplast ATP synthase, PPR protein, gene expression, photosynthesis, stability

INTRODUCTION

Chloroplasts in photosynthetic eukaryotes are thought to have originated from cyanobacteria
through endosymbiosis. During evolution, most of the genes from the cyanobacterial ancestor
were transferred to the nucleus of the host cell and chloroplasts have only retained about 100
genes (Martin et al., 2002). These plastid genes encode proteins required for transcription and
translation as well as the essential components of photosynthetic complexes. To ensure efficient
gene expression, chloroplasts require a vast number of nuclear-encoded protein factors facilitating
transcription, RNA stabilization, splicing, editing, and translation (Stern et al., 2010; Barkan, 2011).
Among these factors, pentatricopeptide repeat (PPR) proteins are highly prominent and involved in
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various steps of RNA metabolism and protein translation
(Schmitz-Linneweber and Small, 2008). There are hundreds of
PPR proteins in land plants most of which function in chloroplast
and mitochondrial gene expression (Barkan and Small, 2014).
PPR proteins comprise a large class of proteins with tandem
arrays of a 35-amino-acid degenerate motif (Small and Peeters,
2000). According to the PPR motif type, PPR proteins can be
divided into two major subfamilies, P and PLS. While P-type
PPR proteins contain only P (35 amino acids) motifs with one
or more tandem arrays, PLS-class PPR proteins have tandem
triplet arrays of P, L (35-36 amino acids), and S (31 amino acids)
motifs. Extensive studies showed that the P-class PPR proteins are
involved in RNA stabilization, cleavage, and splicing as well as
in the activation of translation (Barkan and Small, 2014). A few
P-class PPR proteins also contain a small-MutS-related (SMR)
motif at their C-terminus, which was recently shown to have
RNA endonuclease activity in vitro (Zhou et al., 2017). The PLS-
class PPR proteins usually contain C-terminal E and DYW motifs
which are required for RNA editing (Shikanai, 2015).

Chloroplast ATP synthase is a multi-subunit complex located
in the thylakoid membranes. It produces ATP from ADP by
utilizing the proton motive force generated by photosynthetic
electron transport. Chloroplast ATP synthase is composed of
the two CF, and CF; modules, and they contain five and four
subunits with the stoichiometry asB3y1€181 and I;II; 11141V,
respectively (Hahn et al., 2018), encoded by both the nuclear
and chloroplast genomes. Chloroplast-encoded ATP synthase
subunits arise from two polycistronic chloroplast transcription
units, the large (atpl/H/F/A) and the small (atpB/E) atp
operons. Both operons are transcribed by the plastid-encoded
RNA polymerase (PEP) and several sigma factors are required
(Malik Ghulam et al., 2012).

During the past decade, several nucleus-encoded factors have
been shown to be involved in the expression of atp genes. For
the large atp operon, P-class PPR protein PPR10 binds to the
intergenic regions of atpl-atpH and psaJ-rpl33 (Pfalz et al., 2009).
The binding of PPRI10 to the 5 end of atpH not only stabilizes
atpH transcripts by blocking 5'—3’ exoribonucleases but also
alters the structure of the 5" end of atpH to promote activation of
translation initiation (Prikryl et al., 2011). The atpF gene contains
a single intron which belongs to the group-II intron family.
Splicing of the afpF intron requires several protein factors such
as CRS1, RNC1, WHY1, WTFI1, MatK, and AEF1/MPR25 (Till
et al,, 2001; Watkins et al., 2007; Prikryl et al., 2008; Kroeger
et al., 2009; Zoschke et al,, 2010; Yap et al., 2015). Besides
splicing, PPR protein AEF1/MPR25 is also required for editing
atpF RNA in Arabidopsis (Yap et al., 2015). In the chloroplast
of Chlamydomonas reinhardtii, the TDA1 protein is involved
in the trapping and translation activation of afpA transcripts
(Eberhard et al,, 2011). In the case of the small atp operon, the
PPR-SMR protein ATP4/SVR7 as well as the ATP1 protein have
been proposed to be involved in the translation of the atpB/E
mRNA in maize and Arabidopsis (McCormac and Barkan, 1999;
Zoschke et al., 2012, 2013).

In this study, we report the characterization of a chloroplast
PPR protein called BFA2 (Biogenesis Factors required for ATP
synthase 2) that binds to the atpF-atpA intergenic region in a

sequence-specific manner. Our results demonstrated that binding
of BFA2 to the 3'-UTR of atpH/F is essential for stabilization of
atpH/F RNA.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis plants were grown on soil in the greenhouse
(80 wmol photons m~2 s~!, 16 h photoperiod, 23°C) for 3-
4 weeks. The bfa2-1 mutant was isolated from a collection
of pSKIO15 insertion Arabidopsis lines using the FluorCam
imaging fluorometer (FC 800-C, PSI, Czech Republic) (Zhang
et al., 2016). The bfa2-2 mutant (SAIL_571_H02) was obtained
from NASC and its T-DNA insertion site was confirmed by
genomic PCR and subsequent sequencing of the PCR products.
For complementation analysis, a genomic DNA fragment of the
BFA2 gene (3753 bp) was cloned into the pBI121 binary vector.
The resulting construct was transformed into Agrobacterium
tumefaciens C58C and then introduced into bfa2-1 and bfa2-2
plants by floral dip transformation.

RNA Extraction, RNA Blotting, and
cRT-PCR Assay

Total RNA was isolated from rosette leaves using TRIzol Reagent
(Invitrogen Life Technologies). For RNA blot analyses, a total of
5 ng (for atpB and Actin 7) or 2.5 pg (for atpl, atpH, atpE, atpF,
atpF intron, and atpA) RNA was fractioned by electrophoresis
on 1.5% formaldehyde-containing agarose gels and blotted onto
nylon membranes (Hybond-N*, GE Healthcare). The RNA
was fixed by UV crosslinking (HL-2000 HybriLinker). Pre-
hybridization and hybridization were carried out at 50°C with
the DIG Easy Hyb (Roche) buffer. The probes were amplified
from DNA and labeled with digoxigenin-11-dUTP according
to the manufacturer’s instructions. Signals were visualized with
chemiluminescence analyzer or X-film.

For circular RT-PCR (cRT-PCR) analysis, total RNA was
treated with RNase-free DNase I (Takara) to remove the residual
DNA before further analysis. 10 g of total RNA was self-ligated
for 2 h at 25°C with 10 U of T4 RNA ligase (New England
Biolabs). After ligation, RNA was extracted and resuspended
in 10 pl of DEPC-treated water. Reverse transcription was
performed using 20 pmol of primer and 5 g of self-ligated RNA
for 1 h at 42°C with 200 U of M-MLV reverse transcriptase
(Thermo). After transcription, 1/20th of cDNA was used in a
single PCR amplification reaction and the DNA products were
then cloned in the pMD-18T vector for sequencing. The primers
used this experiment are listed in Supplementary Table S2.

Subcellular Localization of GFP Protein

For subcellular localization of GFP protein, the first 200 amino
acids (to ensure the complete targeting information of BFA2,
the N-terminal 200 amino acids including the first PPR motif
were used) of BFA2 were fused in-frame with GFP in the
pBI221 vector. The chloroplast and mitochondrial markers were
constructed according to Zhang et al. (2016). The resulting
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constructs were transformed into Arabidopsis protoplasts by
PEG-mediated transformation and the protoplasts were placed
in darkness for 16 h at 23°C. Transient GFP expression was
observed using a confocal laser scanning microscope (LSM
510 Meta; Zeiss).

Electrophoretic Mobility Shift Assays

To express the recombinant BFA2-MBP protein, the cDNA
sequence encoding amino acids 62-904 of BFA2 was subcloned
into the plasmid pMAL-c5x (New England Biolabs). Expression
was induced in E. coli BL21 strain with 0.3 mM isopropyl
p-D-1-thiogalacopyranoside for 20 h at 16°C. Purification
of the recombinant protein was performed according to
the New England Biolabs protocol. The RNA probe (5'-
UAUAGGCAUUAUUUUUUUUUCU-3, atpF sRNA) was
chemically synthesized, and its 5-end was labeled by
biotin (Takara Co., Ltd.). For competition assays, a specific
probe (nonlabeled atpF sRNA) and a nonspecific probe (5'-
UUAUGACGAUACUCGGUAGCAUAGAUAUAA-3'; 5'-end of
the ndhA mRNA) were chemically synthesized.

Recombinant BFA2-MBP was incubated with biotinylated
atpF sRNA for 30 min at 20°C in the binding buffer (10 mM
HEPES, pH 7.5, 20 mM KCl, 2 mM MgCl,, 1 mM DTT, 5%
glycerol, 1 g tRNA). Subsequently, the reactions were resolved
on 6% native polyacrylamide gels containing 2.5% glycerol. The
signal was detected with the chemiluminescent detection kit
(Thermo, 89880). For competition assays, specific probe and
nonspecific probes were added in the reaction buffer.

Other Methods

Polyclonal antibody against BFA2 was raised in rabbits using the
recombinant BFA2 protein (amino acids 62-300 of BFA2).
Chlorophyll  fluorescence analysis, thylakoid membrane
and stromal protein isolation, BN-PAGE, 2D/SDS-PAGE,
and immunoblot analysis were performed as previously
described (Li et al., 2019). The gyt was monitored with the
Dual PAM-100 according to previously described methods
(Rott et al, 2011; Zhang et al,, 2018). Polysome association
analyses were performed as previously described (Zhang
et al., 2018). The rRNAs were stained by Super GelRed (US
Everbright Inc., Suzhou, China) and used as fractionation
and loading controls. Chloroplast protein labeling and chase
was performed as previously described (Zhang et al., 2016,
2018). Immunoblot signals were detected with a Pro-light
HRP Chemiluminescent Kit (TTANGEN) and visualized with a
LuminoGraph chemiluminescence analyzer (ATTO). Antibodies
against CFja (PHY0311), CF;f (PHY0312), CF;y (PHY0313),
CFie (PHY0314), CF;5 (PHY0315), CF,I (PHY0316),
CF,II (PHY0170S), PsaA (PHYO0342), PsaD (PHY0343), D1
(PHY0057), D2 (PHY0060), Cyt f (PHY0321), and NdhN
(PHY0335) were obtained from PhytoAB (United States).

Accession Numbers

Sequence data from this article can be found in
GenBank/EMBL/DDBJ databases under accession number
AtBFA2  (AT4G30825, Arabidopsis  thaliana), ~GmBFA2
(Glyma.04G155800, Glycine max), OsBFA2 (0Os09g25550,

Oryza  sativa), ZmBFA2 (XP_008662784, Zea mays),
NsBFA2 (XP_009792607.1, Nicotiana sylvestris), SbBFA2
(SORBIDRAFT_07g007540, Sorghum  bicolor), PpBFA2-A

(Pp3c16_4140, Physcomitrella patens), PpBFA2-B (Pp3c5_2530,
Physcomitrella patens). The aligned sequences of atpF-atpA can
be found in the chloroplast genomes of Arabidopsis thaliana
(At; NC_000932), Glycine max (Gm; NC_021650), Nicotiana
sylvestris (Ns; NC_007500.1), Oryza sativa (Os; NC_001320), Zea
mays (Zm; NC_001666). Physcomitrella patens (Pp, NC_005087),
and Selaginella moellendorffii (Sm, nc_013086).

RESULTS

The bfa2 Mutants Are Defective in
Normal Accumulation of the Chloroplast

ATP Synthase

While the bfa2-1 mutant was isolated by screening T-DNA
mutant pools (Zhang et al., 2016), bfa2-2 was obtained from
the European Arabidopsis Stock Centre (NASC). Both mutants
show high levels of nonphotochemical quenching (NPQ) upon
illumination with actinic light (80 pmol photons m~2 s
(Figures 1A,B). During illumination, photosynthetic electron
transport induces accumulation of protons in the thylakoid
lumen, which persists after illumination for 40 s in the wild-
type (WT) plants and triggers the induction of NPQ (Figure 1C).
Because of the activation of chloroplast ATP synthase in the
light, protons accumulated in the thylakoid lumen move out
rapidly through the ATP synthase to produce ATP, resulting in
the relaxation of NPQ within 2 min of illumination (Figure 1C).
In contrast, the relaxation of NPQ is less efficient in the bfa2
mutants and NPQ is maintained at high levels compared with
WT (Figure 1C). Conductivity of the thylakoids to protons, gy
(thylakoid conductivity), is usually used to monitor the activity
of chloroplast ATP synthase in vivo (Cruz et al, 2001). The
level of gy in bfa2 is indeed reduced to ~2/3 of the WT level
with an irradiance of 628 wmol photons m~2 s~! as actinic
light (Figure 1D), implying that the high-NPQ phenotype can
be ascribed to the low activity of the chloroplast ATP synthase
in bfa2.

The seedling size of bfa2 is smaller than that of WT after
germination for 25 days on soil (Figure 1A). To further
characterize the phenotype of bfa2, several photosynthetic
parameters were measured. Fv/Fm, the ratio between variable and
maximum fluorescence, that represents the maximum quantum
yield of photosystem II (PSII) was found to be comparable
between WT and bfa2 plants (0.79 % 0.01 for both genotypes),
indicating that the function of PSII is not affected. We also
investigated the dependence of ETR (electron transport rate
through PSII) and NPQ on irradiance. While the ETR is
significantly reduced in bfa2 at an irradiance above 200 pwmol
photons m~2 s™1, the level of NPQ is higher in bfa2 than in
WT at all light intensities investigated (Supplementary Figures
S1A,B), implying that protons over-accumulate in the thylakoid
lumen of bfa2 and that photosynthetic linear electron transport is
inhibited. Analysis of the dependence of 1-qL and the oxidation
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of the donor side of PSI on irradiance showed that photosynthetic
electron transport is significantly restricted between PSIT and PSI
in bfa2 compared to WT plants (Supplementary Figures S1C,D).
All of these photosynthetic properties in bfa2 are similar to those
of mutants that accumulate low amounts of chloroplast ATP
synthase (Zoschke et al., 2012, 2013; Riihle et al., 2014; Fristedt
etal., 2015; Grahl et al., 2016; Zhang et al., 2016, 2018).
Immunoblot analysis showed that the levels of the chloroplast
ATP synthase subunits in bfa2 are reduced to ~25-50% of those
of wild-type plants (Figure 1E). In contrast, accumulation of
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FIGURE 1 | Identification and characterization of the bfa2 mutants.

(A) Phenotype of the bfa2 mutants. bfa2-1 com and bfa2-2 com,
complemented lines with overexpression of BFA2 in bfa2-1 and bfa2-2,
respectively. (B) Image of NPQ. The image was captured upon illumination
(80 pmol photons m~2 s~ 1) for 2 min. Values for NPQ/4 are indicated at the
bottom on a false color scale. (C) Time course of NPQ induction. NPQ
induction kinetics was measured upon illumination with AL (Actinic light) light
(80 wmol photons m=2 s~ 1) for 4 min. Means =+ SD (n = 4). (D) H+
conductivity through ATP synthase (g4 ) under an irradiance of 628 pmol
photons m=2 s=1. Means + SD (n = 4). (E) Immunoblot analysis of the
thylakoid membrane proteins in bfa2 and WT plants. Proteins were loaded on
an equal chlorophyll basis and blots were probed with the

indicated antibodies.
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PSI (PsaA and PsaD), PSII (D1 and D2), Cytochrome bgf (Cyt
f), and NADH dehydrogenase-like (NDH) complex (NdhH and
NdhN) in bfa2 was as in WT (Figure 1E). Consistent with
these results, blue native-PAGE (BN-PAGE) and subsequent two
dimensional (2D) SDS-PAGE analysis showed that formation of
the NDH-PSI supercomplex, PSII supercomplexes, PSII dimer,
PSI monomer and other chlorophyll-containing complexes was
not affected in bfa2 (Supplementary Figure S2A). Although
the levels of CFja/p/y were reduced to about one quarter in
bfa2, the remaining subunits were assembled into the intact
ATP synthase and CF; subcomplex (Supplementary Figure
S2B), which accounts for the ~2/3 activity of ATP synthase
in bfa2 and for its photoautotrophic growth (Figures 1A,D).
Taken together, we conclude that accumulation of chloroplast
ATP synthase is specifically impaired whereas other thylakoid
protein complexes are not affected in bfa2. Similar to the bfal
and bfa3 mutants we characterized previously (Zhang et al., 2016,
2018), bfa2 is also a mutant that accumulates lower amounts of
chloroplast ATP synthase.

BFA2 Is a PPR Protein Present in the

Chloroplast Stroma

Map-based cloning detected a 17-nucleotide deletion (2130-
2146 bp) in the coding region of AT4G30825 in bfa2-1, resulting
in a premature stop codon (Figure 2A). A T-DNA was inserted in
the same gene in the bfa2-2 mutant. Furthermore, overexpression
of AT4G30825 under the control of the 35S promoter of
cauliflower mosaic virus in the bfa2-1 and bfa2-2 mutants fully
rescued their phenotype (Figures 1A,B). From these results, we
conclude that the AT4G30825 gene corresponds to BFA2 that is
required for full chloroplast ATP synthase activity in vivo.

The BFA2 gene encodes a PPR protein of 904 amino acid
residues with unknown function (Figure 2A). Sequence analysis
revealed that the BFA2 protein belongs to the P subfamily
and comprises 22 PPR motifs spanning amino acid residues
139-904 (Figure 2A and Supplementary Figure S3). The last
PPR motif only contains 32 residues and may represent an
incomplete PPR motif (Supplementary Figure S3). Genes with
significant sequence identity (more than 50%) to BFA2 are
found in eudicotyledons and monocotyledons (Supplementary
Figure S4). A blast search also revealed two proteins (PpBFA2-
A and PpBFA2-B) in Physcomitrella patens (P. patens) with
low sequence identity to BFA2 (35-38%, Supplementary Figure
S4). No genes significantly related to BFA2 were found in
Selaginella moellendorffii and Chlamydomonas. This fact implies
that BFA2 may have evolved when land plants including
bryophytes originated and was probably lost in the lycophytes
during evolution.

BFAZ2 is predicted to have a putative chloroplast transit peptide
of 61 amino acids at its N-terminus. To confirm its chloroplast
localization, the DNA region coding for the first 200 amino acids
of BFA2 was fused in-frame with GFP in the pBI221 vector and
the resulting vector was introduced into Arabidopsis protoplasts
by transient transformation. Analysis by confocal laser scanning
microscopy showed that the BEA2-GFP signal co-localizes with
the chloroplast fluorescence, indicating that BFA2 is targeted to
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FIGURE 2 | Characterization of the BFA2 protein. (A) Schematic
representation of BFA2 gene (Top panel) and BFA2 protein (bottom panel).
Positions for nucleotide deletion in baf2-7 and T-DNA insertion in bfa2-2 are
indicated. Each right arrow represents one PPR domain. The 17-nucleotide
deletion results in a premature stop codon at the position of the 16th PPR
motif in BFA2. (B) Subcellular localization of BFA2 by GFP assay. The first 200
amino acids of BFA2 were fused with GFP (BFA2-GFP) and expressed in
Arabidopsis protoplasts. The signal of GFP was visualized using a confocal
laser scanning microscope. Chl-GFP and Mit-GFP represent chloroplast and
mitochondrial controls, respectively. Bars = 5 pm. (C) Immunolocalization of
BFA2. Intact chloroplasts isolated from WT and bfa2 mutants were
fractionated into stromal and membrane fractions. Proteins were separated by
SDS-PAGE and immunodetected with antibodies against BFA2, RbcL, and
D1. The series of WT dilutions is indicated. A major nonspecific band detected
in the stromal fractions with BFA2 antibody is indicated by an asterisk. A weak
band above the major nonspecific band detected in bfa2 stroma also appears
to be nonspecific.

the chloroplast (Figure 2B). To further determine the precise
location of BFA2 within chloroplasts, a polyclonal antibody
against recombinant BFA2 protein was raised. A signal with a

molecular mass of ~100 kDa (the predicted molecular mass of
mature BFA2 is 94 kDa) was detected in the stromal fractions
isolated from WT plants, but absent in the stromal fraction from
bfa2 mutants as well as in the thylakoid membranes from WT
and bfa2 plants (Figure 2C). These results indicate that BFA2 is
localized to the chloroplast stroma.

BFA2 Is Required for Accumulation of
the atpH/F Transcript

Since the PPR proteins are well known to be involved in organelle
gene expression, it is very likely that the expression of one
or more chloroplast genes encoding ATP synthase subunits is
affected in the bfa2 mutants. To investigate this possibility,
we performed RNA gel blot analysis with probes for the large
(atpI/H/F/A) and the small (atpB/E) atp operons (Figure 3).
For the large atp operon, the most striking difference is that
the dicistronic atpH/F transcript is barely detected in the bfa2
mutants (Transcript 8; Figures 3A,D), indicating that BFA2 is
essential for accumulation of this transcript. However, the level
of the monocistronic atpH transcripts (transcripts 10, 11, and
12) in the bfa2 mutants is higher than that in WT (Figure 3A),
excluding the possibility that absence of the atpH/F transcripts
in bfa2 is due to deficient cleavage between atpl and atpH.
RNA blot analysis using atpl, atpH, atpF exon, and atpF intron
probes also detected a ~3 kb transcript in WT plants that was
absent in the bfa2 mutants (transcript 2, Figures 3A,D). Given
the detection of this transcript with these four probes and its
size, it is likely that this transcript corresponds to the unspliced
atpl/H/F transcript (transcript 2, Figure 3D). The monocistronic
unspliced atpF transcript was detected with the atpF intron probe
in the WT plants but was absent in the bfa2 mutants (transcript
9, Figure 3A).

The atpA RNA was mainly detected in the polycistronic
atpH/F/A transcript (transcript 1, Figure 3A), which is
inconsistent with previous reports (Malik Ghulam et al., 2013).
In addition to this main polycistronic mRNA, the atpA probe
also detected a fuzzy weak band around 1600 nucleotides in WT,
but the level of this band was significantly reduced in the bfa2
mutants (transcript 5, Figures 3A,D). As discussed by Malik
Ghulam et al. (2013), the monocistronic afpA transcript is present
in very low amounts in vivo and usually possesses truncated 3’
ends whereas most of the 5" ends of this RNA map at positions
-237 (inside the atpF mRNA) and —50 (just overlapping with
the 3’ end of atpF) relative to the atpA start codon (Figure 3D;
Malik Ghulam et al., 2013). Thus, the weak bands detected in
our RNA blot (transcript 5 and several bands below transcript 5)
correspond most likely to the monocistronic atpA transcript with
different 5" ends, overlapping the atpF 3’ end, and truncated 3’
ends (Figure 3D). Reduction of transcript 5 in the bfa2 mutants
indicates that some type of monocistronic atpA transcript is
unstable in the absence of BFA2.

In the case of the small atp operon atpB/E, two major
bands can be detected by the atpB probe (Figure 3B). The
monocistronic atpE transcript can also be detected by the atpE
probe (Figure 3B). While the upmost band represents the
primary dicistronic atpB/E transcript with two isoforms (—520
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FIGURE 3 | RNA blot analysis of the plastid-encoded ATP synthase genes. (A-C) Total RNA isolated from WT and bfa2 mutants was probed with
digoxigenin-labeled probes corresponding to the genes in the large (A) and small (B) atp operons. A blot with the Actin 7 probe was used as a loading control (C).
The positions of RNA markers are shown in kilonucleotides (knt). (D,E) Partial transcript map of the atpl/H/F/A (D) and atpB/E (E) operons in Arabidopsis. The map
was generated based on the transcript size in (A,B) as well as on previous reports (Malik Ghulam et al., 2012, 2013). Transcripts absent in bfa2 are shown as bold
black lines. The positions of the probes are indicated above the operons. The numbers refer to the distance upstream of the initiation codon (—) and downstream of
the termination codon (+).

and —467), the second band corresponds to the processed
dicistronic atpB/E transcript ending at -84 (Figure 3E, Malik
Ghulam et al., 2012). Our results show that the level of the —84
processed atpB/E dicistronic mRNA is significantly reduced in
the bfa2 mutants compared with WT plants (Figures 3B,E). The
level of primary dicistronic atpB/E and the monocistronic atpE
transcripts are identical in the bfa2 mutants compared with WT
plants (Figure 3E). Reduction of the processed dicistronic atpB/E
transcript was also observed in the bfal-1 and cgl160 mutants,
in which assembly of the chloroplast ATP synthase CF; and CF,
subcomplexes, respectively, is less efficient (Rithle et al., 2014;
Zhang et al., 2018). Thus, reduction of processed dicistronic
atpB/E likely represents a secondary effect due to impairment in
the assembly of chloroplast ATP synthase.

Translation Initiation of atpA Is Not
Affected in the Absence of BFA2

To rule out the possibility that reduction of the chloroplast
ATP synthase in bfa2 is due to defects in the translation of
atp mRNAs, we performed a polysome association analysis
to investigate translation initiation (Figure 4). Our results
show that the distribution of the atpH/F/A mRNAs in bfa2
was slightly shifted toward lower molecular weight fractions

compared with WT (transcript 1, Figure 4A). The distribution of
other transcripts in the atpl/H/F/A operon, such as monomeric
atpH, was almost identical between bfa2-1 and WT plants.
For the atpB/E operon, a clear shift of primary dicistronic
atpB/E transcript toward lower molecular weight fractions
in the bfa2-1 mutant compared with the wild type was
observed (transcript 1, Figure 4B). The shift of the primary
dicistronic atpB/E transcript is also observed in the bfal
and ¢gl160 mutants and is unlikely to be the cause for
the low accumulation of chloroplast ATP synthase in bfa2
(Zhang et al., 2018).

To investigate whether the alteration of the polysome
association with atpH/F/A and primary dicistronic atpB/E
transcripts in bfa2-1 is responsible for the defect in chloroplast
ATP synthase accumulation, in vivo protein labeling of the
chloroplast proteins with [3°S]-Met was performed (Figure 5).
Cycloheximide, an inhibitor of cytosolic translation, was added
to avoid interference with the synthesis of nucleus-encoded
proteins. After labeling, thylakoid membranes were isolated
and the newly synthesized thylakoid proteins were separated
by SDS-PAGE. Radiolabeled thylakoid proteins were detected
by autoradiography. The results showed that, as expected, the
levels of the newly synthesized PsaA/B, CP47, CP43, D2/pD1,
and D1 protein were comparable between WT and bfa2
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FIGURE 4 | Analysis of polysome association of the plastid transcripts encoding ATP synthase subunits. (A,B) Total leaf extracts from wild-type and bfa2-1 plants
were fractionated by centrifugation on 15-55% sucrose density gradients. After centrifugation, the sucrose gradients were divided into 10 fractions of equal volume
for RNA isolation. The isolated RNAs were blotted with DIG-labeled DNA probes corresponding to the plastid aipA, atpf, atpH, and atpl (A) as well as atpE (B)
transcripts. The numbers to the right of the panels correspond to the corresponding transcripts illustrated in Figures 3D,E. (C) Staining of the rRNA was used as
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FIGURE 5 | In vivo protein labeling analysis of plastid-encoded proteins.

(A) Pulse labeling of chloroplast thylakoid proteins of WT and bfa2 mutants.
Chloroplast thylakoid proteins were extracted from primary leaves of 12 days
old seedlings after labeling with [*°S]-Met for 20 min, and separated by
SDS-urea-PAGE. The labeled proteins were visualized using autoradiography.
(B) Pulse-chase labeling of chloroplast stromal protein complexes of WT and
bfa2-1 plants. After pulse labeling for 20 min (indicated as 0 min), the leaves
were chased with cold Met for 15 and 30 min. Total soluble protein complexes
extracted from the leaves were separated by CN-PAGE and the newly
assembled complexes were detected by autoradiography.

mutants (Figure 5A), which is consistent with the fact that
bfa2 is specifically defective in accumulation of chloroplast
ATP synthase. For the chloroplast ATP synthase CF;a subunit,
a very weak signal was detected below the PsaA/B subunits

and its level is identical in both WT and two bfa2 mutant
genotypes (Figure 5A). The levels of newly synthesized CF;f
subunits of as well as RbcL contamination in thylakoids
were also identical in bfa2 and WT plants after labeling for
20 min (Figure 5A).

CFia and CF;p are components of the ATP synthase CF;
subcomplex. To further prove that protein synthesis of CF;a
and CF;p and their subsequent incorporation into functional
CF; is not affected in bfa2, we analyzed the assembly of
the CF; subcomplex in the chloroplast stroma by pulse-
chase labeling. We designated this subcomplex CF; Subll in
our previous report (Figure 5B, Zhang et al, 2018), and
it contains subunits of CFja, CFf, CF;y, CFig, and CF;3,
but not CF,I, which is the product of atpF (Zhang et al,
2016). Our results show that formation of CF; SublIl is
as efficient in bfa2-1 as in WT plants after pulse-labeling
for 20 min and a subsequent chase for 15 and 30 min
(Figure 5B). These results are different from those obtained
with bfal and bfa3 (Zhang et al, 2016, 2018), further
confirming that synthesis of CFja and CFif is not affected
in bfa2, although the level of processed dicistronic atpB/E was
reduced and polysome association with atpH/F/A and primary
dicistronic atpB/E was slightly altered in the bfa2 mutants
(Figures 3, 4).

Taken together, we conclude that absence of the dicistronic
atpH/F is the primary cause for the decreased accumulation
of chloroplast ATP synthase in bfa2, and that BFA2 is likely
directly required for the accumulation of the RNAs with a 3'-
end or 5'-end mapping between atpF and atpA (Figures 3A,D).
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FIGURE 6 | Position of the BFA2-dependent RNA termini. (A) Overlapping transcript termini in the atpF/A intergenic region. Nucleotide positions relative to the start
codon of atpA (—50 and —1) and stop codon of atpF (+40 and +1) are shown above and below the sequences, respectively. The numbers of 5/24, 0/24, 10/14, and
0/14 represent the ratio of the clones with a 5’ or 3’ end positions from the WT or bfa2 samples in the cRT-PCR analyses (Supplementary Figure S5 and
Supplementary Table S1). (B) Alignment of the atpF/A intergenic regions (from the stop codon of atpF to the start codon of atpA). The overlapping transcript
termini in the atpF/A intergenic regions and the sequence predicted for BFA2 binding are indicated by the dotted and black lines, respectively. Nucleotides U are
indicated by T. At, Arabidopsis thaliana; Gm, Glycine max; Os, Oryza sativa; Zm, Zea mays; Ns, Nicotiana sylvestris; Hv, Hordeum vulgare; Pp, Physcomitrella
patens; Sm, Selaginella moellendorffii. (C) Prediction of the nucleotide-binding site for BFA2. The residues that determine nucleotide-binding specificity (residues 6
and 1’ in Supplementary Figure S3) in each PPR motif were extracted according to Barkan et al. (2012). The overlapping sequence in the atpF/A intergenic RNA
(from the second nucleotide) is shown.

The BFA2 protein belongs to the P class PPR proteins and
this class of proteins can act as barrier to prevent the RNA
degradation by exoribonucleases (Barkan and Small, 2014).
Since PPR10 binds to the 5’ termini of atpH/F, we hypothesize
that BFA2 binds to the 3’ termini of afpH/F as well as to
other transcripts overlapping the intergenic region of atpF-
atpA (Figure 3D).

BFA2 Binds to the Consensus Sequence

in the atpF 3’-UTR and atpA 5'-UTR

A small RNA (sRNA) corresponding to the atpF 3’ region
was detected in barley and rice and this sRNA is predicted to
be the footprint of uncharacterized PPR-like proteins (Ruwe
and Schmitz-Linneweber, 2012; Zhelyazkova et al., 2012). These
facts led us to propose that the sRNA from the atpF-atpA
intergenic region is the footprint of BFA2 in Arabidopsis. To
confirm this hypothesis, we first determined the transcript
termini in the atpF-atpA intergenic region by circularization
RT-PCR (cRT-PCR) (Supplementary Figure S5). Consistent
with the results reported by Malik Ghulam et al. (2013), our
results show that most clones (10 out of 14) had their 3’

end at position +40 from the atpF stop codon and 5 out
of 24 clones had their 5 end at position -50 from the atpA
start codon in WT (Figure 6A and Supplementary Table
S1). However, neither 3’ ends of atpF nor 5 ends of atpA
were mapped to these two positions in bfa2 (Figure 6A
and Supplementary Table S1). These results suggest that
BFA2 binds to the atpF-atpA intergenic region to stabilize
the corresponding mRNA in vivo. Moreover, the overlapping
region comprises 23 residues and is basically consistent with
the number of PPR motifs (22 PPR motifs) of the BFA2
protein (Figure 6A).

Alignment analysis showed that the overlapping region
(except for the first residue) in the atpF 3’-UTR and atpA
5-UTR in Arabidopsis is highly conserved in Angiosperms,
but not in Physcomitrella patens and Selaginella moellendorffii
(Figure 6B), which is in line with the fact that two proteins
(PpBFA2-A and PpBFA2-B) in Physcomitrella patens (P. patens)
show low sequence identity with BFA2 (35-38%) and
that no BFA2-like protein was found in S. moellendorffii
(Supplementary Figure S4). Although the last 6 residues
vary among different plant species, most residues in this
region are U and C (Figure 6B). Since the first residue
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FIGURE 7 | Gel mobility shift assays of the RNA binding activity of BFA2. (A) Purified MBP-BFA2 used in the RNA binding assays. The purified recombinant BFA2
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atpF-atpA (nM) 1 111 1 11 1 1

is not conserved (Figure 6B), BFA2 may bind to the 22
conserved residues from the second residue in the sRNA. To
confirm our hypothesis, the potential binding sequence of
BFA2 was predicted according to the PPR code established
previously (Barkan et al., 2012). As shown in Figure 6C, the 21
nucleotides predicted to bind by the 21 PPR motifs of BFA2 are
(C/U)A(C/U)XXX(U/C)XXXXXGGX(C/U)(U/C)(C/U)(U/C)
(U/C)(U/C). While X represents any nucleotide that cannot
be precisely predicted, the nucleotides in parentheses are
optional. Among the 21 nucleotides, 10 of them match with the
corresponding residues in the overlapping transcript termini
of the atpF-atpA intergenic region (Figure 6C). For the 5th
and 11th PPR motifs, serine (S) was identified at position 6
(Figure 6C). It has been suggested that S¢ shows a strong
correlation with purines (Barkan et al., 2012), which is consistent
with fact that G and A were found in the corresponding position
of the atpF-atpA intergenic region (Figure 6C). These results
support our view that BFA2 binds to the overlapping transcript
termini in the afpH-atpA intergenic region starting from
the second residue.

In vitro electrophoretic mobility shift assays (EMSA) were
performed. Recombinant mature BFA2 protein fused with
the MBP (maltose-binding protein) tag was expressed in
Escherichia coli (E. coli) and purified (Figure 7A). The molecular
mass of the purified fusion protein is about 130 kDa and
is consistent with the predicted molecular mass of BFA2-
MBP (136 kDa). The biotinylated RNA corresponding to the
overlapping transcript termini in atpF-atpA was chemically
synthesized and incubated with the BEA2-MBP fusion protein.
The BFA2-RNA complex can be detected when the protein
molar concentration is three times higher than that of the
RNA (Figure 7B). There was no shift when the biotinylated
RNA was incubated with MBP protein (Figure 7B). A set
of competition assays were performed to confirm the binding
specificity of BFA2. The 5 end of ndhA mRNA has been
shown to be the binding site of PGR3 (PROTON GRADIENT
REGULATION 3) (Cai et al, 2011). Even addition of 1000-
fold amount of cold ndhA mRNA did not affect the formation
of the BFA2-RNA complex (Figure 7C). However, the addition
of >30-fold amount of unlabeled atpF-atpA RNA significantly
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inhibited the binding of BFA2 with the labeled RNA probe
(Figure 7D). These results clearly demonstrate that BFA2
protein binds to the atpF-atpA intergenic region in a sequence-
specific manner.

DISCUSSION

The plastid-encoded atpF gene encodes the CF,I subunit of the
chloroplast ATP synthase. CF,I interacts with the atpG product
CF,II to form the peripheral stalk holding CF, and CF; together
(Rithle and Leister, 2015). In chloroplasts, the atpF RNA is solely
detected in the polycistronic atpH/F/A and dicistronic atpH/F
transcripts (Figure 3A; Malik Ghulam et al., 2013). Analysis of
chloroplast small RNAs (sRNAs) in rice and barely reveals two
sRNAs mapping at the two ends of dicistronic atpH/F mRNA,
respectively (Ruwe and Schmitz-Linneweber, 2012; Zhelyazkova
et al., 2012). Both of them are predicted to represent footprints
of PPR proteins (Zhelyazkova et al., 2012; Malik Ghulam et al,,
2013). While the sRNA at the 5'-end of atpH/F includes the
binding site for PPR10 (Pfalz et al., 2009; Prikryl et al.,, 2011),
the putative PPR protein binding to the 3’-end of the dicistronic
atpH/F transcript was not yet known. In this study, we provide
evidence that P-class PPR protein BFA2 binds to this site.

Our conclusion is mainly supported by the following
evidence. (1) The level of the chloroplast ATP synthase is
specifically reduced in the absence of BFA2, while accumulation
of other thylakoid complexes is not affected (Figure 1E
and Supplementary Figure S2). This is also consistent with
the photosynthetic properties detected in bfa2 (Figure 1
and Supplementary Figure S1). (2) Dicistronic atpH/F
transcript is absent in bfa2 and other transcripts with
termini in the intergenic region of atpF-atpA also appear
to be unstable in the absence of BFA2 (Figure 3). (3) The
BFA2 binding site was predicted to cover the overlapping
region between the 3’ end of atpF and the 5 end of atpA
(Figure 6). (4) EMSA analyses showed that BFA2 protein
binds to the atpF-atpA intergenic region in a sequence-specific
manner (Figure 7). Sequence alignment analysis showed
that BFA2 belongs to the P-class PPR proteins with 22 PPR
motifs (Supplementary Figure S3). Our results suggest
that BFA2 acts analogously to other typical PPR proteins
such as PPR10, PGR3, and HCF152, by directly binding to
the atpF-atpA intergenic region to prevent degradation of
BFA2-dependent transcripts by blocking exoribonucleases
acting either from the 5 or 3’ ends (Barkan and Small,
2014). However, because several nucleotides that bind to
the PPR motifs in BFA2 can not be precisely predicted
(Figure 6C), BFA2 may have another binding site(s) in the
chloroplast-encoded genes, which need to be investigated in the
further analyses.

For some P-class PPR proteins like PPR10, they not only
act as site-specific barriers to protect target RNA segments
by blocking exoribonuclease intruding from either direction,
but also remodel the structure of ribosome-binding sites in
the target RNA to enhance translation (Prikryl et al., 2011).
Since BFA2 binds to the intergenic regions of atpF-atpA,

which is just upstream of the start codon of atpA, is it
possible that binding of BFA2 in this region releases the
ribosome binding site of atpA? In Arabidopsis, monomeric atpA
transcript was barely detectable in chloroplasts (Malik Ghulam
et al, 2013; Figure 3). Thus, atpA translation should arise
from the polycistronic atpH/F/A transcript. Although polysome
association with atpH/F/A transcript was slightly reduced in
the bfa2 mutant (Figure 4A), CF;a synthesis and subsequent
assembly into CF; were not affected (Figure 5). These facts
suggest that binding of BFA2 in the intergenic region of atpF-atpA
is not required for the translation of atpA. However, we cannot
tully rule out the possibility that BFA2 is involved in the activation
of atpA translation since no solid evidence was obtained by more
direct approaches like polysome profiling.

Our results demonstrate that absence of dicistronic atpH/F
transcript is the main cause of the low ATP synthase
accumulation phenotype of bfa2 (Figures 3-5). The dicistronic
atpH/F transcript is barely detectable in bfa2 (Figure 3). This
raises the question of how the atpF product CF,I can accumulate
to about one-quarter in bfa2 as compared to WT (Figure 1)?
One possibility is that atpF translation proceeds to a small extent
from the polycistronic atpH/F/A transcript which accumulates
normally in the bfa2 mutants (Figure 3).

Homologs of BFA2 are found in angiosperms, consistent
with the highly conserved intergenic regions of atpF-
atpA among angiosperms (Figure 6B and Supplementary
Figure S4, Zhelyazkova et al, 2012). Moreover, two putative
BFA2 homologs were found in P. patens although they
display low sequence identity with BFA2 from higher
plants (Supplementary Figure S4). However, although a
~20 nt sequence in the atpF-atpA regions from P. patens
chloroplasts shows high similarity to the BFA2-binding
sequence of higher plants, a 3 nt deletion was found
in this sequence (Figure 6B). Moreover, this sequence
is located just downstream of the stop codon of atpF
(Figure 6B). It is reasonable to assume that translation
termination may be affected if the BFA2-like proteins in
P. patens bind to this region. Thus, detailed analyses are
necessary to clarify the function of these two proteins in
P. patens.

In summary, our genetic approaches have identified a P-class
PPR protein BFA2, which is specifically required for the
normal accumulation of chloroplast ATP synthase. We have
demonstrated that BFA2 binds to the intergenic region of atpF-
atpA and mainly acts as a site-specific barrier to protect atpH/F
mRNA by blocking exoribonuclease degradation from the 3'-
direction. Thus, stabilization of the atpH/F transcript requires
two independent PPR proteins, PPR10 and BFA2, to protect the
mRNA against exoribonucleases.

SIGNIFICANCE STATEMENT

In this study, we discovered a chloroplast PPR protein
BFA2, which protects target mRNAs from degradation by
exoribonucleases by binding to the consensus sequence of the
atpF-atpA intergenic region.

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 446


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zhang et al.

BFA2 Stabilizes Dicistronic atpH/F mRNA

AUTHOR CONTRIBUTIONS

LZ, WL, and LP conceived the study and designed the
experiments. LZ, WL, WZ, and LC performed the experiments.
LZ and WL produced the figures. LZ, WL, J-DR, and LP wrote
the manuscript. LP supervised the whole study. All authors
analyzed the data.

FUNDING

This work was supported by the National Science Foundation
for Young Scientists of China (31500196 and 31700202),
the China Postdoctoral Science Foundation (2017M621511),
and the funds from the Shanghai Engineering Research

REFERENCES

Barkan, A. (2011). Expression of plastid genes: organelle-specific elaborations on a
prokaryotic scaffold. Plant Physiol. 155, 1520-1532. doi: 10.1104/pp.110.171231

Barkan, A., Rojas, M., Fujii, S., Yap, A., Chong, Y. S., Bond, C. S, et al. (2012).
A combinatorial amino acid code for RNA recognition by pentatricopeptide
repeat proteins. PLoS Genet. 8:¢1002910. doi: 10.1371/journal.pgen.1002910

Barkan, A., and Small, I. (2014). Pentatricopeptide repeat proteins in plants. Annu.
Rev. Plant. Biol. 65, 415-442. doi: 10.1146/annurev-arplant-050213-040159

Cai, W., Okuda, K., Peng, L., and Shikanai, T. (2011). PROTON GRADIENT
REGULATION 3 recognizes multiple targets with limited similarity and
mediates translation and RNA stabilization in plastids. Plant J. 67, 318-327.
doi: 10.1111/j.1365-313X.2011.04593.x

Cruz, J. A., Sacksteder, C. A., Kanazawa, A., and Kramer, D. M. (2001).
Contribution of electric field (A W) to steady-state transthylakoid proton motive
force (pmf) in vitro and in vivo. Control of pmf Parsing into Ay and ApH by
ionic strength. Biochemistry 40, 1226-1237. doi: 10.1021/bi0018741

Eberhard, S., Loiselay, C., Drapier, D., Bujaldon, S., Girard-Bascou, J., Kuras, R.,
et al. (2011). Dual functions of the nucleus-encoded factor TDAlin
trapping and translation activation of atpA transcripts in Chlamydomonas
reinhardtii chloroplasts. Plant J. 67, 1055-1066. doi: 10.1111/j.1365-313X.2011.
04657 x

Fristedt, R., Martins, N. F., Strenkert, D., Clarke, C. A., Suchoszek, M., Thiele, W.,
et al. (2015). The thylakoid membrane protein CGL160 supports CF1CFo
ATP synthase accumulation in Arabidopsis thaliana. PLoS One 10:¢0121658.
doi: 10.1371/journal.pone.0121658

Grahl, S., Reiter, B., Guigel, I. L., Vamvaka, E., Gandini, C., Jahns, P., et al.
(2016). The Arabidopsis protein CGLDI11 is required for chloroplast ATP
synthase accumulation. Mol. Plant 9, 885-899. doi: 10.1016/j.molp.2016.
03.002

Hahn, A., Vonck, J., Mills, D. J., Meier, T., and Kiihlbrandt, W. (2018).
Structure, mechanism, and regulation of the chloroplast ATP synthase. Science
360:eaat4318. doi: 10.1126/science.aat4318

Kroeger, T. S., Watkins, K. P, Friso, G., van Wijk, K. J., and Barkan, A. (2009).
A plant-specific RNA-binding domain revealed through analysis of chloroplast
group II intron splicing. Proc. Natl. Acad. Sci. US.A. 106, 4537-4542.
doi: 10.1073/pnas.0812503106

Li, Y., Liu, B., Zhang, J., Kong, F., Zhang, L., Meng, H., et al. (2019). OHPI,
OHP2, and HCF244 form a transient functional complex with the photosystem
II reaction center. Plant Physiol. 179, 195-208. doi: 10.1104/pp.18.01231

Malik Ghulam, M., Courtois, F., Lerbs-Mache, S., and Merendino, L. (2013).
Complex processing patterns of mRNAs of the large ATP synthase operon
in Arabidopsis chloroplasts. PLoS One 8:€78265. doi: 10.1371/journal.pone.
0078265

Malik Ghulam, M., Zghidi-Abouzid, O., Lambert, E., Lerbs-Mache, S., and
Merendino, L. (2012). Transcriptional organization of the large and the
small ATP synthase operons, atpI/H/F/A and atpB/E, in Arabidopsis thaliana
chloroplasts. Plant Mol. Biol. 79, 259-272. doi: 10.1007/s11103-012-9910-5

Center of Plant Germplasm Resources (17DZ2252700) and
the Science and Technology Commission of Shanghai
Municipality (18DZ2260500).

ACKNOWLEDGMENTS

We thank NASC for providing the mutant seeds.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00446/
full#supplementary-material

Martin, M., Rujan, T., Richly, E., Hansen, A., Cornelsen, S., Lins, T., et al. (2002).
Evolutionary analysis of Arabidopsis, cyanobacterial, and chloroplast genomes
reveals plastid phylogeny and thousands of cyanobacterial genes in the nucleus.
Proc. Natl. Acad. Sci. U.S.A. 99, 12246-12251. doi: 10.1073/pnas.182432999

McCormac, D. J., and Barkan, A. (1999). A nuclear gene in maize required for
the translation of the chloroplast atpB/E mRNA. Plant Cell 11, 1709-1716.
doi: 10.1105/tpc.11.9.1709

Pfalz, J., Bayraktar, O. A., Prikryl, J., and Barkan, A. (2009). Site-specific binding
of a PPR protein defines and stabilizes 5’and 3'mRNA termini in chloroplasts.
EMBO J. 28, 2042-2052. doi: 10.1038/emb0j.2009.121

Prikryl, J., Rojas, M., Schuster, G., and Barkan, A. (2011). Mechanism of RNA
stabilization and translational activation by a pentatricopeptide repeat protein.
Proc. Natl. Acad. Sci. U.S.A. 108, 415-420. doi: 10.1073/pnas.1012076108

Prikryl, J., Watkins, K. P., Friso, G., van Wijk, K. J., and Barkan, A. (2008).
A member of the Whirly family is a multifunctional RNA- and DNA-binding
protein that is essential for chloroplast biogenesis. Nucleic Acids Res. 36,
5152-5165. doi: 10.1093/nar/gkn492

Rott, M., Martins, N. F., Thiele, W., Lein, W., Bock, R., Kramer, D. M., et al.
(2011). ATP synthase repression in tobacco restricts photosynthetic electron
transport, CO2 assimilation, and plant growth by over acidification of the
thylakoid lumen. Plant Cell 23, 304-321. doi: 10.1105/tpc.110.079111

Riihle, T., and Leister, D. (2015). Assembly of F1FO-ATP synthases. Biochim.
Biophys. Acta 1847, 849-860. doi: 10.1016/j.bbabio.2015.02.005

Riihle, T., Razeghi, J. A., Vamvaka, E., Viola, S., Gandini, C., Kleine, T., et al. (2014).
The Arabidopsis protein CONSERVED ONLY IN THE GREEN LINEAGE160
promotes the assembly of the membranous part of the chloroplast ATP
synthase. Plant Physiol. 165, 207-226. doi: 10.1104/pp.114.237883

Ruwe, H., and Schmitz-Linneweber, C. (2012). Short non-coding RNA fragments
accumulating in chloroplasts: footprints of RNA binding proteins. Nucleic Acids
Res. 40, 3106-3116. doi: 10.1093/nar/gkr1138

Schmitz-Linneweber, C., and Small, I. (2008). Pentatricopeptide repeat proteins:
a socket set for organelle gene expression. Trends Plant Sci. 13, 663-670.
doi: 10.1016/j.tplants.2008.10.001

Shikanai, T. (2015). RNA editing in plants: machinery and flexibility of site
recognition. Biochim. Biophys. Acta 1847, 779-785. doi: 10.1016/j.bbabio.2014.
12.010

Small, I. D., and Peeters, N. (2000). The PPR motif - a TPR-related motif prevalent
in plant organellar proteins. Trends Biochem. Sci. 25, 46-47. doi: 10.1016/S0968-
0004(99)01520-0

Stern, D. B., Goldschmidt-Clermont, M., and Hanson, M. R. (2010). Chloroplast
RNA metabolism. Annu. Rev. Plant Biol. 61, 125-155. doi: 10.1146/annurev-
arplant-042809-112242

Till, B., Schmitz-Linneweber, C., Williams-Carrier, R., and Barkan, A. (2001).
CRS1 is a novel group II intron splicing factor that was derived from a
domain of ancient origin. RNA 7, 1227-1238. doi: 10.1017/S13558382010
10445

Watkins, K. P., Kroeger, T. S., Cooke, A. M., Williams-Carrier, R. E., Friso, G.,
Belcher, S. E., et al. (2007). A ribonuclease III domain protein functions

Frontiers in Plant Science | www.frontiersin.org

April 2019 | Volume 10 | Article 446


https://www.frontiersin.org/articles/10.3389/fpls.2019.00446/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.00446/full#supplementary-material
https://doi.org/10.1104/pp.110.171231
https://doi.org/10.1371/journal.pgen.1002910
https://doi.org/10.1146/annurev-arplant-050213-040159
https://doi.org/10.1111/j.1365-313X.2011.04593.x
https://doi.org/10.1021/bi0018741
https://doi.org/10.1111/j.1365-313X.2011.04657.x
https://doi.org/10.1111/j.1365-313X.2011.04657.x
https://doi.org/10.1371/journal.pone.0121658
https://doi.org/10.1016/j.molp.2016.03.002
https://doi.org/10.1016/j.molp.2016.03.002
https://doi.org/10.1126/science.aat4318
https://doi.org/10.1073/pnas.0812503106
https://doi.org/10.1104/pp.18.01231
https://doi.org/10.1371/journal.pone.0078265
https://doi.org/10.1371/journal.pone.0078265
https://doi.org/10.1007/s11103-012-9910-5
https://doi.org/10.1073/pnas.182432999
https://doi.org/10.1105/tpc.11.9.1709
https://doi.org/10.1038/emboj.2009.121
https://doi.org/10.1073/pnas.1012076108
https://doi.org/10.1093/nar/gkn492
https://doi.org/10.1105/tpc.110.079111
https://doi.org/10.1016/j.bbabio.2015.02.005
https://doi.org/10.1104/pp.114.237883
https://doi.org/10.1093/nar/gkr1138
https://doi.org/10.1016/j.tplants.2008.10.001
https://doi.org/10.1016/j.bbabio.2014.12.010
https://doi.org/10.1016/j.bbabio.2014.12.010
https://doi.org/10.1016/S0968-0004(99)01520-0
https://doi.org/10.1016/S0968-0004(99)01520-0
https://doi.org/10.1146/annurev-arplant-042809-112242
https://doi.org/10.1146/annurev-arplant-042809-112242
https://doi.org/10.1017/S1355838201010445
https://doi.org/10.1017/S1355838201010445
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zhang et al.

BFA2 Stabilizes Dicistronic atpH/F mRNA

in group II intron splicing in maize chloroplasts. Plant Cell 19, 2606-2623.
doi: 10.1105/tpc.107.053736

Yap, A., Kindgren, P., Colas des Francs-Small, C., Kazama, T., Tanz, S. K,
Toriyama, K,, et al. (2015). AEF1/MPR25 is implicated in RNA editing of plastid
atpF and mitochondrial nad5, and also promotes atpF splicing in Arabidopsis
and rice. Plant J. 81, 661-669. doi: 10.1111/tpj.12756

Zhang, L., Duan, Z., Zhang, J., and Peng, L. (2016). BIOGENESIS FACTOR
REQUIRED FOR ATP SYNTHASE 3 facilitates assembly of the chloroplast
ATP synthase complex. Plant Physiol. 171, 1291-1306. doi: 10.1104/pp.16.
00248

Zhang, L., Pu, H., Duan, Z,, Li, Y., Liu, B., Zhang, Q., et al. (2018). Nucleus-encoded
protein BFA1 promotes efficient assembly of the chloroplast ATP synthase
coupling factor 1. Plant Cell 30, 1770-1788. doi: 10.1105/tpc.18.00075

Zhelyazkova, P., Hammani, K., Rojas, M., Voelker, R., Vargas-Suarez, M.,
Borner, T., et al. (2012). Protein-mediated protection as the predominant
mechanism for defining processed mRNA termini in land plant chloroplasts.
Nucleic Acids Res. 40, 3092-3105. doi: 10.1093/nar/gkr1137

Zhou, W., Lu, Q,, Li, Q., Wang, L., Ding, S., Zhang, A,, et al. (2017). PPR-SMR
protein SOT1 has RNA endonuclease activity. Proc. Natl. Acad. Sci. U.S.A. 114,
E1554-E1563. doi: 10.1073/pnas.1612460114

Zoschke, R., Kroeger, T., Belcher, S., Schottler, M. A., Barkan, A., and Schmitz-
Linneweber, C. (2012). The pentatricopeptide repeat-SMR protein ATP4

promotes translation of the chloroplast atpB/E mRNA. Plant ]. 72, 547-558.
doi: 10.1111/j.1365-313X.2012.05081.x

Zoschke, R., Nakamura, M., Liere, K., Sugiura, M., Borner, T., and Schmitz-
Linneweber, C. (2010). An organellar maturase associates with multiple group II
introns. Proc. Natl. Acad. Sci. U.S.A. 107, 3245-3250. doi: 10.1073/pnas.090940
0107

Zoschke, R., Qu, Y., Zubo, Y. O., Borner, T., and Schmitz-Linneweber, C.
(2013). Mutation of the pentatricopeptide repeat-SMR protein SVR7 impairs
accumulation and translation of chloroplast ATP synthase subunits in
Arabidopsis thaliana. ]. Plant Res. 126, 403-414. doi: 10.1007/s10265-012-
0527-1

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zhang, Zhou, Che, Rochaix, Lu, Li and Peng. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

30

April 2019 | Volume 10 | Article 446


https://doi.org/10.1105/tpc.107.053736
https://doi.org/10.1111/tpj.12756
https://doi.org/10.1104/pp.16.00248
https://doi.org/10.1104/pp.16.00248
https://doi.org/10.1105/tpc.18.00075
https://doi.org/10.1093/nar/gkr1137
https://doi.org/10.1073/pnas.1612460114
https://doi.org/10.1111/j.1365-313X.2012.05081.x
https://doi.org/10.1073/pnas.0909400107
https://doi.org/10.1073/pnas.0909400107
https://doi.org/10.1007/s10265-012-0527-1
https://doi.org/10.1007/s10265-012-0527-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

'.\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 27 June 2019
doi: 10.3389/fpls.2019.00827

OPEN ACCESS

Edited by:

Jurgen Soll,

Ludwig Maximilian University
of Munich, Germany

Reviewed by:

Hans-Henning Kunz,
Washington State University,
United States

Rainer Erich Hausler,

University of Cologne, Germany
Anja Schneider,

Ludwig Maximilian University
of Munich, Germany

*Correspondence:
Thomas D. Sharkey
tsharkey@msu.edu

Specialty section:

This article was submitted to
Plant Physiology,

a section of the journal
Frontiers in Plant Science

Received: 15 March 2019
Accepted: 07 June 2019
Published: 27 June 2019

Citation:

Weise SE, Liu T,

Childs KL, Preiser AL,

Katulski HM, Perrin-Porzondek C
and Sharkey TD (2019)
Transcriptional Regulation of the
Glucose-6-Phosphate/Phosphate
Translocator 2 Is Related to Carbon
Exchange Across the Chloroplast
Envelope. Front. Plant Sci. 10:827.
doi: 10.3389/fpls.2019.00827

Check for
updates

Transcriptional Regulation of the
Glucose-6-Phosphate/Phosphate
Translocator 2 Is Related to Carbon
Exchange Across the Chloroplast
Envelope

Sean E. Weise'2, Tiffany Liu®, Kevin L. Childs?, Alyssa L. Preiser’, Hailey M. Katulski’,
Christopher Perrin-Porzondek’ and Thomas D. Sharkey'24*

" MSU-DOE Plant Research Laboratory, Michigan State University, East Lansing, MI, United States, ? Department

of Biochemistry and Molecular Biology, Michigan State University, East Lansing, M, United States, ° Department of Plant
Biology, Michigan State University, East Lansing, MI, United States, * Plant Resilience Institute, Michigan State University,
East Lansing, M, United States

The exchange of reduced carbon across the inner chloroplast envelope has a large
impact on photosynthesis and growth. Under steady-state conditions it is thought that
glucose 6-phosphate (G6P) does not cross the chloroplast membrane. However, growth
at high CO», or disruption of starch metabolism can result in the GPT2 gene for a GEP/P;
translocator to be expressed presumably allowing G6P exchange across the chloroplast
envelope. We found that after an increase in light, the transcript for GPT2 transiently
increases several 100-fold within 2 h in both the Col-0 and WS ecotypes of Arabidopsis
thaliana. The increase in transcript for GPT2 is preceded by an increase in transcript for
many transcription factors including Redox Responsive Transcription Factor 1 (RRTF1).
The increase in GPT2 transcript after exposure to high light is suppressed in a mutant
lacking the RRTF1 transcription factor. The GPT2 response was also suppressed in a
mutant with a T-DNA insert in the gene for the triose-phosphate/P; translocator (TPT).
However, plants lacking TPT still had a robust rise in RRTF1 transcript in response to
high light. From this, we conclude that both RRTF1 (and possibly other transcription
factors) and high amounts of cytosolic triose phosphate are required for induction of the
expression of GPT2. We hypothesize that transient GPT2 expression and subsequent
translation is adaptive, allowing G6P to move into the chloroplast from the cytosol. The
imported GBP can be used for starch synthesis or may flow directly into the Calvin-
Benson cycle via an alternative pathway (the G6P shunt), which could be important for
regulating and stabilizing photosynthetic electron transport and carbon metabolism.
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Transcriptional Regulation of GPT2

INTRODUCTION

Plants live in a stochastic environment with drivers of
photosynthesis such as CO, availability and light changing
rapidly as abiotic factors such as cloud cover or humidity
change over the course of minutes and hours. Hexose phosphate
transport into plastids has been shown to allow plants achieve
higher rates of photosynthesis over the course of several days
when irradiance is increased (Dyson et al., 2015). This process of
acclimation involves the differential expression (DE) and changes
in abundance of hundreds of proteins in the chloroplast (Miller
et al,, 2017). The glucose-6-phosphate/phosphate translocator 2
(GPT2) in Arabidopsis is of particular interest as the expression
for this protein increases rapidly, hours as opposed to days, when
irradiance is increased (Athanasiou et al., 2010). We wanted to
better understand the more rapid changes in gene expression, as
opposed to acclimation, that occur when the photosynthetic rate
of a plant increases. To this end, we focused on the role of GPT2
in carbon exchange across the chloroplast envelope.

Hexose phosphate transport into plastids was first
documented 30 years ago. It was determined that starch synthesis
in heterotrophic amyloplasts used imported hexose phosphates
rather than triose phosphates (Keeling et al., 1988; Tyson and
ap Rees, 1988). In 1995 it was discovered that autotrophic
chloroplasts could also transport glucose 6-phosphate (G6P)
if they were made heterotrophic by feeding sugars in vitro or
when sugars accumulate in the cytosol in vivo (Quick et al., 1995;
Lloyd and Zakhleniuk, 2004). It is now known that the hexose
phosphate/phosphate (P;) translocators are part of a family of
sugar phosphate and phosphoenolpyruvate translocators that
include triose phosphate/P; translocators, pentose phosphate/P;
translocators, and  phosphoenolpyruvate/P;  translocators
(Fischer et al., 1997; Kammerer et al., 1998; Hejazi et al., 2014).
The hexose phosphate/P; translocators (GPTs) work like the
triose-phosphate/P; translocators (TPTs). One molecule of
hexose monophosphate is exchanged for one molecule of P;
or another sugar phosphate (Lee et al, 2017). The GPTs are
promiscuous and will transport triose phosphates as well as,
or better than, G6P, but GPTs will not transport G1P or F6P
(Kammerer et al., 1998; Eicks et al., 2002).

The concentration of G6P in the chloplast and cytosol
has been measured in the light five times in four species,
spinach,potato, bean, and Arabidopsis and one species, bean,
in the dark. In all cases the G6P concentration was found to
be greater in the cytosol than the stroma both day and night
(Gerhardt et al., 1987; Sharkey and Vassey, 1989; Schleucher
et al., 1999; Weise et al.,, 2006; Szecowka et al., 2013). This
makes it unlikely that expression of a glucose-6-phosphate/P;
translocator results in net G6P export from the chloroplast but
rather G6P would be transported from the cytosol to the stroma.
Two GPTs have been identified in Arabidopsis, GPT1 At5g54800,
and GPT2 Atlg61800 (Niewiadomski et al., 2005). GPTI has a
low constitutive level of expression in almost all tissue and is
necessary for embryo sac development and pollen maturation;
gptl mutants are embryo lethal (Niewiadomski et al.,, 2005).
GPT2 has low, almost undetectable, expression in all tissues but
high expression amounts have been seen in leaves when plants

are fed or accumulate sugars (Lloyd and Zakhleniuk, 2004; Dyson
et al., 2014). Plants in which starch metabolism is compromised
have higher expression of GPT2 and chloroplast membranes are
able to transport G6P (Kunz et al., 2010). GPT2 transcript also
increases in leaves in response to an increase in light and plays a
role in the photosynthetic acclimation to high light (Athanasiou
etal., 2010; Dyson et al., 2015).

Our goal was to better understand the regulation and
metabolic role of GPT2 in day time metabolism. We measured
transcript amounts using both qPCR and RNA-Seq of GPT2 and
other related genes in both the Columbia-0 and Wassilewskija
ecotypes of Arabidopsis and a number of mutants under a variety
of photosynthetic conditions. From this work, we found that
GPT2 is transcriptionally regulated and requires both triose
phosphate export from the chloroplast and the Redox Responsive
Transcription Factor 1 (RRTF1) for expression. We hypothesize
that GPT2 plays an important role in facilitating starch synthesis
in stochastic high light conditions and may be necessary to
maintain the redox poise of the cytosol.

MATERIALS AND METHODS

Plant Material and Growing Conditions
Wild-type Arabidopsis thaliana ecotype Columbia-0 (Col-0) and
Wassilewskija (WS) and the mutants listed in Table 1 were used.
All mutants used have been previously characterized with the
exception of fpt-3 SALK_028503. We found that the T-DNA
insert was in the first exon based on the primer sites used to
confirm the line was homozygous for the insert. Transcript of
the TPT gene was checked by qPCR and was below our detection
limit (results not shown).

Plants were grown in a fluorescently lit growth chamber under
a 12 h photoperiod with a photon flux density (PFD) of 120 umol
m~2 s~ 1. The daytime temperature was 23°C and the nighttime
temperature was 20°C. Humidity was held at a minimum of
60% relative humidity. All plants used in this study were grown
hydroponically to prevent drought stress and other stresses that
might affect expression of genes being studied. The hydroponic
setup used also minimized water vapor and CO; loss from soil
which can confound gas exchange measurements. Seeds were
germinated on rockwool plugs which were placed in 1.5 ml
microfuge tubes with the lower 1.5 cm tip cut off and watered
with half-strength Hoagland’s solution (Hoagland and Arnon,
1938). Once roots started to grow through the bottom of the
plug, the plants were transferred to a water culture hydroponic
system in which plants were suspended over a vigorously aerated
half-strength Hoagland’s solution contained in a dark tub. For
all experiments, except RNA-Seq, data was collected from five
biological replicates.

Changing Light and CO, Environments

Plants were placed so that their roots were suspended in a
50 ml disposable conical centrifuge tube containing half-strength
Hoagland’s solution. The tube and plant were then placed in a
LI-COR 6800 or 6400 portable gas exchange system (LI-COR
Biosciences, Lincoln, NE, United States). Both systems used the
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TABLE 1 | Arabidopsis mutants used in this studly.

Enzyme disrupted Mutant Gene locus Ecotype Mutant line and references
Glucan water dikinase sex1-8 At1g10760 Col-0 SALK_077211 (Ritte et al., 2006)
Plastid fructose 1,6-bisphosphatase hcef1 At3g54050 Col-0 Livingston et al., 2010
Glucose-6-phosphate/P; translocator 2 gpt2-1 At1g61800 Col-0 GABI_454H06 (Dyson et al., 2014)
Plastid phosphoglucomutase pgm1-1 At5g51820 Col-0 TC75, pgm1-1 (Egli et al., 2010)
Redox responsive transcription factor 1 rrtf1-1 At4g34410 Col-0 Arrtf1 SALK_150614 (Khandelwal et al., 2008)
Triose phosphate/P; translocator tot-3 At5g46110 Col-0 SALK_028508 (This study)
Xylose-5-phosphate/P; translocator xpt-2 At5g17630 Col-3 SAIL_378_CO01 (Hilgers et al., 2018)
Plastid phosphoglucomutase pgm1 At5g51820 WS ACG21 (Kiss et al., 1996)

Plastid starch phosphorylase phs1-1 At3g29320 WS Zeeman et al., 2004

Triose phosphate/P; translocator tot-1 At5g46110 WS Schneider et al., 2002

small plant chamber lit with a LI-COR 6800-03 or LI-COR 6400-
18A light source set to white light. Plants from each ecotype and
mutant line were used in both systems to control for any system
effect on gene expression. White light was maintained at a PFD of
120 wmol m~2 s~ ! or 500 wmol m~2 s~ 1. Air temperature was
held constant at 23°C and humidity was controlled at a dew point
of 17 to 18.5°C. The CO; concentration in the sample air, C,, was
held at 20, 400, or 1000 ppm. A single leaf was taken from each
plant after 0, 15, 30, 60, 120, and 240 min.

Photosynthesis Measurements

For photosynthetic and fluorescence measurements a single leaf
was placed in a LI-COR 6800-01A multiphase flash fluorometer
gas exchange chamber. For these measurements, leaf temperature
was held constant at 23°C and humidity was controlled at a dew
point of 17 to 18.5°C. The lighting was 50% red and 50% blue
actinic light which was provided by the LEDs in the fluorometer
head. All fluorometer settings were left at the factory default. The
relative electron transport rate was calculated as ®PSII x I (light
intensity) x a (leaf absorptivity assumed to be 0.85) x B (fraction
of quanta absorbed by PSII, assumed to be 0.5). The numbers for
a and B are the default parameters provided by LI-COR. Because
these were not measured in our leaves the ETR is taken as a
relative rather than absolute measurement.

qPCR and Transcript Analysis

RNA was extracted using a Qiagen RNeasy Plant Mini
Kit according to the manufacturer’s directions. Once RNA
was isolated, cDNA was synthesized using 1 pg of total
RNA. Invitrogen Super Script II reverse transcriptase (18064,
Thermo Fisher Scientific, Waltham, MA, United States) was
used according to manufacturer’s directions. An Eppendorf
Mastercycler ep Realplex qPCR thermocycler with a 96 position
silver block with SYBR green PCR master mix (4309155 Applied
Biosystems, Carlsbad, CA United States) was used according to
the manufacturer’s directions. The thermal profile was: 95°C for
10 min; 40 cycles of 95°C for 15 s, and 60°C for 1 min during
which fluorescence was measured. This was followed by a melting
curve of: 95°C for 15 s, 60°C for 15 s, a ramp from 60 to 95°C over
a 20 min period during which time fluorescence was monitored,
and 95°C for 15 s. Transcript amounts were normalized
using the ACTIN2 (ACT2) or ISOPENTENYL DIPHOSPHATE

ISOMERASE?2 (IDI2) housekeeping genes. Absolute transcript
amounts of these genes were checked during the 4-h time course
in altered light or CO; environments. This was done to ensure
that the experimental treatment did not result in changes in
housekeeping gene transcripts. Sequences for primers used are
listed in Supplementary Table S1. Absolute copy number of
transcripts was determined by using a slightly larger cDNA
fragment of each target sequence as a standard. These cDNA
standards were quantitated and dilutions were used to prepare
standard curves.

Statistics

Box plots and statistical differences in GPT2 expression between
WT and mutants were tested by one-way ANOVA followed by
Tukey’s test using Microcal Origin 8.0 (Origin Lab Corporation,
Northampton, MA, United States). Three levels of significance
were tested and indicated by + o = 0.1; *a = 0.05; **a = 0.01.
Box plots are presented with the box encompassing the middle
two quartiles, the mean shown as an open square inside the box,
the median as a line inside the box, and the whiskers showing the
standard error of the data.

RNA-Seq Sampling and Sequencing

Three Col-0 and WS plants were used for RNA-Seq analysis and
treated to a PFD of 500 pmol m~2 s~! and sampled as above.
All samples had an RNA integrity number of at least 7.0 as
determined with a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, United States).

Single-end 50-bp mRNA sequencing was performed at the
Michigan State University Research Technology Support Facility
Genomics Core'. Libraries were prepared using the Illumina
TruSeq Stranded mRNA Library Preparation Kit (Illumina,
San Diego, CA, United States) following the manufacturer’s
recommendations. Completed libraries were assessed for quality
and quantified using a combination of Qubit dsDNA High
Sensitivity Assay Kit (Qubit, Carlsbad, CA, United States),
Caliper LabChipGX System and a DNA High Sensitivity Assay
Kit (Caliper Life Sciences, Waltham, MA, United States), and
Kapa Illumina Library Quantification qPCR assays (Illumina,
San Diego, CA, United States). Each set of libraries were pooled

'https://rtsf.natsci.msu.edu/genomics/
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in equimolar quantities and loaded on one lane of an Illumina
HiSeq 2500 High Output flow cell (v4) (Illumina, San Diego,
CA, United States). Sequencing was carried out in a 1 x 50 bp
(SE50) format using HiSeq SBS reagents (v4) (Illumina, San
Diego, CA, United States). Base calling was done by Illumina
Real-Time Analysis (R-TA) v1.18.64 and output of RTA was
demultiplexed and converted to FastQ format with Illumina
Bcl2fastq v1.8.4. The average number of sequencing reads was
41.7 = 11.2 million per sample.

RNA-Seq Data Analysis

RNA-Seq data were subjected to gene DE analysis. Briefly,
sequencing adapters and low quality bases were trimmed from
sequencing reads using Trimmomatic version 0.32 (Bolger et al,,
2014), and cleaned reads were examined using FASTQC software’
for quality evaluation. Reads were aligned to the reference
genome, A. thaliana TAIR10 (Berardini et al., 2015), using the
STAR (2.3.0e) alignment program (Dobin et al, 2013). The
featureCounts function in the Rsubread (version 3) package for R
was used to calculate read counts for each gene (Liao et al., 2013),
and data were normalized as reads per kilobase of transcript per
million mapped reads, (RPKM). We removed data for genes that
had no reading higher that 7 RPKM and genes whose expression
did not vary by more than two-fold (log, < 1). Data represented
in heat maps is after 15, 30, 60, 120, or 240 min at a PFD of
500 wmol m~2 s~ !. For metabolic genes the data is the log, of the
ratio of the average RPKM value before and after light treatment.
Data represented in heat maps of transcription factors is the log,
of the difference in the average RPKM value plus one before
and after light treatment. Data for heat maps of transcription
factors was calculated as a difference rather than a ratio because
many transcription factors were not expressed or had expression
amounts below our detection limit, RPKM = 0, before the light
treatment. Heat maps were generated using the online Morpheus
software®. The raw and processed data were deposited in the
Gene Expression Omnibus (Edgar et al., 2002) and are accessible
through GEO Series accession number GSEXXXXX*. (Raw RNA-
Seq data is being submitted to NCBI, and accession numbers will
be added during the revision process).

RESULTS

GPT2 Expression Is Related to Daytime
Rather Than Nighttime Metabolism

In mutants of Arabidopsis that are unable to synthesize
starch due to a mutation in the gene encoding the plastid
phosphoglucomutase (pgmI-1), GPT2 transcripts amounts were
more than two-fold higher than in the wild type WS (Figure 1A).
A similar result is seen in a mutant lacking the glucan water
dikinase 1 (sexI-8) (Figure 1B). In both the pgmI-1 and sexI-
8 mutants starch synthesis does not occur in fully mature
leaves. Although sexI-8 mutant leaves have a lot more starch

Zhttps://www.bioinformatics.babraham.ac.uk/projects/fastqc/
3https://software.broadinstitute.org/morpheus
“http://www.ncbi.nlm.nih.gov/geo/query/acc.cgizacc=GSEXXXXX
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FIGURE 1 | GPT2 expression in starch related mutants. All samples were
taken from plants in growth conditions, PFD 120 pmol m~2 s~ and 400 ppm
COy. Transcripts were measured in (A) a starchless mutant (pgm17-17), (B) a
starch excess mutant (sex7-8) that cannot degrade starch, (C) a starch
phosphorylase knock out (phs7-7) that cannot carry out phosphorolytic starch
degradation, and (D) a chloroplastic FBPase mutant (hcef7). *a = 0.05;
**a=0.01;+a=01,n=5.

than wild-type, a threshold is reached at some point in the
life cycle of the leaf and further accumulation does not occur
(Caspar et al, 1991; Trethewey and ap Rees, 1994; Hejazi
et al., 2014). However, when the ability to make G6P from
starch degradation in the plastid is blocked by eliminating
the plastidic starch phosphorylase (phsI-1), GPT2 transcript
amounts were unchanged (Figure 1C). GPT2 transcript amounts
were also elevated in a mutant lacking plastidic Calvin-Benson
cycle enzyme fructose 1,6-bisphosphatase (hcefl) (Figure 1D).
GPT?2 transcript increases when starch synthesis or early steps
in the Calvin-Benson cycle are blocked. However, the lack of
GPT2 transcript when, G6P producing, phosphorolytic starch
degradation is blocked, suggests a more significant role for GPT2
in daytime metabolism.

GPT2 Is Expressed When Photosynthesis

Is Increased by Light
A switch from a PFD of 120 to 500 wmol m™2 s™! increased
GPT2 expression in Col-0, but 500 pmol m~2 s~! of light
with photosynthesis restricted by 20 ppm CO; did not result in
increased expression (Figures 2A,B). 1000 ppm CO, alone did
not result in an increase in GPT2 transcript (Figure 2C). Plants
were also placed in the gas exchange system at growth conditions
of 120 tmol m~2 s~ ! of light and 400 ppm CO, to make sure that
moving the plants into the gas exchange system for 4 h did not
result in an increase in transcript (Figure 2D). The same patterns
were observed in the WS ecotype (Supplementary Figure S1).
The effect of an increased PFD of 500 pmol m~2 s~! on
photosynthesis was determined by taking A-C; curves before and
after the 4-h light treatment. No change was observed in the
Col-0 or WS ecotype, indicating that there were no significant
non-photochemical processes or photo damage (Figure 3 and
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FIGURE 2 | Expression of GPT2 in Col-0 before and after transfer to an
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conditions, PFD 120 pumol m~2 s~ ' and 400 ppm CO,. Panels A-D show
responses to various light and CO treatments as indicated on the figure.
n=>5.

Supplementary Figure S2). To better understand why increased
light but not increased CO; resulted in an increase in GPT2
transcript both photosynthesis and relative electron transport
rates (ETR) were measured at a variety of different PFDs and
CO; concentrations. The relative electron transport rate divided
by four was taken as an approximate turnover rate of the Calvin-
Benson cycle. This is because four electrons are used per two
NADPH needed for RuBP regeneration. Increasing the PFD
from 120 to 500 pmol m~2 s~! increased the photosynthetic
rate by 86% and increased the Calvin-Benson cycle turnover by
122% (Supplementary Figures S3A,B). Increasing CO; alone
caused a 40% increase in assimilation but only a 1.4% increase
in Calvin-Benson cycle turnover (Supplementary Figures 3C,D).
The increase in light resulted in a much larger increase in
photosynthesis and Calvin-Benson cycle turnover than did an
increase in CO,.
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FIGURE 3 | A - G; curves of Col-0 taken before and after 4 h incubation at a
PFD of 500 pmol m~2 s~ and C, of 400 ppm. A — C; curves were done at a
PFD of 500 pmol m=2 s~ 1. n = 5.

GPT2 and XPT Expression Are Not

Affected by Each Other

The XPT may transport pentose phosphates into the chloroplast
from the cytosolic oxidative pentose phosphate pathway
(cytosolic G6P shunt). GPT2 transcript was measured in the
xpt-2 mutant. No significant difference was observed between
the xpt-2 mutant and wild type in response to an increased
PFD of 500 wmol m~2 s~! (Supplementary Figure S4A). There
was also no difference in GPT2 expression when the plastidic
starch phosphorylase (phsI-1) was missing (Supplementary
Figure S4B). Conversely XPT transcript was measured in
response to increased light in the gpt2-1 mutant. There
was no transcriptional evidence for XPT compensating for
GPT2. Transcript amount of XPT was low and unchanged
and was also unchanged in the phsI-1 mutant background
(Supplementary Figures S4C,D).

Starch Synthesis Is Upregulated While
Other Pathways Are Downregulated

An RNA-Seq analysis was performed to examine changes in
the entire transcriptome when plants were taken from low to
high light. RNA was taken from leaves after they were exposed
to high light at ambient CO; conditions for 15, 30, 60, 120,
and 240 min and the ratio in transcript amount from the zero
time point (low light, ambient CO;) was determined. Genes
coding for enzymes in the Calvin-Benson cycle, the chloroplast
G6P shunt, starch synthesis, sucrose synthesis, and cytosolic
glycolysis were identified. A complete list of the gene loci for
biochemical pathways of interest was collated (Supplementary
Appendix S1). From these lists, only transcripts with an RPKM
value greater than 7 and an absolute fold change greater than
2 (logy value > | 1]) at any one time point were examined.
The Arabidopsis gene loci from Supplementary Appendix S1
that were identified as being differentially expressed are listed in
Supplementary Table S2.

Transcripts for every enzyme in the Calvin-Benson cycle and
of genes coding for electron transport proteins, identified by
Dyson et al. (2015), decreased during the 240 min high light
treatment. The transcripts meeting the cutoff stated above for
enzymes in the Calvin-Benson cycle are shown in Figure 4. There
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was a large increase in transcript amounts for most enzymes
involved in starch synthesis (Figure 4). There was a steep decline
in transcripts for the most highly expressed sucrose synthesizing
enzymes sucrose-phosphate synthase 4 (SPS4) and sucrose-
phosphate phosphatase 2 (SPP2) (Figure 4). GPT2 transcript
was much higher in the RNA-Seq experiment as had been
seen with qPCR (Figure 2A). The transcript amount for the
TPT decreased by 15 min and was down 65% after 120 min.

The same pattern of changes was observed in the WS ecotype
(Supplementary Figure S5).

Transcript amounts for proteins involved in the cytosolic
glycolysis pathway were examined. Most genes in this pathway
were not differentially expressed. Two uncharacterized pyruvate
kinases, At5g63680, and At3g52990 had increased transcript
amounts (data not shown). Arabidopsis has three glyceraldehyde
phosphate dehydrogenases in the cytosol. The only one
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FIGURE 4 | Changes in transcription in Col-0 in response to an increase in PFD from 120 to 500 wmol m—2 s~ . Transcripts of the following pathways or genes are
shown: Calvin-Benson cycle, starch synthesis, sucrose synthesis, the G6P shunt, the non-phosphorylating GAPDH (GAPN) in the cytosol, the glucose-6-phosphate
transporter (GPT2), and the triose phosphate transporter (TPT). Red boxes represent an increase in transcription and blue a decrease. Expression values shown had
alogy, RPKM fold change greater than one and are on an absolute scale of -1.5t0 1.5.n = 3.
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that was differentially expressed in response to high light
was the non-phosphorylating glyceraldehyde-3-phosphate
dehydrogenase (GAPN). GAPN transcript was down 56% after
120 min (Figure 4). This pattern was also observed in the WS
ecotype (Supplementary Figure S5). G6P shunt (Sharkey and
Weise, 2016) transcripts were also examined in Col-0 and WS.
Transcript for glucose-6-phosphate dehydrogenase 1 (G6PDH)
decreased by 87% (Figure 3 and Supplementary Figure S6).
This decrease was validated by qPCR. G6PDH2 also decreased
and G6PDH3 had a very low and unchanging expression amount
(Figure 5 and Supplementary Figure S6).

Transcript amounts for proteins involved in protecting
photosynthetic electron transport and PSII repair were examined
to determine if light stress was a factor in these experiments.
Transcripts of eight genes were differentially expressed according
to the cutoff criteria stated above. From this group of eight, seven
had decreasing transcript amounts and only one PSII assembly
factor Slr1768 At5g51570 (Nickelsen and Rengstl, 2013), had an
approximate 2.7 fold increase after 4 h (data not shown). Because
there was no decrease in photosynthesis after 4 h at a PFD of
500 wmol m~2 s~! and transcript of only one gene for PSII
repair increased, it was concluded that light stress was not a
significant factor.

Transcripts for 30% of Transcription

Factors Were Differentially Expressed

Transcript amounts were examined from the RNA-Seq data of all
genes identified as transcription factors or possible transcription
factors by the Arabidopsis Gene Regulatory Information Server
(AGRIS®). From this initial pool of 1823 genes 183 were discarded
because their sequences were not detected in this experiment.
Four hundred and 84 genes, 30%, were selected that had a change
in the RPKM value (ARPKM) between zero and either 15, 30, 60,
120, or 240 min time points in either Col-0 or WS that was greater
than or equal to seven. This cutoff eliminated as many non-
responding transcription factors as possible while still containing

Shttps://agris-knowledgebase.org/
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FIGURE 5 | Changes in transcription of the plastid GGPDHSs in Col-0 in
response to an increase in PFD from 120 to 500 pmol m=2 s~ C, 400 ppm.
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15 of the 19 transcription factors that were identified by Vogel
et al. (2014) as being quickly upregulated in response to high
light and involved in retrograde, chloroplast to nucleus, signaling.
From this pool 227 and 209 transcription factors, 13%, in Col-
0 and WS, respectively, were selected that showed increased
expression in response to light. Increased expression was defined
as transcripts with a RPKM value that increased from the initial
time zero value by two or more at any of the sampling time
points and did not decrease at any time point by more than the
initial RPKM value minus two. These pools contained 11 and
10 of the Vogel et al. (2014) transcription factors in Col-0 and
WS, respectively.

Waves of increased expression of transcription factors were
observed between the 15 and 240 min sampling time points
(Figure 6 and Supplementary Figure S5). Transcription factors
that had a maximal transcript abundance at the 30 or 60 min
sampling time points were of particular interest because
they preceded the maximal abundance of GPT2 at 120 min
(Figures 2, 4). From this list of 19 transcription factors identified
by Vogel et al. (2014) the RRTFI had the highest transcript
abundance at the 30 or 60 min sampling time (Figure 6 and
Supplementary Figure S7).

GPT2 Expression Is Repressed in the

tpt-3 and rrtf1-1 Mutants

Based on the results of transcript analysis by qPCR or RNA-
Seq the expression of GPT2 or RRTFI was examined in various
mutant backgrounds. GPT2 transcript was elevated 34 fold in
the pgm1-1 mutant at time 0 in a PFD of 120 pmol m~2 s~!
(Figure 7A). This was similar in magnitude to the increased GPT2
expression in the pgmI-I mutant observed in Figure 1. This 34
fold increase in GPT2 was dwarfed by the 1,321 fold increase
observed after 4 h at a PFD of 500 wmol m~2 s~! and thus
cannot be seen in the figure (Figure 7A). In Col-0 or WS after
240 min the expression of GPT2 was attenuated. This attenuation
did not occur in pgm1I-1 mutant plants with transcript amounts
of 120% higher than WT (Figure 7A). In plants missing the
TPT, the increase in expression of GPT2 in response to high
light was reduced by 74% (Figure 7A). This was also observed
in a tpt-1 mutant line in the WS background (Supplementary
Figure S8A). GPT2 expression was reduced in rrtfl-1 mutant
plants (Figure 7A). To determine if triose phosphates in the
cytosol controlled the expression of RRTFI1, RRFT1 expression
was measured in fpt-3 mutant plants. RRTFI transcript increased
in response to high light in the fpt-3 mutant to the same degree
as WT in with the Col-0 and WS backgrounds (Figure 7B and
Supplementary Figure S8B). The pattern of RRTFI expression
was the same as was observed in the RNA-Seq data.

DISCUSSION

Expression of GPT2 Requires Triose

Phosphate Export and RRTF1
Expression of both TPT and RRTFI are necessary for the
increased expression of GPT2. If either one of these is missing
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expression of GPT2 (shown as an “AND” logic gate) while starch synthesis represses GPT2 expression.

RRTF1

transcript of GPT2 does not increase in response to an increase in
light. The lack of GPT2 transcript response to an increase in light
in a tpt mutant has been seen before (Kunz et al., 2010; Heinrichs
et al., 2012). This is presumably due to low triose phosphate
concentration in the cytosol. The triose phosphates themselves
could act as a signal (Héusler et al., 2014). Another possibility is
that the sucrose generated from the triose phosphates is acting
as a signal. In similar light jump experiments to ours, Schmitz
et al. (2014) measured sucrose amounts in Col-0 and the adgl-1
starchless mutant of Arabidopsis for 8.3 h after being transferred
from a PED of 30 to 300 wmol m~2 s~ 1. The pattern of sucrose
accumulation in the leaves mirrors the pattern of GPT2 transcript
seen in WT and the pgmI-I mutant. Sucrose would present
a more stable signal than rapidly fluctuating triose phosphate
amounts and signaling by sucrose via invertases and hexokinase
is well documented (Li and Sheen, 2016).

A third possibility is that a change in export of triose
phosphates could cause change in the redox status of the
cytosol. Glyceraldehyde 3-phosphate (GAP) could be converted
to phosphoglycerate (PGA) by the non-phosphorylating
glyceraldehyde-3-phosphate dehydrogenase (GAPN) resulting in
the production of NADPH in the cytosol (Habenicht, 1997). The
PGA could then be reimported to the chloroplast via the TPT
or further metabolized and imported as PEP, or pyruvate. This
could result in a change in the redox poise of the cytosol that
is concomitant with a change in triose phosphate export. This
change in redox could be the signal that activates RRTFI (Vogel
et al., 2014). However, based on our results, RRTFI is induced
independently of triose phosphate concentration in the cytosol.
The increase in RRTF]I transcript in the tpt-3 mutant (Figure 7B)
was not seen by Vogel et al. (2014). After carefully scrutinizing
the methods of the Vogel et al. (2014) study the reason for this
difference is unclear.

There are likely other transcription factors that influence
GPT2 expression. Our RNA-Seq results revealed over 70
transcription factors with a similar transcript profile to RRTF1
(Figure 6). Further the regulation of GPT2 transcript by RRTF1
may be indirect. However, RRTF1 was of particular interest
because of its identification by Vogel et al. (2014) as early acting -
minutes as opposed to days — in response to increased light and
to be involved in retrograde, chloroplast to nucleus, signaling.
RRTFI had the highest expression of the 19 transcription factors
identified by Vogel in the 30-60 min window preceding the rise in
GPT2 expression. To determine if the interaction between GPT2
and RRTF1 is direct, experiments could be done in which the
promoter of GPT?2 is tested for interaction with RRTF1 protein
using a yeast one-hybrid system or a plant cell GUS-dependent
assay (Berger et al., 2007). Based on our results with both tpt-
3 and rrtfl-1 mutants we conclude that at least both TPT and
RRTF1 are required for expression of GPT2, the two acting as
inputs to a logic “AND” gate (Figure 7C).

When starch metabolism is blocked, GPT2 transcript
continues to increase in response to increased light but in WT,
GPT2 transcript amount declines after 4 h (Figure 7A). This
attenuation could be caused by a reduction of triose phosphate
entry into the cytosol. It could also be caused by an increase in
triose phosphate conversion to hexose phosphate and re-import
into the chloroplast and starch synthesis. This possibility is
consistent with the increase in TPI and FBP aldolase (FBAG6)
expression (Figure 4). Transcript amounts for enzymes in starch
synthesis increased after 15 min of higher light and an increase
in protein and activity would be possible after 2- 4 h (Figure 4
and Supplementary Figure S5), when a drop in GPT2 transcript
is observed (Figure 2A and Supplementary Figure S1A).

GPT2 could play an important role in controlling the source-
sink balance of triose phosphates in the cytosol. When there
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is a rapid increase in the photosynthetic rate, caused by light,
transcripts of genes related to sugar phosphate anabolism might
be expected to increase. However, there is a large decline
in transcripts of genes in the Calvin-Benson cycle and of
the triose phosphate transporter. This leads to the hypothesis
that unregulated triose phosphate production and export are a
problem for the plant. GPT2 expression could lead to more GPT2
protein in the chloroplast envelope. This may result in a larger
plastid sink for hexose phosphate and in turn a greater proportion
of triose phosphates being converted to hexose phosphates and
used in starch synthesis. This would decrease the amount of GAP
that could be acted upon by GAPN (Figure 4, Pathway) and
prevent an over reduction of the cytosol.

Starch and sucrose are the two largest end products
of photosynthesis (McClain and Sharkey, 2019). When
photosynthesis increases, an increase in transcript amounts
for enzymes in both starch and sucrose synthesis could be
expected. However, a reduction in expression of three critical
genes involved in sucrose synthesis was observed (Figure 4
and Supplementary Figure S5). In the process of acclimation,
days as opposed to hours, an increase in enzymes related to
sucrose synthesis has been observed in response to increased
light (Miller et al., 2017). In the short term, there is generally a
stronger increase of transcripts for processes leading from triose
phosphates to hexose phosphate with triose phosphate isomerase
standing out, having over a twofold increase in transcript
amounts 60 min after being transferred to high light. Changes in
expression related to G6P metabolism and transport may serve
two functions. It may increase starch synthesis by bypassing the
plastidic PGI, or it may provide an additional sink for triose
phosphates so that GAP is not converted to PGA by GAPN,
disturbing the redox poise of the cytosol.

Decreasing Transcript for GGPDH1 May

Limit Carbon Entry Into the G6P Shunt

The import of G6P via GPT2 could be problematic because it
could also be acted on by glucose-6-phosphate dehydrogenase
(G6PDH) in the chloroplast (Preiser et al.,, 2019). G6PDH is
generally considered to be deactivated in the light when the
chloroplast stroma is reduced. During the day, when the stroma is
reduced, the K, of G6PDH increases, but some residual activity
remains (Scheibe et al., 1989; Hauschild and von Schaewen, 2003;
Preiser et al., 2019). It has been shown that this inhibition of
activity can be reversed in bacteria by low mM concentrations of
G6P (Cossar et al., 1984). This would result in the G6P entering
the G6P shunt leading to a futile cycle consuming ATP and
releasing CO; (Sharkey and Weise, 2016; Preiser et al., 2019).
Under certain circumstances this shunt may be adaptive allowing
the generation of pentose phosphates to restart the Calvin-
Benson cycle when triose phosphates are depleted. It could also
mitigate a high ATP/NADPH ratio under conditions of high
cyclic electron transport (Sharkey and Weise, 2016). Arabidopsis
has three G6PDH enzymes in the chloroplast, G6PDHI, 2,
and 3 (Wakao and Benning, 2005). Transcript for G6PDHI
(Figure 5 and Supplementary Figure S6), and to a lesser extent
G6PDH2, rapidly decrease after the light is increased. It has

been proposed that these two contribute the majority of activity
for the chloroplast GGPDHs (Wakao and Benning, 2005). One
interpretation of the data is that expression of GPT2 in response
to increased light leads to an increase in G6P concentration in
the stroma and the reduction in expression of G6PDHI and 2
lead to reduced G6PDH activity, limiting the flow of carbon
into the G6P shunt.

GPT2 Expression May Reflect Daytime
Metabolic Needs Rather Than Nighttime

Mutants of Arabidopsis that are unable to make starch due to a
mutation in the plastidic PGM have elevated transcript for GPT2
(Figure 1). The effect of mutations in genes required for starch
synthesis on GPT2 expression has been seen before in mutants
in PGII1, PGM1, and AGPase (Blising et al., 2005; Kunz et al,,
2010). A mutant with a T-DNA insert in the gene for the glucan
water dikinase enzyme, the sexI-81 mutant, can make starch but
cannot use it (Ritte et al., 2002). An increase in GPT2 transcript
is also seen in this mutant. The starch phosphorylase, phsI-
I, mutant does not have elevated GPT2 transcript (Figure 1).
Because of this the increase in GPT2 transcript in mutants unable
to make or mobilize starch is probably not caused by a depletion
of hexose phosphates at night. Additionally, it has been shown
that GPT2 transcript in starchless mutants is repressed in the dark
(Kunz et al., 2010).

The increase in GPT2 transcript in the starchless or starch
excess mutants could be the result of increased triose phosphates
in the cytosol that are not being partitioned into starch. It has
been suggested that in starchless mutants, GPT2 may serve to
export G6P from the chloroplast (Kunz et al., 2010). In a wild
type plant, export of G6P would be unlikely due to the large
concentration gradient of G6P measured between the cytosol and
chloroplast (Gerhardt et al., 1987; Weise et al., 2006; Szecowka
et al., 2013). The concentration difference of G6P between the
chloroplast and cytosol in starchless mutant or starch excess
mutants is unknown. GPT2 can transport triose phosphates as
well as or better than hexose phosphates (Kammerer et al., 1998;
Eicks et al., 2002) leaving open the possibility that GPT2 simply
serves as an additional export mechanism for triose phosphates
in the starchless background.

GPT2 Expression Allows a Bypass of

Calvin-Benson Cycle FBPase

When the Calvin-Benson cycle enzyme fructose-1,6-
bisphosphatase (FBPase) is missing, GPT2 transcript amounts
are increased (Figure 1). The cytosolic FBPase could be used,
bypassing the stromal FBPase when GPT2 is present. This
comes at a cost of growth and increased cyclic electron transport
(Livingston et al., 2010). The chloroplast PGI favors the reaction
from F6P to G6P (Preiser et al., 2018). Therefore, GPT2
expression could result in the chloroplastic G6P concentration
being higher than normal. This G6P could be acted on by
G6PDH and enter the G6P shunt, detailed above. Any increase
in the G6P shunt would result in the need for extra ATP which
could be provided by cyclic electron transport. A similar scenario
has been seen in Arabidopsis plants in which the plastidic triose
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phosphate isomerase is inhibited by high concentrations of
2-phosphoglycolate. These plants also have elevated expression
of GPT2 and have higher cyclic electron transport (Li et al,
2019). Plants lacking the stromal FBP aldolase have higher
cyclic electron flow consistent with this hypothesis (Gotoh
et al., 2010) although it is not known if they have increased
expression of GPT2. In another study using a chloroplast FBPase
mutant, elevated GPT2 transcript was seen but only in the roots
(Soto-Sudrez et al., 2016). The reasons for the spatial difference
in GPT2 expression observed between our study and that one
are unclear. Another possible explanation for the survival of
the hcefl mutant is a novel redox insensitive plastid FBPase
that was found in strawberry but appears to have an ortholog
in Arabidopsis (Serrato et al., 2009). This use of an alternative
FBPase does not explain the increased GPT2 transcript and high
cyclic ETR seen in the hcefI mutant.

Another possible pathway for carbon exit and reentry into
the chloroplast is the oxidative pentose phosphate pathway
in the cytosol. It has been shown that the cytosolic G6PDH
in potato is sensitive to the sugar status of the cell and is
transcriptionally regulated (Hauschild and von Schaewen, 2003).
Using this pathway, carbon could reenter the chloroplast though
the xylulose-5-phosphate transporter (XPT). If this pathway is
used there is no evidence for transcriptional regulation of it. The
transcript amount for XPT was unchanged in the wild type, gpt2-
1 or phsl-1 mutants (Supplementary Figure S4). Further, no
change in transcript was seen in the RNA-Seq data for XPT or
any enzyme, including the three GGPDHs in the cytosolic pentose
phosphate pathway (data not shown).

Only an Increase in Calvin-Benson Cycle
Activity Caused GPT2 Transcript to

Increase

Increasing CO, has been shown to increase the expression of
a homologous gene to GPT2 in soybean in a Free Atmosphere
CO; Enrichment (FACE) experiment (Leakey et al., 2009). In our
experiment, CO;, was increased under a PFD of 120 jtmol m—2
s~ ! rather than the higher PED of the FACE site field conditions.
No change in GPT2 expression was observed (Figure 2C
and Supplementary Figure S1C). Under these conditions the
assimilation rate and electron transport rate increased only
modestly (Supplementary Figure S3). This most likely did not
result in a large change in cytosolic triose phosphate or sucrose
concentration or redox status that appears likely to be the drivers
of GPT2 expression.

CONCLUSION

Glucose-6-phosphate/phosphate  translocator 2 is at the
confluence of metabolic adjustment to sudden increases in
carbon assimilation. While normally not expressed, GPT2
transcript rapidly increases when the rate of photosynthesis
increases. The time course of RNA-Seq results after an increase
in photosynthesis provides valuable insights into the metabolic
tradeoffs plants make. When photosynthesis increases, GPT2
may act as a safety-valve, shunting sugar phosphates away from

the NADPH-producing non-phosphorylating GAPDH. At the
same time GPT2 can also shunt extra carbon toward starch
synthesis, bypassing the regulatory stromal PGI. Connecting
the cytosolic and stromal G6P pools comes at a cost. The
increase in G6P in the chloroplast may activate the stromal
G6PDH leading to loss of ATP and loss of carbon, when
6-phosphogluconate dehydrogenase in the G6P shunt releases
CO,. However, the reduction in expression of genes related to
sucrose synthesis is puzzling.
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The chloroplast is an important energy-producing organelle acting as an environmental
sensor for the plant cell. The normal turnover of the entire damaged chloroplast and its
specific components is required for efficient photosynthesis and other metabolic reactions
under stress conditions. Nuclear-encoded proteins must be imported into the chloroplast
through different membrane transport complexes, and the orderly protein import plays
an important role in plant adaptive regulation. Under adverse environmental conditions,
the damaged chloroplast or its specific components need to be degraded efficiently to
ensure normal cell function. In this review, we discuss the molecular mechanism of protein
import and degradation in the chloroplast. Specifically, quality control of chloroplast from
protein import to degradation and associated regulatory pathways are discussed to better
understand how plants adapt to environmental stress by fine-tuning chloroplast
homeostasis, which will benefit breeding approaches to improve crop yield.

Keywords: chloroplast protein import, selective autophagy, ubiquitin-26s proteasome system, chloroplast
retrograde signaling, environmental stress, chloroplast homeostasis

INTRODUCTION

As sessile organisms, the ability to quickly sense and adapt to their surroundings is essential
for plant survival. Understanding stress signaling and response will enable us to improve stress
resistance in crops, which are critical to agricultural productivity and sustainability in changing
environments. The stress-generated signals in organelles can regulate stress-responsive gene
expression and cellular activities to maintain cellular homeostasis (Zhu, 2016). Many previous
studies have focused on photoinhibition and photoprotection mechanisms of plants growing
in fluctuating environments; however, the turnover of chloroplast proteins is also essential for
maintaining efficient photosynthesis and metabolism. A comprehensive understanding of how
chloroplast maintains homeostasis will provide detailed insights for plant resistance and crop
improvement. In this mini-review, we first introduce the most important recent publications
which revealed the molecular mechanism of chloroplast protein import and then review
chloroplast protein degradation processes including proteolysis, the ubiquitin-proteasome system
(UPS), the newly confirmed autophagy process, and other related pathways (Ling and Jarvis, 2016;
Izumi et al., 2017; Chen et al., 2018; Ganesan et al., 2018; Kikuchi et al., 2018). Finally, we discuss
biological processes related to chloroplast quality control, in order to enhance plants’ adaptability
to the fluctuating environments.
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Yang et al.

Chloroplast Quality Control

THE MAINTENANCE OF CHLOROPLAST
HOMEOSTASIS INVOLVES PROTEIN
IMPORT AND DEGRADATION

The chloroplast is a complex organelle that contains three
membrane systems - the outer envelope, the inner envelope,
and the thylakoid membrane; as well as three major
sub-compartments - the intermembrane space between the
outer and inner envelope, the stroma, and the thylakoid lumen
(Nakai, 2018). Chloroplast division is accomplished by the
constriction of plastid division machinery, which is essential
for maintaining an optimal plastid number in plant cells (Gao
et al, 2013; Wang et al., 2017a,b). The chloroplast genome
encodes less than 100 proteins and most proteins (about 95%)
in the chloroplast are encoded by nuclear genes. Nuclear gene-
encoded proteins must be translocated to the chloroplast for
its biogenesis and functional maintenance.

Abiotic stresses such as strong light, CO, limitation, or
extreme temperatures can induce the photoinhibition of PSII
and PSI and impose continuous oxidative damage to the
chloroplast during energy production, which further inhibit
photosynthesis efficiency and plant growth (Dietz et al., 2016;
Malnoé, 2018). Proteins in the photosynthetic electron transport
chain are vulnerable targets of oxidative damage. All photodamage
and photoprotection responses involve the rapid turnover of
specific photosynthetic proteins (Li et al., 2018). Recent protein
turnover studies found that PetD (a subunit of the cytochrome
b6f complex), PIFI (an auxiliary subunit associated with the
NDH complex), NAD(P)H dehydrogenase subunit K (NDHK),
zeaxanthin epoxidase (ZEP), and proton gradient regulation-
like 1 (PGRL1) have rapid import and degradation rates (Li
et al, 2017). Together with the discovery of photodamage-
induced chlorophagy, these results indicate that the photosynthetic
electron transport chain is essential for chloroplast quality.

Many biological processes need to be strict yet flexibly
controlled in the chloroplast because the functional proteins
are encoded by two separated organelles - the nucleus and
the chloroplast. Light signals, developmental stage, hormones,
metabolites, and environmental changes all can lead to
transcriptional reprogramming in the chloroplast (Wang et al.,
2017a,b). Communication between chloroplast and the nucleus
under stress conditions is closely connected to chloroplast
protein import and degradation. Many biological processes in
chloroplast are regulated by nuclear factors (anterograde signals),
while the transcription of some nuclear genes is sensitive to
signals from the developing chloroplast (retrograde signals).

THE ENTRANCE OF CHLOROPLAST
PROTEIN IMPORT IS PRECISELY
CONTROLLED

Proteins are imported into the chloroplast through four major
steps: (1) specific sorting of a precursor protein in the cytoplasm;
(2) recognition by the receptor at the outer membrane of the
chloroplast; (3) consecutive translocation across both membranes;

and (4) accurate processing and sorting after the protein is
imported (Lee et al., 2017). Precursor proteins interact with
many cytoplasmic molecular chaperones to form guidance
complexes; transmembrane transport is launched once these
complexes are recruited by the import receptor at the chloroplast
envelope (Nakai, 2018). Precursor proteins usually contain a
chloroplast transit peptide (cTP) - a cleavable N terminal
signaling sequence that guides the preproteins target to
chloroplast. ¢cTPs can be removed by a stromal processing
peptidase (SPP), while the thylakoid-transfer signal (TTs) is
cleaved by thylakoid processing peptidase (TPP). Each transit
peptide usually contains motifs that can interact with different
translocon components; thus, cTP determines plastid types,
precursor protein selectivity, and import pathways in different
developmental stages and environmental conditions (Li and
Teng, 2013). A site-specific crosslinking approach to map the
topological structure of transit peptides revealed that the signal
peptides were sequentially recognized by the translocon on
the outer (Toc) and inner (Tic) envelope supercomplexes during
protein import (Richardson et al., 2018).

The Toc-Tic supercomplex is generally considered to be the
gateway for most chloroplast proteins (Figure 1; Chen and Li,
2017). The Toc complex dominates the initial recognition and
translocation of preproteins at the outer membrane. Toc core
proteins include the membrane channel protein Toc75, and
two GTPase receptors, Toc34 and Toc159. The cTP of a precursor
protein can be specifically recognized by Toc34 and Tocl59
before the precursor protein is transported by the channel
protein Toc75. The polypeptide transport-associated (POTRA)
domains of Toc75 can directly interact with cTP to facilitate
import (Chang et al, 2017; O'Neil et al, 2017). Moreover,
Toc64 functions as an essential transport component with dual
function. Toc64 can recognize Hsp90 and deliver precursor
proteins via a cytosolic exposed domain that contains three
tetratrico-peptide repeat motifs, and also functions as a major
component of a complex facing the intermembrane space
(Qbadou et al.,, 2007; Tillmann et al., 2015). As a molecular
chaperone in the chloroplast intermembrane space, Tic22 can
interact with the precursor protein to ensure correct targeting
during its transport from the Toc complex to the Tic complex
(Rudolf et al., 2013). Research on components of the Tic complex
is controversial; the classical model of the Tic complex generally
assumes that Tic40 can directly interact with Tic110 and the
stroma molecule chaperone to assist transmembrane transport
(Flores-Pérez and Jarvis, 2013; Bédard et al., 2017). However,
this model was called into question by Nakai and associates,
who proposed the Tic20/Tic56/Tic100/Tic214 complex as the
main import route of chloroplast inner membrane transport
(Kikuchi et al., 2013). Recently, a 2-MD heteromeric AAA-ATPase
complex was identified as the import motor pulling preproteins
across the inner envelope (Kikuchi et al, 2018). Chen et al.
(2018) identified a new Tic component, Tic236, which is anchored
to the inner membrane and binds directly to the outer-membrane
channel Toc75. This long and stable protein bridge between
Tic and Toc complex is necessary for protein translocation
into the chloroplast. A recent study found that the functional
pore size of the Toc-Tic complexes is greater than 25.6 A and
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FIGURE 1 | Flow chart of plant chloroplast protein import. Precursor protein entered the intermembrane space through the Toc complex after recognition by the
guidance complex. With the aid of molecular chaperones and stroma processing peptidase, precursor protein is then translocated into the chloroplast stroma
through the Tic complex. Preproteins target the inner membrane through post-import insertion and stop-transfer pathways. Preproteins can also be inserted into the
thylakoid membrane through SRP or spontaneous insertion and translocation across the thylakoid membrane through the Sec and Tat complex, respectively.

Plsp1: plastid type | signal peptidase 1; Sec: secretion; SPP: stromal processing peptidase; SRP: signal recognition particle; Tat: twin-arginine translocation;

Tic: translocon at the inner envelope membrane of chloroplasts; TMD: transmembrane domain; Toc: translocon at the outer envelope membrane of chloroplasts;

the pores have a strong unfoldase activity, providing flexibility
and expandability to accommodate and import folded proteins
into the chloroplast. This unique character is essential for
controlling chloroplast protein import (Ganesan et al., 2018).

The chloroplast protein import apparatus must be dynamically
and precisely regulated to control translocation efficiency and
the abundance of new protein sets. Reversible phosphorylation
is emerging as an important regulatory mechanism during
cytosolic sorting and targeting of chloroplast preproteins prior
to translocation. Recent studies reported that kinase of the
outer chloroplast membrane 1 (KOC1) can phosphorylate the
A-domain of the import receptor Tocl59 in vitro and
accelerate precursor protein import (Zufferey et al, 2017).
Furthermore, a relationship between the degradation of
chloroplast outer envelope proteins and the UPS has come to
light in recent years. This proteolytic system is referred to as
chloroplast-associated protein degradation, or CHLORAD,
which involves SP1 (suppressor of ppil locus 1 E3 ligase), SP2

(an Omp85-type b-barrel channel of the OEM), and CDC48 -
a cytosolic AAA+ (ATPase associated with diverse cellular
activities) chaperone, is vital for organelle functions and plant
development (Ling and Jarvis, 2015; Ling et al, 2019). In
addition, photosynthetic electron transport in the chloroplast
is a dynamic process of oxidation and reduction, so the fluctuating
redox state can affect either the activity of the Tic channel or
the binding capacity of both the Toc and Tic translocation
apparatuses at different stages of import, especially under adverse
conditions. Though Toc-Tic supercomplexes is the general import
pathway, the recognition can be lack specificity as seen in
dual-targeted proteins transport process, in addition, other
alternative protein import pathways were found, such as the
transit peptide-independent import pathway and protein deliver
from the ER/Golgi apparatus to the chloroplasts. More
detailed overviews on chloroplast protein import and related
regulatory pathways can be found in several recent reviews
(Li and Chiu, 2010; Lee et al., 2017).
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INTERNAL DEGRADATION OF
DAMAGED CHLOROPLAST
COMPONENTS VIA PROTEOLYSIS

More than 20 proteolytic enzymes have been found to hydrolyze
chloroplast proteins, including the caseinolytic protease (Clp),
degradation of periplasmic (Deg) protease, filamentation
temperature-sensitive H (FtsH), organellar oligopeptidase (OOP),
presequence peptidases (PreP), and chloroplast nucleoid
DNA-binding protein 41 (Cnd41) (Nishimura et al., 2017). The
proteolytic machinery is widely involved in the import of newly
synthesized chloroplast proteins and degradation of damaged
components. Upon import into the chloroplast, cTPs of the
preproteins are cleaved off by stromal processing peptidase (SPP)
and the cleaved cTP fragments are then degraded by PreP and
OOP (Nishimura et al., 2017). The proteolytic subunit 3 of Clp
protease could degrade damaged chloroplast proteins and recycle
amino acids in dark-treated Camellia sinensis leaves (Chen et al.,
2017). The downregulation of genes encoding Clp subunits can
affect chloroplast development and cause abnormal plant or
embryo development (Kim et al., 2015; Nishimura and van Wijk,
2015). Deg and FtsH proteases are crucial for the photodamage
repair cycle by accelerating the turnover of photosystem II
reaction center protein D1 and cytochrome b6f complex, which
plays a key role in regulating photosynthesis and photoprotection
(Malnoé et al., 2014; Kato et al,, 2018; Knopf and Adam, 2018).

MULTIPLE EXTRAPLASTIDIC
DEGRADATION PROCESSES OF THE
WHOLE CHLOROPLAST AND ITS
SPECIFIC COMPONENTS

Ubiquitin is an essential signaling molecule for the selective
degradation of proteins, which depends on the UPS (Hua and
Vierstra, 2016). UPS can specifically identify and degrade protein
substrates through E3 ligase. Proteomic analysis revealed that
the 26S proteasome subunits RPT2a/b and RPT5a interact
directly with the transit peptides of three chloroplast proteins
in the cytosol, and are essential for the degradation of unimported
chloroplast protein precursors (Sako et al., 2014). Under certain
conditions, the Arabidopsis ferrochelatase 2 (fc2) mutant
accumulates excessive amounts of protoporphyrin IX and 'O,
in the chloroplast. Thereby, damaged chloroplasts are tagged
with ubiquitin for selective degradation, which is accelerated
by plant U-box (PUB4) E3 ligase (Woodson et al., 2015). The
SP1 E3 ligase mediates the degradation of specific components
of the Toc complex via 26s proteasomes under moderate stress
conditions, while under severe stress, the PUB4 E3 ligase
mediates the ubiquitination of chloroplast membrane proteins
and subsequent degradation of the entire damaged chloroplast
(Ling and Jarvis, 2016).

Autophagy is a ubiquitous macromolecular degradation
process in eukaryotic cells mediated by proteins encoded by
autophagy-related genes (ATGs) (Marshall and Vierstra, 2018).
RuBisCO-containing bodies (RCBs), ATG8-interacting protein 1

positive bodies (ATI1-PS), and small starch-like granule bodies
(SSLGs) are responsible for the selective autophagy of chloroplast
components and the entire damaged chloroplasts (Figure 2;
Otegui, 2017; Izumi and Nakamura, 2018). The formation and
transport of RCBs depend on the cellular carbon status and
can be inhibited by light or sugar addition in the substrate,
indicating that RCBs can recycle energy and carbon from
stroma proteins and especially the small subunits of RuBisCO
in energy-constrained conditions (Ishida et al.,, 2014). Carbon
starvation-induced ATI1 expression can cause selective autophagy
of specific plastid proteins, which are eventually transferred
to the vacuole for degradation (Michaeli et al, 2014). In
addition, Izumi et al. (2017) reported that photooxidative
damage-induced chlorophagy can transport the entire chloroplast
to the vacuole for degradation. Further studies revealed that
the induction of chlorophagy can be mediated by chloroplast
swelling due to high light-induced envelope damage and executed
via tonoplast-mediated sequestering (Nakamura et al., 2018).
This entire-organelle-type chloroplast autophagy is different
from piecemeal chlorophagy, which involves the removal of
small membrane vesicles from the organelle (Otegui, 2017).

Other extraplastidic degradation pathways through senescence-
associated vacuoles (SAVs) and chloroplast vesiculation-containing
vesicles (CCVs) have also been discovered (Otegui et al., 2005;
Wang and Blumwald, 2014). SAVs have higher proteolytic activity
and acidity than the central vacuole. SAVs accumulate in
senescing leaves and are involved in the degradation of soluble
photosynthetic proteins in the chloroplast stroma (Otegui et al.,
2005; Martinez et al., 2008). Unlike autophagy, SAV's can degrade
chloroplast components, while how SAVs are formed and how
the chloroplast components are translocated to SAVs remain
unknown (Carrion et al., 2013). A recent study has illustrated
that SAVs have strong cysteine protease activity and the most
widely used senescence-associated protein SAG12 may participate
in RuBisCO breakdown during leaf senescence (James et al.,
2018). Chloroplast degradation through CCVs is independent
of autophagy and SAVs. After proteins are transported to the
chloroplast, chloroplast vesiculation (CV) destabilizes the
chloroplast and induces the formation of CCVs during senescence
or under abiotic stress conditions, further delivering chloroplast
proteins to the vacuole for proteolysis (Wang and Blumwald,
2014). Recently, researchers found that CV-related gene expression
was induced by the NAC (NAM, ATAF1/2, and CUC2)
transcription factor RD26, which directly regulates the degradation
of chloroplast proteins during senescence (Kamranfar et al,
2018). Under water-limited conditions, the expression of OsCV
increased in wild-type plants, whereas OsCV-silenced plants
exhibited an improved carbon and nitrogen fixation efficiency
and environmental acclimation (Sade et al., 2017).

RETROGRADE SIGNALING AND
TRANSCRIPTIONAL CONTROL OF
CHLOROPLAST COMPOSITION

Chloroplast protein import especially through the Toc-Tic
supercomplexes and multiple degradation machineries function
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such as PIFs, GLK, HY5, GRF5, HsfAs, and ATHB17, are involved. Chloroplast protein import and export are the potential targets of chloroplast quality control. Ub:
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as key control targets of chloroplast quality. Chloroplast protein
import is highly dependent on developmental stages and
environmental factors. The operating efficiency of the import
channel is regulated by redox state, phosphorylation,
ubiquitylation, and molecular chaperones in the cytoplasm and
stroma (Woodson, 2016). Autophagy and vesicles are the final
steps in the degradation of chloroplast and its constituents,
while the initial steps remain unclear. A previous study showed
that 13-lipoxygenase (13-LOX), which targets the chloroplast,
induces programmed chloroplast injury. Once imported into
the chloroplast, 13-LOX generates holes in the chloroplast
envelope by oxidizing unsaturated fatty acids in the chloroplast
membrane, allowing the delivery of stroma proteins across the
chloroplast envelope (Springer et al., 2016).

Chloroplast retrograde signaling, which triggers a precise
spatial transcriptional regulation trade-off between protein
import and degradation, could be an important strategy to
control chloroplast quality. As the main communication
language between the chloroplast and nucleus, operational

chloroplast retrograde signals can regulate energy allocation
between stress acclimation and growth by coordinating
transcriptional reprogramming to control chloroplast quality
(Watson et al., 2018). The most studied chloroplast retrograde
signals include methyl erythritol (MEcPP), phosphonucleotide
3’-phosphoadenosine 5’-phosphate (PAP), beta cyclocitral
(beta cyc), fatty acids (FAs), and ROS (Chi et al, 2015;
Benn et al., 2016; Dietz et al., 2016; Page et al, 2017).
These stress-triggered chloroplast retrograde signals must
be integrated with the cytosolic stress signaling network,
transduced to the nucleus and connected to transcriptional
regulators. For example, genomes uncoupled 1 (GUN1) may
act as a central hub in the chloroplast by integrating
different retrograde signals; whereas the mediator of
transcriptional co-activator complex may function as a
regulatory hub in the nucleus by integrating complex stress
signaling networks to control the transcriptional remodeling
required for stress acclimation (Crawford et al, 2017;
Hernandez-Verdeja and Strand, 2018).
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Epigenetic modification and transcriptional regulatory factors
may be activated to maintain the stability of the chloroplast
proteome after sensing special environmental stimuli. Redox
metabolism through key intermediates in the chloroplast is
closely linked to numerous epigenetic markers and stress responses
(Locato et al., 2018). DNA methylation in the promoter region
of OsAKI caused albinism in young leaves and abnormal
chloroplast development in rice (Wei et al, 2017). DNA
methylation and histone acetylation that regulate photosynthesis
and development are conserved in Arabidopsis thaliana and
Populus trichocarpa (Valledor et al., 2015). Chloroplast signals
participate in epigenetic controlling the MUTS HOMOLOG1
(MSH1) protein targeted to both the mitochondria and
chloroplasts, fulfilling essential functions in control of plant
development (Virdi et al., 2016). Transcription factors specifically
regulate chloroplast development, and expression of the
photosynthesis-related genes is induced by photoreceptor-
mediated light signal related transcription factors, such as the
phytochrome interaction factors (PIFs) and elongated hypocotyl
5 (HY5) (Kharshiing and Sinha, 2016; Wang et al, 2017a,b).
In addition, golden 2-like (GLK), Arabidopsis thaliana homeobox
17 (ATHB17), growth regulation factor 5 (GRF5), and heat
stress transcription factors (HsfAs) can integrate different
developmental, hormonal, or environmental signals to control
photosynthetic gene expression and chloroplast development
(Vercruyssen et al., 2015; Leister and Kleine, 2016; Zhao et al,,
2017). Further studies are required to better understand the
molecular mechanism of chloroplast signals and transcription
factors in the regulation of chloroplast protein import or
degradation. How photosynthesis and metabolism control
chloroplast quality under abiotic stress should also be investigated.

CONCLUSIONS AND PERSPECTIVES

Environmental stress induced oxidative damage to the chloroplast
and its components significantly decrease photosynthetic
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Reversible phosphorylation of thylakoid proteins contributes to photoacclimation
responses in photosynthetic organisms, enabling the fine-tuning of light harvesting
under changing light conditions and promoting the onset of photoprotective processes.
However, the precise functional role of many of the described phosphorylation events
on thylakoid proteins remains elusive. The calcium sensor receptor protein (CAS)
has previously been indicated as one of the targets of the state transition kinase 8
(STN8). Here we show that in Arabidopsis thaliana, CAS is also phosphorylated by
the state transition kinase 7 (STN7), as well as by another, so-far unknown, Ca?*-
dependent kinase. Phosphoproteomics analysis and in vitro phosphorylation assays
on CAS variants identified the phylogenetically conserved residues Thr-376, Ser-378,
and Thr-380 as the major phosphorylation sites of the STN kinases. Spectroscopic
analyses of chlorophyll fluorescence emission at 77K further showed that, while the cas
mutant is not affected in state transition, it displays a persistent strong excitation of PSI
under high light exposure, similar to the phenotype previously observed in other mutants
defective in photoacclimation mechanisms. Together with the observation of a strong
concomitant phosphorylation of light harvesting complex Il (LHCII) and photosynthetic
core proteins under high irradiance in the cas mutant this suggests a role for CAS in the
STN7/STN8/TAP38 network of phosphorylation-mediated photoacclimation processes
in Arabidopsis.

Keywords: calcium sensor protein, CAS, state transition, STN7, STN8, phosphorylation, chloroplast,
photoacclimation

Abbreviations: CAS, calcium sensor protein; CEE Cyclic Electron Flow; GL, growth light; LHCII, light harvesting complex
IT (LHCII); PGRS5, proton gradient regulation 5; saGFP, self-assembly green fluorescent protein; SSU, small subunit of the
Ribulose-1,5-bisphosphate carboxylase/oxygenase; STN, state transition kinase; TAP38, thylakoid-associated phosphatase 38.
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INTRODUCTION

In their daily life, plants experience drastic fluctuations
of the light environment that could significantly impact
their photosynthetic activity. Accordingly, rapid and dynamic
adjustment mechanisms and multi-layered control strategies
have evolved in phototrophic organisms to ensure proper
functionality of the photosynthetic apparatus, especially under
limiting or stressing light conditions (Rochaix, 2011). Efficient,
light-dependent photosynthetic ATP and NADPH production
relies in the first place on the balanced excitation of the two
photosystems (PSI and PSII), and on the unimpaired electron
flow through the electron transport chain (ETC). Operational
resilience of the photosynthetic machinery is achieved through
a series of built-in mechanisms that enable a fast acclimation
to the changing environment and ensure protection of sensitive
photosynthetic core components from damage caused by
excessive light (Tikkanen et al, 2010; Pesaresi et al, 2011;
Rochaix, 2011; Larosa et al., 2018).

Under limiting light conditions, excitation energy can
be balanced between the two photosystems via the so-
called phenomenon of state transitions (Bonaventura and
Myers, 1969; Murata, 1969). This highly conserved adaptive
mechanism (Ruban and Johnson, 2009; Papageorgiou and
Govindjee, 2011; Kodru et al., 2015) is mediated by reversible
protein phosphorylation and represents an important short-
term acclimation mechanism enabling photosynthetic organisms
to actively respond to rapid changes in light conditions
(Rochaix, 2014). The canonical model of state transitions
proposes that a mobile fraction of the light-harvesting complex
II (LHCI) antenna is dynamically relocated between PSI
and PSII in response to the prevailing light condition. This
mechanism transiently modifies the size of the relative antenna
cross section of the two photosystems and alters their light
harvesting capability, thus promoting optimal photon use
and preventing redox imbalances along the electron transfer
chain. Reversible phosphorylation of LHCII depends on the
antagonistic activities of the thylakoid-localized state transition
kinase 7 (STN7) and the thylakoid-associated phosphatase
38 (PPH1/TAP38) (Pesaresi et al., 2010; Pribil et al., 2010;
Shapiguzov et al, 2010). While STN7 is activated through
sensing of over-reduction of the plastoquinone pool (Vener
et al, 1997), PPHI/TAP38 is believed to be constitutively
active (Silverstein et al., 1993; Pribil et al, 2010). In this
model, STN7 and TAP38 thus regulate the excitation balance
between PSI and PSIT by phosphorylating/de-phosphorylating
mobile LHCII trimers and causing their preferential association
with PSI or PSII, which are enriched in different regions
of the thylakoid membrane system (Tikkanen et al, 2006;
Minagawa, 2011; Tikkanen and Aro, 2012). This model has
been nevertheless partially challenged recently by findings that
indicate that LHCII is found phosphorylated independently from
its localization within the thylakoid membrane structure (Mekala
et al., 2015). More research is required to truly understand the
intricate network of protein phosphorylation, lateral complex
migration and protein interactions that enable the optimization
of photosynthetic energy fluxes.

A close paralog of STN7, the state transition kinase 8 (STN8),
is mainly responsible for the phosphorylation of a set of PSII
core components, including the D1, D2, and CP43 proteins,
especially under high irradiance (Bonardi et al., 2005; Vainonen
et al., 2005). For this reason, the role of STNS8 has been connected
with the repair cycle of photodamaged PSII reaction centers,
where it appears to regulate the displacement of damaged D1
proteins (Fristedt et al., 2009). However, phosphorylation of PSII
core proteins and thus STN8 are also part of the broader array
of phosphorylation-dependent photoacclimation mechanisms
(Mekala et al., 2015).

Aside from LHCII and the PSII core components, additional
phosphoproteins populate the thylakoid membrane system, but
for many of these entities neither the corresponding kinase
nor the precise function behind their phosphorylation is clear.
The calcium sensing receptor (CAS; At5g23060) is a thylakoid-
localized phosphoprotein of unknown function. It has a proposed
role in mediating stromal and cytoplasmic Ca’* signals in
connection with stomatal movement and immunity-related gene
expression in Arabidopsis (Nomura et al., 2008; Weinl et al., 2008;
Nomura et al., 2012). Phosphorylation of CAS has been described
both as a Ca?T-dependent (Stael et al., 2012) as well as a high
light-induced, STN8-dependent event (Vainonen et al., 2008),
but the functional consequences of this reversible modification
remain elusive. In silico topology predictions suggest that CAS
possesses a single transmembrane domain that splits the protein
in two halves of about equal size. Apart from the chloroplast
targeting sequence, the N-terminal domain does not possess any
identifiable functional characteristics but was described to be able
to bind Ca?* in vitro with low affinity and high capacity (Han
et al,, 2003; Wang et al., 2016). The C-terminal domain contains
a so-called “non-catalytic rhodanese homology domain” as well
as all of the described phosphorylation sites.

In the present work, we investigated the phosphorylation
profile of CAS by dissecting the potential contribution of
different phosphorylation sites and the involvement of the major
thylakoid-localized kinases STN7 and STN8 in its reversible
modification. Bioinformatics and phosphoproteomics analyses
identified several evolutionary conserved phosphorylation sites
and in vitro kinase assays provided further evidence of multiple
phosphorylation events affecting CAS. Characterization of cas
mutant plants by analysis of chlorophyll fluorescence emission
at 77K revealed similarities to the photosynthetic mutants
tap38/pphl and pgr5 (Mekala et al., 2015). Altogether, our results
suggest a role of CAS in the STN7/STN8/TAP38-dependent
photoacclimation network.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Unless otherwise stated Arabidopsis thaliana wild type
(ecotype Col-0) and previously described mutant lines cas-
1 (SALK_070416; Nomura et al., 2008; Weinl et al., 2008), stn7
(SALK_073254; Bellafiore et al., 2005), stn8 (SALK_060869;
Vainonen et al., 2005), and stn7/8 double mutant (Fristedt
et al, 2009) were grown on soil in a growth chamber
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(equipped with Philips TLD 18W of alternating 830/840
light color temperature) under a 16 h/8 h day/night regime with

100 pwmol photons m~2 s~ 1,

Isolation of Protein Extracts From
Chloroplast Subfractions

Intact chloroplasts were purified from 4 weeks old Arabidopsis
plants as previously described (Seigneurin-Berny et al.,, 2008)
starting from leaf material that was harvested at the end of
the dark period or after 4 h in growth light (GL). Intact
chloroplast pellets were frozen in liquid nitrogen and stored
at —80°C if not used immediately. Thylakoid membrane and
stromal protein fractions were obtained as previously described
(Rocha et al., 2014) by disrupting intact chloroplasts in lysis
buffer (20 mM Tricine/HCl, pH 7.6, 10% (v/v) glycerol and
1 mM DTT) supplemented with protease inhibitors (complete™,
EDTA-free; Roche, Mannheim, Germany) and, depending on
the type of experiment, with phosphatase inhibitors (Phospho-
Stop; Roche, Mannheim, Germany). After incubation on ice for
15 min, membranes and soluble components were separated by
centrifugation at 20,000 g for 10 min and the thylakoid fraction
was washed several times with lysis buffer. All procedures were
carried out at 4°C.

Protein concentration of protein extracts was determined
by using the Coomassie Bradford protein assay kit (Life
Technologies, Darmstadt, Germany) according to the
manufacturer’s instructions. Chlorophyll concentration was
determined as previously described (Arnon, 1949). Purity of
the fractions was confirmed by SDS-PAGE and Western Blot
analysis using antibodies against transketolase (a-TKL), fructose
1,6-bisphosphatase («-FBP), 33 kDa subunit of the oxygen
evolving system (a-OE33) and ATP-Synthase (a-ATPase).

Cloning and Purification of Recombinant

CAS Constructs

The CAS-C construct, ranging from AA 216 to 387 of the
CAS protein (At5g23060), was the same as used in Stael et al.
(2012). All non-phosphorylatable CAS-C variants (CAS-Cr376v,
CAS-Cgsyga, CAS-Crsgoy) were obtained via QuickChange site
directed mutagenesis (Zheng et al., 2004) on the original CAS-
C construct (for a list of primers see Supplementary Table S1).
PCR reaction products were treated with Dpnl enzyme to digest
parental vector DNA and transformed in E. coli DH5a cells for
plasmid amplification.

The CAS-N fragment was cloned in-frame with an N-terminal
intein tag into the pTWIN1 vector (New England Biolabs). To
this end, the sequence corresponding to amino acidic positions
34-147 of CAS was obtained by PCR from Arabidopsis thaliana
cDNA using primers containing the restriction sites for Ncol and
Pst] (Supplementary Table S1).

Recombinant CAS-C and CAS-N fragments, including the
non-phosphorylatable CAS-C variants, were expressed in E. coli
strain ER2566 cells and purified under native conditions using
the IMPACT™_.TWIN system (New England Biolabs, Frankfurt,
Germany) following the manufacturer’s instructions. Protein

concentration of purified recombinant proteins was determined
by using the Coomassie Bradford protein assay Kkit.

For expression of CAS-YFP and CAS34_387-YFP in tobacco
mesophyll cells, the full-length CAS coding sequence and a
truncated variant lacking the first 33 amino acids corresponding
to the predicted transit peptide were cloned N-terminally to
the YFP sequence into the plant expression vector pBINI19
(Datla et al., 1992). For self-assembly green fluorescent protein
(saGFP) analysis (Cabantous et al., 2005), the full-length coding
sequences of CAS and the small subunit of RUBISCO were
cloned into the pBIN19-saGFP; _ 19 and pBIN19-saGFP; vectors
as described in Ruge et al. (2016).

A list of all construct used in this study is provided in
Supplementary Table S2.

In vitro Phosphorylation Assays

In vitro phosphorylation of recombinant CAS-C fragments were
conducted as previously described (Stael et al., 2012) using
~200 ng of CAS-C substrates and catalytic amounts (equivalent
to ~2 pg of chlorophyll) of thylakoid membranes. All assays
were carried out for 10 min (unless stated otherwise) at room
temperature (22°C) in a total volume of 25 pl in kinase buffer
containing 20 mM Tricine/HCI, pH 7.6, 10 mM MgCl,, 10%
(v/v) glycerol, 1 mM DTT, 5 puM ATP and 70-180 kBq of [y3?-
PJATP (PerkinElmer, Waltham, MA, United States). Depending
on the experiment, assays were conducted at ambient light or
in dark and supplemented with 1 wM CaCl, or 2 mM EGTA.
Reactions were stopped by the addition of SDS solubilization
buffer (Laemmli, 1970) and boiling for 2 min at 96°C. Reaction
products were separated via SDS-PAGE, followed by Coomassie
staining and drying of the gel. Phosphorylation signals were
revealed by exposing dried gels to X-ray films (Carestream®
Kodak® X-Omat LS film, Rochester, NY, United States) followed
by film processing and development (AGFA G153 developer, Fix
AG fixer, Mortsel, Belgium).

Immunoblot Analysis

Custom polyclonal primary antibodies were generated in
rabbit against purified CAS-C and CAS-N fragments (Davids
Biotechnologies, Regensburg, Germany). The a-OE33 antiserum
was a kind gift from Prof. J. Soll (LMU Munich). The a-pThr
antibody was purchased from Cell Signaling (Danvers, MA,
United States) and used as previously described (Mekala et al.,
2015). Proteins were separated on 10% SDS-PAGE gels and
visualized by western blotting using an anti-rabbit secondary
antibody coupled to horseradish peroxidase (Sigma-Aldrich, St.
Louis, MO, United States), an enhanced chemiluminescence
kit (SERVALight EOS, SERVA, Heidelberg, Germany) and the
Chemidoc Imaging System (BioRad).

For immune detection-based topology analysis of CAS, a
protease treatment of isolated thylakoids was performed prior
to SDS-PAGE separation. Isolated thylakoid membranes were
resuspended in 0.1 M sucrose, 10 mM HEPES-NaOH, pH
8.0 at 0.5 mg chlorophyll/ml. Depending on the sample, the
detergent Triton X-100 was included to a concentration of 1%
before the addition of the protease. Untreated and detergent-
treated thylakoid samples were incubated with thermolysin
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(Sigma-Aldrich, St. Louis, MO, United States) in a concentration
of 100 pg/ml with 1 mM CacCl, for 20 min on ice. The digestion
reaction was stopped by addition of 20 mM EDTA and 4x SDS-
sample buffer followed by boiling for 2 min at 96°C. The samples
were analyzed by SDS-PAGE and western blot using antibodies
against CAS-C, CAS-N, and OE33.

Confocal Laser Scanning Fluorescence

Microscopy

Agrobacterium-mediated transient transformation of tobacco
leaf cells was performed as previously described (Voinnet
et al, 2003). Infiltrated leaves with transiently expressed and
co-expressed proteins of interest were harvested after 48 h
and used for protoplast isolation (Koop et al, 1996). The
subcellular localization of protein was analyzed with a Leica TCS
SP5 confocal laser scanning microscope (Leica Microsystems,
Germany) using excitation with the 488 nm line of an argon laser
for GFP, YFP and chlorophyll. Emission spectra were recorded
from 496 to 523 nm (GFP, YFP) and 680 to 713 nm (chlorophyll).
Images were taken with a HCX PL APO CS 100.0 x 1.46 OIL
objective and image processing was performed using the Leica
Application Suite for Advanced Fluorescence (LAS AF) software.

Analysis of Chlorophyll Fluorescence

Emission at 77K

Chlorophyll fluorescence emission spectra were recorded at 77K
from frozen thylakoids. Thylakoid membranes were extracted
as previously described (Tikkanen et al., 2006) from leaves of 3
weeks old Arabidopsis plants after the following light treatments:
end of night (dark, D), 2 h of GL (100 pmol photons m~2
s~!, alternating Osram Luminux 35W/840 and Philips TLD
18W/860; GL) and subsequent 2 h of high light (1000 pmol
photons m™2 s™1, LED of 3000 K; HL). Briefly, leaves were
flash frozen in liquid nitrogen and grinded into powder in a
homogenization buffer containing 50 mM Hepes/KOH, pH 7.5,
330 mM sorbitol, 2 mM EDTA, 1 mM MgCl,, 5 mM ascorbate,
0.05% (w/v) BSA and 10 mM of the phosphatase inhibitor NaF.
All steps were performed at 4°C and under dim green light.
The material was subsequently filtered through Miracloth and
pelleted by centrifugation at 2500 g for 4 min at 4°C, followed by a
second wash step in homogenization buffer. For measurements,
thylakoids were diluted to a chlorophyll concentration of 1 pg
ml~! concentration.

Chlorophyll fluorescence emission spectra were measured
from frozen thylakoids by exciting the samples at 480 nm and
recording the emission spectrum between 650 and 800 nm
using an Ocean Optics QE Pro Spectrometer. Three biological
and technical replicates for each genotype and treatment were
measured. Ratio values of chlorophyll fluorescence emission
peaks of PSI over PSII were calculated by manual normalization
of the traces to the PSII peak value at 685 nm.

LC-MS/MS Analysis of Phosphopeptides

From Thylakoid Membranes
Intact chloroplasts were isolated as described above from wild
type and stn8 mutant plants after 4 h of GL exposure. Preparation

of surface-exposed peptides from thylakoid membranes via
trypsin digestion was performed as previously described (Vener
and Strélfors, 2005; Rokka et al., 2011). Samples were flash
frozen in liquid nitrogen, thawed, and the digestion products
were centrifuged for 20 min at 14,000 g. Enrichment of released
phosphopeptides was performed using 5 mg of TiO, (Glygen
Corp.) as described previously (Bodenmiller et al., 2007; Chen
et al., 2010). Subsequently, peptides were lyophilized to dryness
in a vacuum concentrator.

Phosphopeptide analysis of the lyophilized samples was
performed as described in Roustan et al. (2017). MaxQuant
1.5' and the Andromeda search algorithm were used against
the TAIR-10 database to perform peptide identification,
phosphorylation ~ site  mapping and  phosphopeptide
quantification (Cox and Mann, 2008; Cox et al, 2011). The
following stringency criteria were applied in the analysis:
three missed cleavages were allowed and methionine oxidation
and protein N-terminal acetylation were endorsed as dynamic
modifications. Additionally, phosphorylation of serine, threonine
and tyrosine residues was permitted to occur as dynamic
modifications. Mass tolerance was set to 5 ppm for parental
ions and 0.5 Da for the MS/MS fragment. For both peptide and
protein levels, false discovery rate was set to 1%. Quantification
was done at the peptide level. Perseus 1.5 software was used
for further filtering and data processing (Tyanova et al., 2016).
Phosphopeptides were accounted for quantification if they could
have been quantified in at least 70% of the biological samples.
Additionally, only phosphopeptides that passed the class I
criteria (phosphosite probability > 75% and score difference >5)
were included in the final dataset (Olsen et al., 2006).

Bioinformatics Analysis

Orthologs of CAS in various organisms were identified by blastp
or tblastn searches at NCBI. Alignments were performed using
Clustal X 2.0 (Thompson et al., 1997). For dicots, monocots,
gymnosperms and green algae consensus sequences were
defined based on the full alignments shown in Supplementary
Data S1-S4. Some hand-alignment was performed to give what
we consider the best fit.

Accession Numbers
Accession numbers for all sequence data can be found in
Supplementary Table S3.

RESULTS

Phylogenetic Conservation of CAS

Phosphorylation Sites

The state transition kinases STN7 and STN8 are the best-
described protein kinases in the thylakoid membrane (Bellafiore
et al., 2005; Bonardi et al., 2005; Vainonen et al., 2005; Pesaresi
et al, 2011) and the CAS protein was initially described as a
potential target of STN8 (Vainonen et al., 2008). At the same time,
in vitro phosphorylation studies have shown Ca’*-dependent
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similarity to CAS can be found in all organisms of the
Viridiplantae clade for which complete genomes or substantial
genomic data are available (Supplementary Table S4). For
groups such as dicots, monocots, gymnosperms and green algae,
where multiple sequences are available, consensus sequences
were obtained using Clustal X on which the data in Figure 1B are
based. For ferns, only a single complete sequence was available
from Pteris vittata (Pvi) and in case of the bryophytes, the
sequences from Physcomitrella patens (Ppa) and Marchantia
polymorpha (Mpo) deviated in their C-terminus so much that
a consensus could not be made. Medicago truncatula (Mtr) and
Gossypium hirsutum (Ghi; dicots), Oryza sativa (Osa), Zea mays
(Zma), Triticum aestivum (Tae) and Brachypodium distachyon
(Bdi; monocots), Selaginella moellendorffii (Smo; early diverging
lineage of vascular plant) as well as Chlamydomonas reinhardtii
(Cre; green algae) are listed individually because phospo-peptide

phosphorylation of CAS (Stael et al., 2012), indicating that this
protein might be a shared target of multiple kinases.

Vainonen and co-workers suggested Thr-380 as the site
of STN8 phosphorylation (Figure 1A). However, further
experimental studies (mostly in the form of large-scale
phosphoproteomics analyses; Table 1) have indicated multiple
phosphorylated Thr and Ser residues (Heazlewood et al,
2008; Durek et al, 2010), the majority of which are located
close to the C-proximal end of CAS. For seven positions,
the phosphoresidue was identified unequivocally (Figure 1A,
asterisks; Table 1), while in all other cases the precise position of
the modification within an identified phosphopeptide was not
assigned (Figure 1A, hash).

We performed a comparative analysis of CAS orthologs to
investigate the phylogenetic conservation of the phosphosites
described for Arabidopsis. Proteins with significant sequence
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FIGURE 1 | CAS domain structure and phylogenetic conservation of phosphorylation sites. (A) Amino acid sequence of the CAS (At5g23060) protein of A. thaliana.
The predicted transit sequence and the transmembrane domain are marked by a solid line and a gray box, respectively. Thr and Ser residues that were
unambiguously identified by phospho-proteomic studies are marked by an asterisk, while sites that are part of a phosphopeptide (tentative sites) are marked by a
hash. (B) Sequence alignment of the CAS C-terminal domain from organisms throughout the Viridiplantae clade. For dicots, monocots, gymnosperms and green
algae, a consensus sequence was created based on alignments shown in Supplementary Data S1-S4. Those organisms, for which phosphoproteomics data on
CAS are available, are listed separately. Residues for which phosphorylation was shown unambiguously are indicated by a purple box. For Arabidopsis, five more Ser
and Thr residues are present in phosphopeptides for which the exact phosphoresidue was not determined. These and all Ser and Thr residues that can be aligned to
potential pSer or pThr from Arabidopsis CAS are marked in yellow or blue, respectively. Positions where a majority but not all sequences from a consensus have a
Ser or Thr are marked in light gray. Positions where no clear conservation (<70%) was observed in a consensus are marked by #. In many sequences from the
mono- and dicots, a stretch of variable length is found toward the C-proximal end. In all cases this part contains at least one Ser or Thr residue. Ath, A. thaliana; Mtr,
M. truncatula; Ghi, G. hirsutum; Bdi, B. distachyon; Tae, T. aestivum, Osa, O. sativa, Zma, Z. mays; Pvi, P, vittata; Smo, S. moellendorffii; Ppa, P. patens; Mpo, M.
polymorpha; Cre, C. reinhardti.
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TABLE 1 | Phosphopeptides identified for CAS proteins from various organisms.

Species Phosphosite Corresponding site in A. thaliana Phosphosite(s) or phosphopeptide References
A. thaliana Thr-350; LGTDSYNFSFAQVLSPSR a, b
Ser-352;
Ser-362;
Ser-364
Ser-371 IIPAAPSRpSFGTR g, h
IIPAApSRpSFGpTR
Ser-373 IIPAApSRpSFGTR a-c, f-h
IIPAApSRpSFGpTR
IIPAASRpSFGpTR
pSFGTRSGTKFLPSSD
pSFGTRpSGTKFLPSSD
pSFGTRSGpTKFLPSSD
Thr-376 IIPAASRpSFGpTR b, f, h
IIPAApSRpSFGpTR this work
SFGPTRSGTKFLPSSD
SFGpTRSGPTKLPSSD
Ser-378 SFGTRpSGpTK a-f, h
pSGTKFLPSSD this work
pSFGTRpSGTKFLPSSD
Thr-380 SFGTRSGpTKFLPSSD c, f-
pSFGTRSGpTKFLPSSD this work
SFGPTRSGpTKLPSSD
SGpTKFLPSSD
SFGTRpSGpTK
Ser-385; SGTKFLPSSD b
Ser-386
M. truncatula Thr-378 Thr-376 GGFGpTTSR J
G. hirsutum Thr-390 Thr-376 FGpTTSTK k
B. distachyon Thr-369 Thr-376 FVPTASSpTpSTTSGTNR m, n
FVpTASSTSpTTSGpTNR
Thr-373 Thr-380 FVpTASSpTPSTTSGTNR m
Ser-374 -/- FVpTASSpTpSTTSGTNR m
Thr-375 -/- FVpTASSTSpTTSGpTNR n
Thr-379 -/- FVpTASSTSpTTSGpTNR n
Ser-387 Ser-386 KLLPGpSVDG m, n
T. aestivum Thr-368 Thr-376 FVpTVSSTSTPSRpTSR |
Ser-373 -/- FVpTVSSTpSTPSRTTR |
Thr-378 -/- FVpTVSSTSTPSRpTSR |
O. sativa Ser-384 Ser-386 KLLPGpSVDG m
Thr-366 Thr-376 LVpTASSSASR n
Z. mays Thr-377 -/- IGPTASSASR P, q
C. reinhardtii Thr-365 -/- GRpTGpTTSTR r
Thr-367 Thr-376 GRpTGpTTSTR r
TGpTTSpTRRLPAPR
Ser-369 Ser-378 TGpTTSpTRRLPAPR r
Thr-370 Thr-380 TGTTpSpTRRLPAPR r

Unambiguously identified phosphoresidues are indicated in bold. Accession numbers can be found in Supplementary Table S3. (a) Reiland et al. (2009), (b) Reiland et al.
(2011), (c) Nguyen et al. (2012), (d) Hoehenwarter et al. (2013), (e) Wang et al. (2013), (f) Yang et al. (2013), (g) Lin et al. (2015), (h) Roitinger et al. (2015), (i) Bhaskara
et al. (2017); () Rose et al. (2012); (k) Fan et al. (2014); () Lv et al. (20714a), (m) Lv et al. (2014b), (n) Lv et al. (2014c); (o) Whiteman et al. (2008); (p) Bonhomme et al.

(2012), (q) Fristedt et al. (2012), (r) Wang et al. (2014).

data on CAS from these organisms are available (Table 1). Of
note, no CAS orthologs were identified in cyanobacteria, red
algae or glaucophyta.

The evolutionary conservation of all 12 Ser and Thr residues
found within the C-proximal end of the Arabidopsis CAS protein
is represented in Figure 1B. Residues for which phosphorylation
was shown unambiguously independent of the organism are

indicated by a purple box. For Arabidopsis, five more Ser and
Thr residues are part of phosphopeptides for which the exact
phosphoresidue position was not determined. These and all Ser
and Thr residues that can be aligned to proven and potential pSer
or pThr from Arabidopsis CAS (see also Table 1) are marked
in yellow or blue, respectively, in Figure 1B. Up to Ser-371
in the Arabidopsis sequence, all CAS sequences show a quite
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high degree of similarity. Unfortunately, from there onwards
the sequence of CAS proteins becomes much less conserved
and only the very proximal end of about 7 amino acids can be
reasonably well aligned. In between, the sequences vary between
one threonine in P. patens up to 14 amino acids in certain
monocots. The best fit that we could create for this region
suggests a strong evolutionary conservation of Thr-376 and this
site can be aligned with good confidence to phosphoresidues
identified in C. reinhardtii, O. sativa, B. distachyon, G. hirsutum,
and M. truncatula (Figure 1B and Table 1). A somewhat similar
level of conservation can be observed for Thr-378, which is
represented by a Ser or Thr residue in the vast majority of
sequences. Instead, Thr-380 shows a lower degree of conservation
but seems to be represented by a Ser or Thr residues in
many sequences. Also, in the highly variable and therefore
difficult to align C-terminal part of most monocot and dicot
sequences, at least two Ser or Thr residues can be found that
could functionally substitute Thr-380 of Arabidopsis. Indeed,
phosphorylated Thr or Ser residues within this variable region
were detected in organisms as divergent as B. distachyon, Z. mays,
S. moellendoerffii, and C. reinhardtii (Table 1). Together, these
data indicate a strong evolutionary conservation of some CAS
phosphorylation sites that goes back to the origin of the plant cell.
Other potential phosphorylation sites show different degrees of
phylogenetic conservation. Notably, Ser-371 and Ser-373, which
were unambiguously shown as phosphorylated in Arabidopsis
(Table 1), are not conserved at all, indicating that there
might exist a certain level of organism-specific phosphorylation
pattern(s) of CAS.

CAS Is a Target of Both State Transition

Kinases
When a phosphoproteomics analysis was performed on growth
light (GL; 100 jumol photons m~2 s~!) acclimated Arabidopsis
wild type and stn8 mutant plants, we found three of the
previously described phosphorylation sites, namely Thr-376, Ser-
378, and Thr-380 (Supplementary Table S4 and Supplementary
Data S5). Phosphorylated versions of all three residues were
detectable in wild type and the stn8 mutant, albeit at lower
abundance, indicating that they are target sites of STN8 but can
still be phosphorylated in its absence. This is in agreement with
Thr-380 having previously been found phosphorylated in the stn7
and stn8 single mutants but not in the stn7/8 double mutant
(Ingelsson and Vener, 2012). In our analysis, proteins that are
not targets of STN8 (Reiland et al., 2011) showed no difference
in phosphorylation (Supplementary Table S4), supporting that
the reduced levels of CAS phosphorylation are indeed due to
the lack of STNS.

We next performed in vitro phosphorylation assays using
a 171 amino acid long recombinant fragment of CAS (CAS-
C) that contains all phosphoresidues determined by different
phosphoproteomics studies (AAs 216-387). We generated three
non-phosphorylatable variants of the CAS-C fragment by
replacing threonine (at Thr-376 and Thr-380) and serine
(at Ser-378) residues with valine and alanine, respectively.
In vitro phosphorylation assays were conducted using thylakoid

membranes from GL-adapted wild type plants in the presence of
1 WM Ca’"* (unless stated otherwise) to promote full activation
of all potentially involved kinases. In agreement with the
phosphoproteomics results, all three variants showed a reduction
in phosphorylation compared to the wild type construct
(Figure 2A and Supplementary Figure S1). The reduction for
CAS-Cgs7g4 was only minor, while the strongest reduction was
observed for CAS-Cr376y. This observation is in contrast with
the notion that Thr-380 is the major phosphorylation site of
CAS (Vainonen et al., 2008). However, the phosphopeptide
detected in that study only started with Arg-377 and thus did not
include Thr-376.

Since the phosphoproteomics analysis indicated that CAS
is still phosphorylated in the absence of STNS, the in vitro
phosphorylation of CAS-C was investigated by comparing
thylakoid membranes derived from Arabidopsis wild type,
stn7, stn8, and stn7/8 mutants (Figure 2B and Supplementary
Figure S1). As expected, endogenous LHCII, which is the major
target of STN7 (Bonardi et al., 2005), is strongly phosphorylated
in the wild type and the stn8 mutant, while very little
phosphorylation is evident in the stn7 and stn7/8 mutants. By
contrast, phosphorylation of recombinant CAS-C was observed
in both single mutants, but was mostly abolished in the stn7/8
mutant. Similar to endogenous LHCII protein, phosphorylation
of CAS-C also appears slightly enhanced in the stn8 mutant. An
increased STN7 activity on LHCII in the absence of STN8 can
be observed in similar studies (Bonardi et al., 2005; Tikkanen
et al.,, 2010) and could be due to a compensatory mechanism
affecting all targets of STN7, especially if they are shared with
STNS8. Thus, in line with the phosphoproteomics data, these
results show that CAS is not an exclusive target of STNS8 but can
also be phosphorylated by STN7. When the three phosphosite
variants of CAS-C were incubated with thylakoids originating
from GL-acclimated stn7 and stn8 plants, a similar pattern of
phosphorylation reduction as in the wild type was observed
for both mutants, suggesting that the two STN kinases do not
target different phosphorylation sites of CAS (Figure 2C and
Supplementary Figure S1).

CAS C-Terminal Phosphorylation Sites

Are Exposed to the Stroma
Phosphorylation of CAS-C by STN7 and STN8 requires the
accessibility of the CAS C-terminus to the active site of these
kinases. In the initial paper describing CAS, and in accordance
with in silico topology predictions, a single transmembrane-
spanning domain was suggested that splits the protein into
two nearly equal parts (Figure 1A, gray boxing). When the
thylakoid localization of CAS and its phosphorylation by STN8
were described (Vainonen et al., 2008), it was concluded that the
C-terminal domain has to be exposed to the stroma. However,
while stromal exposure of the N-terminus could be confirmed
by western blot analysis using an antibody directed against the
N-terminus of CAS (Nomura et al., 2008), the localization of the
C-terminus was never proven experimentally.

We thus analyzed the topology of CAS with two different
experimental approaches. After confirming the correct
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FIGURE 2 | In vitro phosphorylation of a recombinant CAS fragment (CAS-C) by thylakoid extracts from wild type, stn7, stn8, and stn7/8 plants. (A) CAS-C (CaSwt)
and variants with altered Ser and Thr residues were phosphorylated using thylakoid extracts from wild type in the presence of Ca2*. Phosphorylation of endogenous
LHCIl is also visible. (B) Phosphorylation assays with the CAS-C fragment were performed in the presence of Ca2+ using thylakoid extracts from wild type (wt), stn7,
stn8, and stn7/8 double mutant plants. (C) CAS-C (CaSwt) and variants with altered Ser and Thr residues were phosphorylated in the presence of Ca®™* using
thylakoid extracts from stn7 and stn8 mutant plants. All panels show representative results of experiments performed several times. Corresponding Coomassie

stained gels for all panels are shown in Supplementary Figure S2.

chloroplast targeting of a CAS-YFP fusion construct in the
pBIN19-based vector system (Mehlmer et al., 2012) by transient
expression in N. benthamiana leaves (Figure 3A), we employed
a pBIN19-based self-assembling GFP (saGFP) system, which
had been previously used to study the topology of membrane
proteins (Cabantous et al., 2005; Machettira et al., 2011). We
fused CAS or the small subunit of the Ribulose-1,5-bisphosphate
carboxylase/oxygenase (SSU) to either the 11th beta sheet
(CAS-saGFPqy; SSU-saGFPy;) or the first 10 beta-sheets
(CAS-saGFP;_jp; SSU-saGFP;_j9) of GFP. Assembly of a
functional GFP occurs when both parts are present in the same
cellular compartment. Co-infection of CAS-saGFP;_jo with
CAS-saGFPy; and SSU-saGFP;_1¢ with SSU-saGFP;; resulted
in GFP fluorescence clearly overlapping with the chlorophyll
fluorescence, indicating that both proteins are correctly targeted
into the chloroplast (Figure 3B). The same result was achieved
when CAS-saGFP; _ 1y was co-infected with SSU-saGFP;;. Since
SSU is a soluble stromal protein, these results strongly support
an extrusion of the C-terminal domain of CAS into the stroma.
We furthermore generated polyclonal antibodies against the
N-terminal (AA 34-147; a-CAS-N) and the C-terminal domain
(AA 216-387; a-CAS-C) of CAS. Both antibodies were able
to recognize their recombinant antigen and did not show
any cross-reactivity with the other domain (Supplementary
Figure S3). They both recognize a protein of about 38 kDa
in chloroplast extracts and this reaction was absent in the
cas mutant line (Figure 3C and Supplementary Figure S4).
When tested on different protein fractions, i.e., total chloroplasts,
thylakoid membranes, and stromal/soluble proteins, CAS was
only detected in chloroplast extracts and the thylakoid membrane
fraction (Figure 3C), corroborating its predicted localization. We
then treated isolated thylakoid membranes with thermolysin to

remove those parts of thylakoid membrane proteins that extrude
into the stroma. Probing of untreated and treated samples with an
antibody against the thylakoid lumen protein OE33 revealed no
loss of reactivity after thermolysin digestion, indicating that the
thylakoid membrane remained intact throughout the treatment
(Figure 3D, o-OE33). Thermolysin-mediated degradation of
OE33 could only be achieved when a detergent was added to
the thylakoid membranes along with the protease. By contrast,
no signal was detected in thermolysin-treated thylakoids when
probed with antisera against either a-CAS-C or a-CAS-N
(Figure 3D). These results corroborated the orientation of both
termini toward the stromal side of the thylakoid membrane
thereby giving the C-terminal phosphorylation sites access to the
active domains of STN7 and STN8 (Figure 3E).

CAS Is Required for Acclimation to High
Light

The work of Vainonen and coworkers suggested a light-
dependent regulation behind the in vivo phosphorylation of
CAS (Vainonen et al, 2008). In line with their suggestion, a
clear difference in the in vitro phosphorylation intensity of
recombinant CAS-C was evident in this work when GL-adapted
thylakoid membranes from wild type plants were compared
with dark-harvested ones (Figure 4A and Supplementary
Figures S4, S5). A similar difference could be observed in
the phosphorylation of the endogenous LHCII, reflecting the
light-dependent activation of STN7 (Bellafiore et al., 2005). As
expected, no LHCII phosphorylation was observed in the stn7
mutant, while its phosphorylation was slightly enhanced in the
stn8 mutant. For CAS-C, an impact of the light treatments on its
phosphorylation was evident in case of the stn8 mutant but not
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FIGURE 3 | Topology analysis of CAS. (A) Expression of CAS-YFP in tobacco protoplasts shows a clear overlap of the YFP and chlorophyll fluorescence signal
confirming the correct targeting of CAS-YFP into the chloroplast. Removal of the predicted transit peptide (CAS34_3g7-YFP) resulted in a cytosolic localization (white
bars indicate 5 uwm). (B) Fluorescence analyses of tobacco leaf cell protoplasts co-transformed with the self-assembly GFP pairs CAS-saGFP+ _ 10/CAS-saGFP1,
CAS-saGFP4 _ 1o/RUBISCO-saGFP+4, and RUBISCO-saGFP1 _ 1o/Rubisco-saGFP+4 confirm that the C-terminus of CAS is exposed to the stromal side of the
thylakoid membrane (white bars indicate 5 um). (C) Isolated chloroplasts from wild type (wt) and cas mutant plants were separated into thylakoid membranes and
stroma and all fractions were probed with antibodies directed against the two CAS domains (a-CAS-C; a-CAS-N), beta-subunit of the chloroplast ATP-synthase
(a-ATPase) and transketolase (a-TKL). A corresponding Coomassie-stained gel is shown in Supplementary Figure S3. (D) Isolated thylakoid membranes from wild
type plants were treated with the protease thermolysin (+/— Pr) in the absence or presence of detergent (+/— Det). All fractions were probed with antibodies against
the C- and N-terminal domain of CAS (a-CAS-C, a-CAS-N) as depicted in Figure 1A. The asterisk indicates the specific reaction of the a-CAS-N antibody with CAS.
An antibody against the oxygen-evolving system protein 33 (a-OE33) was used as a control to assess the integrity of the thylakoid membrane during the treatment.
(E) Topology model of CAS showing the exposure of conserved phosphorylation sites (red circles) onto the stromal surface of the thylakoids. Ca2*-binding to the
stromal exposed N-terminal domain is indicated by yellow circles.
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FIGURE 4 | CAS phosphorylation and 77K chlorophyll fluorescence emission spectra of thylakoid membranes harvested under different light conditions. (A) In vitro
phosphorylation assays were performed with the CAS-C fragment using thylakoid extracts from wild type (wt), stn7, and stn/8 mutant plants harvested in the dark
(D) or the growth light (GL) period. (B) Chlorophyll fluorescence emission spectra were recorded at 77K using thylakoid membranes isolated from wild type (wt), cas,
and stn7 mutant plants harvested in the dark (D), after 2 h of GL (100 wmol photons m=2 s~ ', GL) and 2 h of high light (1000 wmol photons m=2 s~ 1, HL). Samples
from the same thylakoids were probed with an a-pThr antibody to assess the phosphorylation status of the LHCII complex and the D1 protein (inlays).

in stn7, indicating that the light-dependent difference observed
in the wild type is mediated by the activity of STN7.

The role of STN7 is strongly associated with the regulation
of energy distribution between PSI and PSII. In this work, when
chlorophyll fluorescence emission spectra at 77K were measured
from isolated thylakoid membranes of wild type plants, they
showed a typical increase in the PSI peak at 733 nm upon shift
from darkness (state 1) to GL (state 2), as visible from both a
representative graph (Figure 4B) and the averaged peak values
of three biological replicates (Table 2). As described previously
(Tikkanen et al., 2010; Mekala et al., 2015), a slight reduction
of the PSI peak occurred after a subsequent 2 h of high light
(1000 pumol photons m~2 s~ 1) treatment (Figure 4B and Table 2;
wt), reflecting the disassociation of the mobile LHCII antenna
from PSI. The cas mutant also showed an increase in the PSI
peak upon transition into GL, indicating no major impairment
in performing light-induced state 1- state 2 transition. The stn7
mutant behaved according to what has been described before,
showing an inability to perform phosphorylation-mediated state
transition, as visible by an equal PSI peak height in dark and
GL conditions (Figure 4B and Table 2; stn7). However, cas
plants did not resemble the stn7 mutant but showed a slight
increase in the PSI peak height between dark and GL and,

remarkably, a sustained increase of the PSI peak upon subsequent
transfer to high light (Figure 4B and Table 2; cas), suggesting a
persistent strong excitation of PSI under this condition. A similar
phenotype had been observed for the tap38/pphl and the pgr5
mutants (Mekala et al., 2015), the former not being able to
properly dephosphorylate LHCII under high irradiance, while
the latter is impaired in the cyclic electron transport around PSL.
When the in vivo phosphorylation status of thylakoid proteins
was tested following the same light treatments using a pThr-
specific antibody, the wild type showed a characteristic increase
in the phosphorylation of PSII core protein D1 and decreased
LHCII phosphorylation under high light, while the cas mutant
showed a strong concomitant phosphorylation of both LHCII
and PSII core (Figure 4B, inlays; Supplementary Figure S5).

Ca2t-Dependent Phosphorylation of
CAS Does Not Involve the STN Kinases

The data shown above suggest a connection between
CAS phosphorylation by the thylakoid kinases STN7
and STN8 and photoacclimation, with Thr-376, Thr-380,
and Ser-378 as their main and shared targets. However,
CAS was also suggested as the target of Ca’T-dependent
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phosphorylation (Stael et al,, 2012) via experiments in which
whole chloroplast and stroma-enriched fractions were used
instead of thylakoid membranes.

We thus analyzed the ability of both stroma and isolated
thylakoid membranes to phosphorylate CAS-C (Figure 5 and
Supplementary Figures S1, S2) either in the presence or absence
of Ca’t (1 pM CaCl, or 2 mM EGTA, respectively). In
case of wild type thylakoids, only minor differences in the
phosphorylation of CAS-C could be observed under either
condition (Figure 5A, wt). The residual phosphorylation that
could be observed with thylakoids devoid of both STN kinases
was completely abolished in the absence of Ca?™ (Figure 5A,
stn7/8). This observation supports the notion that CAS is
the target of a Ca®"-regulated phosphorylation event, which
does not involve STN7 or STN8. When stromal extracts from
wild type plants were used in the phosphorylation assay, the
Ca’* requirement became much more evident with very little
phosphorylation seen in the presence of EGTA (Figure 5B),
indicating the presence of a Ca? T -dependent kinase in the stroma
that targets the stromal exposed C-terminal domain of CAS.
The residual Ca?"-dependent phosphorylation of CAS in the
thylakoid fraction could be due to some minor amounts of this

TABLE 2 | Ratio values of chlorophyll fluorescence emission peaks of PSI (at
733 nm) over PSIl measured at 77K with thylakoids from wild type (wt), cas, and
stn7 mutant lines.

Genotype Treatment PSI/PSII peak ratio
Wit D 1.09 + 0.03
GL 1.29 + 0.05
HL 1.2 +0.05
cas D 1+0.16
GL 1.1 +£0.08
HL 1.58 + 0.09
stn7 D 1+01
GL 1+£0.02
HL 1.08 + 0.05

Thylakoids were isolated during the dark period (D) after 2 h of growth light
(GL) or subsequent 2 h of high light (HL). Data are means of three biological
replicates + SD.

A
wt stn7/8 wt (stroma)
ca” EGTA Ca’" EGTA ca”’ EGTA
| — — LHC“
— - CaS-C - CaS-C

FIGURE 5 | Calcium-dependent phosphorylation of CAS by a stromal kinase.
In vitro phosphorylation assays with the CAS-C fragment were performed
using thylakoid extracts from wild type (wt) and stn7/8 mutant plants (A) or
stromal extracts from wild type (B) in the presence of either Ca2+ or EGTA. All
panels show representative results of experiments performed several times.
Corresponding Coomassie stained gels for all panels are shown in
Supplementary Figure S2.

stromal kinase remaining even after washing of the thylakoids.
This is supported by the faint band visible for TKL and Fructose
1,6-bisphosphatase in the thylakoid fraction (Figure 3C and
Supplementary Figure $S6). While this needs to be analyzed in
much more detail, there is a clear indication that CAS is a target
of kinases other than STN7 and STNS, which is also in accordance
with the identification of additional phosphorylation sites that are
not targeted by these two kinases.

DISCUSSION

Understanding the role of chloroplast protein phosphorylation
has been hampered by the fact that only few chloroplast
kinases have been identified and that plants devoid of the
two so far best described kinases, STN7 and STNS, only
show surprisingly mild phenotypes. Moreover, the presence of
multiple, evolutionary conserved phosphoresidues is a recurring
feature of thylakoid phosphoproteins (Grieco et al, 2016),
indicating the existence of complex phosphorylation networks
involving differential regulation by multiple kinases in relation
to specific environmental cues.

Vainonen et al. (2008) pinpointed Thr-380 of CAS as the target
of high light-dependent phosphorylation by the STN8 kinase.
In the present work, we could confirm the phosphorylation of
CAS by STN8 but could also demonstrate the involvement of
STN7 and at least one other, so far unknown Ca?*-dependent
kinase. The orientation of the CAS C-terminus, which contains
all known phosphorylation sites, is consistent with the predicted
localization of the catalytic domains of STN7 and STNS8 that
are also exposed to the stroma (Wunder et al, 2013). Any
additional kinase acting on CAS would also need to either
have its catalytic domain exposed to the stromal surface of the
thylakoids or be a stromal protein. Indeed, Ca?*-dependent
phosphorylation of CAS is much more prevalent when stroma
(Figure 2E) or total chloroplast extracts (Stael et al., 2012) are
used in the phosphorylation assay instead of isolated thylakoid
membranes (Figure 2D), suggesting that the Ca?>*-dependent
activity observed with the thylakoid membrane fractions is due
to the residual activity of a stromal kinase. Phosphoproteomic
analysis of stn8 mutant plants revealed a substantial decrease
in the relative phosphorylation levels not only of Thr-380 but
also Thr-376 and Ser-378 (Supplementary Table S4). In vitro,
phosphorylation of CAS by either STN7 or STNS is strongly
reduced in the absence of Thr-376 or Thr-380 and to a lesser
extent also of Ser-378 (Figures 2A,C). The effect is most
pronounced in the absence of Thr-376, which is also the most
conserved of those residues for which phosphorylation has been
shown unequivocally in Arabidopsis (Figure 1B). Amino acid
sequence alignments suggest that the corresponding position
was also identified as a phosphoresidue in the green alga
C. reinhardtii, the monocot Z. mays and several dicots (Figure 1B
and Table 1). The phosphopeptide identified by Vainonen et al.
(2008) study started with Arg-377, which could explain why
they did not identify pThr-376. Of note, residue Thr-376 of
Arabidopsis, as well as many of the corresponding Thr sites in
CAS orthologs included in our phylogenetic analysis (Figure 1B
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and Supplementary Data S2-S5), are preceded at position -
1 by a Gly residue. This configuration matches a minimal
phosphorylation consensus motif identified by Schonberg et al.
(2017) for newly described targets of STN7. Thr-380 and
Ser-378 are also highly conserved and the phosphorylation
of a corresponding residue was shown for the green alga
C. reinhardtii, the lycophyte S. moellendorffii, the monocot
Z. mays and two dicots in case of Thr-380 and in C. reinhardtii
for Ser-378 (Figure 1B and Table 1). These data indicate
that phosphorylation of these three residues is evolutionarily
conserved from green algae onwards. For all other potential
phosphoresidues the data are much less robust and the
corresponding residues display very little conservation.

All proposed phosphoresidues, including Thr-376, Ser-
378, and Thr-380, fall within a very confined region found
at the very C-proximal end of CAS (Figure 1A). It is thus
conceivable that this short amino acidic sequence constitutes
a hub for the integration of multiple signals in the form of
differential phosphorylation events. Phosphorylation could
either occur simultaneously on several residues or on individual
sites following the activation of distinct protein kinases in
response to cues of very diverse origin, such as light signals
in the case of the STN kinases, or local increases in Ca?*
concentration with respect to the still uncharacterized Ca?*-
dependent kinase. The reaching of a certain phosphorylation
threshold might be required to fully promote the functional
effects of the modification. Alternatively, it could be envisioned
that combinatorial, stimulus-dependent phosphorylation
events on CAS lead to various, phosphocode-dependent
outcomes impacting both developmental as well as stress-related
functions of CAS.

Ca’*t is best described for its role as second messenger
that transduces abiotic and biotic stress signals into a cellular
response. However, chloroplasts also display a well-described
light-off Ca?* transient and it has been shown that the cas
mutant is impaired in chloroplast Ca®™ responses to elicitors,
heat and the light-dark transition (Nomura et al., 2012; Lenzoni
and Knight, 2018). Consequently, a potential role of CAS
in regulating photosynthetic function could be envisioned by
either influencing chloroplast Ca>* dynamics and/or by being
differentially phosphorylated in a Ca?*-dependent fashion.

In only few of the phosphoproteomic studies listed in
Table 1, the light conditions upon harvesting of the samples
are described. However, if not otherwise stated, harvesting
of the samples during the light period is likely. Thus, in
agreement with the results from Vainonen et al. (2008) and
because it has been detected as a phosphoprotein in most if
not all phosphoproteomics studies of plant proteins, it is likely
that CAS is constitutively phosphorylated during daytime. Yet,
its overall phosphorylation status and specific phosphorylation
profile might subtly change in response to specific environmental
cues that promote the activation of different kinases or the
opposing phosphatases. It could be envisioned that at early
and late day times, characterized by a low light environment,
CAS is primarily targeted by the STN7 kinase, leading to a low
level of steady-state phosphorylation, which might be required
to achieve an optimal excitation balance between PSI and

PSII. At midday, when peak irradiance is reached, the STN8
kinase could become more relevant and increase the overall
CAS phosphorylation (Vainonen et al., 2008). This situation
would place CAS as another shared target of the STN kinases
(Bonardi et al., 2005) and their cooperative, differential, or
even spatially segregated activity on CAS would dictate the
functional outcome(s) of its modifications. The similarity of
the cas mutant to tap38 with regard to the 77K chlorophyll
fluorescence emission spectra profiles suggests that CAS might be
required to promote acclimation responses to excess light, which
include the reversal of LHCII phosphorylation (Rintamaki et al.,
1997). A phosphorylated form of CAS under the control of STN8
might in fact physically interact or indirectly influence the activity
of the TAP38 phosphatase. Alternatively, phosphorylation of
CAS by STN8 under high irradiance might negatively regulate
the activity of the STN7 kinase, leading to attenuated LHCII
phosphorylation and to the physical dissociation of the mobile
antenna fraction from PSI reaction centers. In the cas mutant
such inhibitory effect would be absent and a fully active
STN7 would result in PSI being “locked” in state 2 under
high light. This situation could explain the impaired PSI
de-excitation kinetics observed in the cas mutant following
excess light treatment. Considering the additional resemblance
of the 77K chlorophyll fluorescence emission spectra of cas
with that of pgr5, an involvement of Arabidopsis CAS in the
modulation of the Cyclic Electron Flow (CEF) could also be
envisioned. CEF is recognized as a safety valve to minimize
photo-oxidative damage (Pinnola and Bassi, 2018) and in the
green alga Chlamydomonas reinhardtii CAS was shown to
affect CEF under anoxia (Petroutsos et al., 2011). Finally, the
phosphorylation status of CAS could be further altered by
a so far unknown Ca’T-dependent kinase, whose activation
might follow the physiological increases in stromal free Ca?™
levels regularly observed after the light-dark transition and in
response to specific stress conditions (Sai and Johnson, 2002;
Sello et al., 2016). It will thus be important in the future to
properly assess how the overall phosphorylation status and the
phosphorylation patterns of CAS are shaped at different daytimes
and under different light and/or stress conditions. On the other
hand, a more detailed assessment of the basal Ca’* resting
levels and stress induced Ca’* transients in the stroma and
thylakoid lumen of the cas mutant plants might also provide
further suggestions for the role of CAS in shaping the plastidal
Ca’™ landscape.
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Life on earth is sustained by oxygenic photosynthesis, a process that converts solar
energy, carbon dioxide, and water into chemical energy and biomass. Sunlight is essential
for growth and productivity of photosynthetic organisms. However, exposure to an
excessive amount of light adversely affects fitness due to photooxidative damage to the
photosynthetic machinery, primarily to the reaction center of the oxygen-evolving
photosystem Il (PSIl). Photosynthetic organisms have evolved diverse photoprotective
and adaptive strategies to avoid, alleviate, and repair PSIl damage caused by high-
irradiance or fluctuating light. Rapid and harmless dissipation of excess absorbed light
within antenna as heat, which is measured by chlorophyll fluorescence as non-photochemical
quenching (NPQ), constitutes one of the most efficient protective strategies. In parallel,
an elaborate repair system represents another efficient strategy to maintain PSII reaction
centers in active states. This article reviews both the reaction center-based strategy for
robust repair of photodamaged PSIl and the antenna-based strategy for swift control of
PSII light-harvesting (NPQ). We discuss evolutionarily and mechanistically diverse strategies
used by photosynthetic organisms to maintain PSII function for growth and productivity
under static high-irradiance light or fluctuating light environments. Knowledge of
mechanisms underlying PSIl maintenance would facilitate bioengineering photosynthesis
to enhance agricultural productivity and sustainability to feed a growing world population
amidst climate change.

Keywords: photosystem Il, photosynthesis, non-photochemical quenching, repair, fluctuating light

INTRODUCTION

Cyanobacteria, algae, and plants convert sunlight into chemical energy through photosynthesis to
provide oxygen and food building blocks that are essential for most life forms on earth. Photosynthesis
starts with capture of light by light-harvesting antenna, which drives photosynthetic electron flow
through photosynthetic machinery comprising several large protein complexes embedded in the
thylakoid membranes of prokaryotic cyanobacteria and eukaryotic chloroplasts. Oxygen-evolving
photosystem II (PSII) is a highly conserved multi-subunit pigment-containing membrane complex
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that functions as a light-driven water:plastoquinone oxidoreductase
during photosynthetic electron transport (reviewed in Kern and
Renger, 2007; Koochak et al., 2019). The electrons extracted from
water are converted and stored into organic molecules. Counter-
intuitively, PSII is extremely vulnerable to light irradiance, which
causes photodamage to PSII reaction centers (reviewed in Townsend
et al, 2018; Leister, 2019). The damage is exacerbated if light
energy exceeds what can be utilized for carbon fixation, particularly
when photosynthetic organisms are subjected to environmental
stresses, such as high light, extreme temperature, drought and
nutrient depletion, or combined stresses (Ghotbi-Ravandi et al.,
2014; reviewed in Murata et al., 2007; Sainz et al., 2010; Salomon
et al,, 2013; Strzepek et al., 2019; Wilson and Ruban, 2019). The
excess light energy also leads to massive generation of reactive
oxygen species (ROS) photoproducts, which damage PSII or
suppress the repair of damaged PSII (Mishra and Ghanotakis,
1994; Miyao et al, 1995; Okada et al,, 1996; Nishiyama et al,
2001; Kale et al., 2017; reviewed in Pinnola and Bassi, 2018).
Paradoxically, ROS also act as critical signal molecules to mediate
photoacclimation response (Alboresi et al, 2011; reviewed in
Wagner et al., 2004; Dogra et al., 2018).

Photoinhibition occurs when PSII suffers from excess light-
induced damage or PSII photochemistry is downregulated,
resulting in decreased photosynthetic performance and reduced
growth and productivity (Kapri-Pardes et al., 2007; Chen et al.,
2019; reviewed in Takahashi and Badger, 2011; Wittenberg et al.,
2014; Ting and Owens, 2016; Li et al, 2018). Photosynthetic
organisms evolved a suite of photoprotective and adaptive
mechanisms to prevent or recover from the deleterious effects
of photoinhibitory light. These include fast regulatory mechanisms,
for instance, movement of chloroplasts away from high-light
intensity, reduction of antenna size, induction of alternative
electron transport pathways, and slow regulatory mechanisms,
such as operation of both enzymatic and non-enzymatic ROS
scavenging systems, and triggering systemic acquired acclimation
(reviewed in Jarillo et al.,, 2001; Frigerio et al., 2007; Okegawa
et al., 2010; Erickson et al., 2015). Non-photochemical quenching
(NPQ) represents one of the fast regulatory mechanisms that
is immediately activated and rapidly inducible upon excess solar
energy. It protects against excess absorbed sunlight within the
PSII antenna by converting photons into dissipative heat (Niyogi
et al., 1998; reviewed in Wobbe et al., 2016). In addition, certain
organism-specific protein factors evolved to maintain maximal
PSII activity under photoinhibitory light conditions (Chen et al.,
2018). The land plant-specific thylakoid membrane proteins
MPH1 (MAINTENANCE OF PSII UNDER HIGH LIGHT 1)
and HHL1 (HYPERSENSITIVE TO HIGH LIGHT 1) evolved
to protect PSII against high-light illumination following the
transition from aquatic habitats to terrestrial environments (Jin
et al., 2014; Liu and Last, 2015a,b). Despite these multi-faceted
photoprotective mechanisms, light-induced damage to PSIT still
occurs. Photosynthetic organisms employ an efficient repair
system to replace damaged subunits within PSII reaction centers
and restore PSII function (reviewed in Li et al.,, 2018). A suite
of auxiliary proteins, including kinases, phosphatase(s), proteases,
and repair/assembly factors have been documented to
promote the repair of damaged PSII core subunits (reviewed in

Nickelsen and Rengstl, 2013; Jarvi et al., 2015). These auxiliary
proteins could also cooperate with each other to facilitate the
repair process. For instance, Arabidopsis thaliana (a flowering
plant model species) LQY1 (LOW QUANTUM YIELD OF
PHOTOSYSTEM II 1) protein—interacting with HHL1—regulates
repair of damaged core complexes to sustain high PSII efficiency
upon exposure to excessive light (Lu, 2011; Lu et al,, 2011; Jin
et al,, 2014). Another example is the recent finding that OHP1
(ONE-HELIX PROTEINI), OHP2, and HCF244 (HIGH
CHLOROPHYLL FLUORESCENCE244) form a transient
functional heterotrimeric complex assisting in assembly and/or
repair of PSII (Hey and Grimm, 2018; Myouga et al., 2018; Li
et al, 2019). These repair and NPQ systems may become
especially important and could operate in parallel or synergistically
to maintain optimal PSII efficiency under fluctuating light
environments because photosynthetic organisms live in—and
adapt to—their natural growth conditions where light fluctuates
rapidly and unpredictably. This review focuses on antenna- and
reaction center-based strategies that coexist in oxygenic organisms
to minimize the production of the photosynthetic byproducts
ROS, thereby safeguarding PSII under changes in light conditions.

PREVENTION: REGULATION OF LIGHT
CAPTURE AS A PHOTOPROTECTIVE
MECHANISM ACROSS
PHOTOSYNTHETIC ORGANISMS

Non-photochemical Quenching Regulation
of Light-Harvesting Efficiency

Photosynthesis is initiated by the capture and trapping of solar
energy by light-harvesting systems in thylakoid membranes of
cyanobacteria or chloroplasts. However, absorbed light that
exceeds what can be used by photosynthesis causes light-induced
damage, primarily to PSII. Therefore, maintenance of optimal
photosynthetic performance requires efficient regulation of light
harvesting for photoprotection. NPQ safely dissipates excess
light energy within the PSII antenna system and is found
ubiquitously across oxygenic photosynthetic organisms (reviewed
in Niyogi and Truong, 2013).

NPQ responds rapidly and prevents ROS formation during
photosynthesis (Figure 1). It is a protective strategy for
photosynthetic machinery to acclimatize to excess light
conditions. NPQ consists of a variety of processes, such as
redistribution of antenna between PSII and PSI to balance
electron transport (qT type of NPQ, or state transition)
(Bellafiore et al., 2005; reviewed in Erickson et al., 2015),
deepoxidation of violaxanthin into zeaxanthin in the
xanthophyll cycle and global structural reorganization of
PSII-LHCII complexes (Niyogi et al., 1998; Ruban et al., 2007;
Park et al., 2019). The most prominent and fastest component
is zeaxanthin-facilitated energy-dependent quenching (qE type
quenching or feedback de-excitation) (Li et al., 2000; Tian
et al.,, 2019). Because it operates on a time scale of seconds
to minutes, rapid and reversible qE is often referred to as
flexible thermal dissipation (Demmig-Adams et al,, 2006;
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FIGURE 1 | A proposed simplified model illustrating regulation of PSII function by NPQ and repair under fluctuating light environments or high-light irradiance.
Fluctuating light or high light can cause damage to PSIl and downregulation of PSII photochemistry, with concomitant generation of ROS. To maintain normal PSII
function, photosynthetic organisms deploy the antenna-based strategy, NPQ, and the reaction center-based strategy, PSll repair, to efficiently regulate light utilization
and energy transfer. ROS act on PSIlI through damage, inhibition of repair, or retrograde signaling, whose production can be decreased by NPQ or repair. These
intricate interplays between NPQ and repair can optimize PSII performance and facilitate acclimation of photosynthetic groups to fluctuating light environments or

Retrograde signaling
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reviewed in Niyogi and Truong, 2013). qE formation is strictly
dependent on a high ApH and the PsbS protein but also
requires zeaxanthin synthesis (Niyogi et al., 1998; Avenson
et al., 2008; Holzwarth et al., 2009). Another NPQ component
(qZ type quenching), which is distinguished from qE, is
formed within 10-30 min (Nilkens et al., 2010). The formation
of qZ is strictly dependent on zeaxanthin but independent
of PsbS (Dall’Osto, 2005). The relaxation of qZ depends on
zeaxanthin epoxidation and is linked to the kinetics of the
zeaxanthin pool. Photoinhibitory quenching is a zeaxanthin-
mediated, but not rapidly reversible NPQ component (qI-type
quenching or inflexible/sustained thermal dissipation)
(Demmig-Adams et al., 2006; reviewed in Pinnola and Bassi,
2018). The relative contribution of each process to the overall
NPQ capacity depends on individual photosynthetic organisms
and the changing environmental conditions.

Because photosynthetic organisms live in a broad range of
habitats, the intensity and spectra of light experienced by different
photosynthetic organisms vary extensively. This is particularly
true for aquatic organisms, which are subjected to rapidly
changing environmental factors, such as abrupt wave movements
or phytoplankton migrations. Therefore, it is not surprising that
aquatic photosynthetic organisms display distinct photoprotective
strategies. For example, the green alga Chlamydomonas reinhardtii
(a unicellular model species) and diatom Phaeodactylum
tricornutum both need the LHCSR (LHC STRESS-RELATED
PROTEIN) family protein for NPQ formation. Synthesis of the
Chlamydomonas LHCSR protein is dramatically induced by high
light, and it is responsible for the majority of flexible NPQ
(Peers et al., 2009; Girolomoni et al., 2019). Notably, the induction
of LHCSR expression under high light intensities is found to
be controlled by the blue-light photoreceptor phototropin.

This suggests that sensing, dissipation, and utilization of light
is a concerted process (Petroutsos et al., 2016). Likewise, the
LHCSR family protein LHCX1 in Phaeodactylum determines
NPQ’s high capacity, which correlates with its strong ability to
cope with various light stresses (Bailleul et al., 2010; Gundermann
et al, 2019). However, the expression and accumulation of
LHCXI1 is not further induced by excess light energy like it
is with Chlamydomonas LHCSR (Petroutsos et al., 2016). This
demonstrates that Phaeodactylum has constitutive and highly
efficient photoprotection. These differences in photoprotective
capacity between the two aquatic groups reflect their unique
ecological adaptations to the sudden, strong changes in underwater
light environments.

NPQ mechanisms in terrestrial plants are diverse and
elaborate, as reflected by the remarkable diversity of plant
species that are distributed in different geographic locations
with potentially differential ecological effects. The PsbS
(PHOTOSYSTEM II SUBUNIT S) protein in higher plants
plays a similar role to the algal type LHCSR. It senses the
pH of the chloroplast thylakoid lumen when there is excess
light and induces flexible NPQ (Niyogi et al., 1998; Li et al,
2004; Liguori et al,, 2019). Short-lived, fast-growing plants
such as annual crops have lower qE capacity than long-lived,
slow-growing species such as tropical evergreens (Demmig-
Adams et al.,, 2006). It is possible that slow-growing species
utilize a smaller proportion of solar energy for photosynthesis,
thus having lower intrinsic photosynthetic capacities. In contrast,
in overwintering evergreen plants, qlI is the predominant NPQ
component and it operates independent of PsbS and trans-
thylakoid pH, which evolved to cope with combined
environmental stresses. The component responsible for qI is
correlated initially with sustained D1 protein phosphorylation
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and xanthophyll cycle arrest and subsequently with newly
synthesized zeaxanthin and lutein (Demmig-Adams et al,
2006). This sustained NPQ has critical ecophysiological
significance of conferring unique and highly efficient
photoprotection in repeated unfavorable seasons over the
lifetime of evergreens. It enables these species to downregulate
photosynthetic efficiency while continuously harvesting light
that does not need to be immediately rechanneled for
photosynthesis and growth (reviewed in Demmig-Adams and
Adams, 2006). To distinguish the slowly reversible,
photoprotective NPQ from qI, this sustained NPQ is termed
as qH, which recently has been unveiled to occur in the
peripheral antenna of PSII at thylakoid membranes (reviewed
in Malnoé, 2018; Malnoé et al., 2018). Genetic screening in
Arabidopsis discovered that the molecular player of qH is
the plastid lipocalin, LCNP (Brooks et al., 2013; Malnoé et al.,
2018). Intriguingly, LCNP is a soluble protein localized in
the thylakoid lumen, whose expression is induced by stresses
such as drought or high light (Levesque-Tremblay et al., 2009).
These data suggest that the localization of LCNP to thylakoid
membranes likely depends on changes in environments
(reviewed in Malnoé, 2018). The importance of sustained
quenching is to maintain the normal function of thylakoids
by allowing photoprotective NPQ in LHCII under stressful
conditions (Lacour et al., 2018; Malnoé et al., 2018).

Coevolution of Flexible Non-photochemical
Quenching and Antenna in Photosynthetic
Lineages

The wide distribution of NPQ across photosynthetic prokaryotes
and eukaryotes highlights its crucial role in PSII photoprotection.
Notably, different NPQ systems have evolved in these diverse
photosynthetic organisms. Flexible NPQ (qE), the major and
also best-studied component of photoprotective excess energy
dissipation, constitutes three systems, which are classified based
on their associations with the diversification of the light-
harvesting equipment in photosynthetic organisms: the OCP
(ORANGE CAROTENOID PROTEIN)-dependent system in
cyanobacteria, the LHCSR-dependent system in algae and
mosses, and the PsbS-dependent system in mosses and vascular
plants (Li et al., 2000; Gerotto et al., 2012; Kosuge et al,
2018; Girolomoni et al., 2019; reviewed in Wilson et al., 2006;
Rochaix and Bassi, 2019). Therefore, distinct NPQ regulatory
mechanisms have evolved to adjust to differential demands of
light energy absorption and utilization, allowing ecological
adaptations to specific environments. Intriguingly, these diverse
types of NPQ are relevant to the diversified antenna systems
during evolution of oxygenic photosynthesis. Cyanobacteria
deploy thylakoid membrane-bound phycobilisomes as their
light-harvesting antenna (reviewed in Kirilovsky and Kerfeld,
2016) and a special carotenoid molecule within OCP to absorb
blue-green light and quench excessive excitation energy from
phycobilisomes (Wilson et al,, 2006; Mezzetti et al, 2019).
Cyanobacterial OCP is both the sensor and site of flexible
NPQ (Sedoud et al., 2014; Slonimskiy et al., 2019). Algae and
plants utilize transmembrane three-helix LHC antennas, which

further diversified into algae- and moss-specific LHCSR proteins.
Unlike LHC antennas, LHCSR proteins do not absorb light
energy but rather act as quenchers by sensing pH across
thylakoid membranes and triggering excess light energy
dissipation (Bonente et al., 2011; Pinnola et al, 2013; Tian
et al,, 2019). In an independent evolutionary innovation from
the LHC superfamily, the four-helix protein PsbS in vascular
plants functions specifically as a thylakoid membrane pH sensor
to trigger and accelerate the formation of NPQ within the
LHC antenna (Li et al., 2000; reviewed in Niyogi and Truong,
2013). In contrast to LHCSR (Bonente et al., 2011; Liguori
et al., 2019), PsbS neither binds pigments nor quenches excess
excitation energy (Bonente et al, 2008; Ruban et al, 2009;
Wilk et al,, 2013). Therefore, the sensor (PsbS) and the site
(LHC) of NPQ are separated in higher plants, which allow
high plasticity and flexibility in efficient NPQ induction
and recovery.

It should be mentioned that algae also contains PsbS
but only accumulates transiently during high light stress,
contrasting with LHCSR that accumulates over a much
longer period. PsbS shows the ability to increase NPQ but
no clear photoprotection activity (Tibiletti et al., 2016). PsbS
is unable to compensate for the function of LHCSR in the
lhesr mutant (Correa-Galvis et al., 2016). LHCSR alone can
explain almost all fast induced NPQ in high light acclimated
Chlamydomonas cells (Peers et al., 2009). Moss represents
a transitional state between algae and vascular plants and
has both PSBS and LHCSR. PSBS- and LHCSR-dependent
NPQ operate independently and additively (Alboresi et al.,
2010; Gerotto et al., 2012). An increased need for flexible
NPQ might explain why both LHCSR- and PSBS-dependent
NPQ systems are present in early land plants like mosses
(Gerotto et al., 2011).

Exploiting Natural Non-photochemical
Quenching Variation to Optimize
Photoprotection and Photochemical
Efficiency

Natural variation in NPQ capacity is commonly observed in
oxygenic photosynthetic organisms, from cyanobacteria to
flowering plants, and even between different populations or
accessions of the same species grown in the same conditions
(Demmig-Adams, 1998; Demmig-Adams et al., 2006; Wang
et al, 2017; Hamdani et al., 2019). For instance, different
Arabidopsis thaliana ecotypes exhibit diverse maximum levels
of NPQ: Col-0 and Ws possess lower NPQ compared to LI-1,
St-2 (Jung and Niyogi, 2009). The variations in NPQ are not
attributable to differences in PsbS or carotenoids required for
NPQ formation but to previously unknown polygenic nuclear
traits (Jung and Niyogi, 2009). Identification of these genes
and understanding the physiological mechanisms responsible
for the high NPQ phenotypes should provide a more complete
picture of various NPQ systems and potentially lead to approaches
for engineering or breeding plants with enhanced photoprotection
capability against adverse environmental conditions while
maintaining optimal photosynthetic efficiency.
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OPERATION OF EFFICIENT
PHOTOSYSTEM Il REPAIR CYCLE
ALLOWS HIGH PHOTOSYNTHETIC
CAPACITY

Susceptibility to light-induced photodamage and/or photoinhibition,
which can be measured as an increase in NPQ component ql,
is an intrinsic and unavoidable feature of all PSII reaction centers—
from cyanobacteria to flowering plants. The main site of photodamage
in PSII is the reaction center D1 subunit, which constantly undergoes
rapid turnover (degradation and synthesis) (Aro et al, 1993;
Reviewed in Jarvi et al, 2015). Although cyanobacteria, algae,
and plants have repair mechanisms that differ in detail, they share
a central feature: the replacement of the photodamaged D1 subunit
with a newly synthesized copy (Armbruster et al, 2010; Kato
et al,, 2012; reviewed in Nixon et al., 2005; Komenda et al., 2012;
Lu, 2016). The PSII repair cycle involves disassembly, targeted
reaction-center protein proteolysis, replacement of damaged core
proteins, and reassembly of new functional PSII supercomplexes
(Hauf3iihl et al, 2001; Kato et al, 2018; reviewed in Nickelsen
and Rengstl, 2013). In addition, individual steps in the PSII repair
cycle are vulnerable to environmental changes (reviewed in Nath
et al,, 2013), further necessitating an efficient and timely operation
of the repair machinery (Figure 1).

Cyanobacteria and chloroplasts employ distinct PSII repair
mechanisms, which may be relevant to evolutionarily distinct
thylakoid structures. The photosynthetic membrane systems in
oxygenic photosynthetic organisms have evolved into discrete
morphological architectures, despite their common ancestry—
eukaryotic chloroplasts evolved from cyanobacteria via an ancient
endosymbiotic event (reviewed in Ku et al, 2015; Bock, 2017).
In plant chloroplasts, photosynthetic membranes are differentiated
into a network of extensively stacked grana thylakoids and
unstacked stromal lamellae. Grana thylakoids are enriched in
functional PSII supercomplexes, while the interconnecting stromal
lamellae are enriched in PSI and ATP synthase complexes, with
cytochrome b¢f complex evenly distributed between the two
(Dekker and Boekema, 2005; Daum et al, 2010). In contrast,
cyanobacterial thylakoid membranes are not differentiated in
grana and stromal lamellae; therefore, their photosynthetic apparatus
are not laterally separated (Liberton et al., 2013; Rast et al., 2019).

In higher plants, the individual repair steps take place in
discrete subcompartments and occur in a well-defined order
(reviewed in Kosuge et al., 2018). Kinases, phosphatases,
proteases, ribosomes, and repair/assembly factors are spatially
segregated to ensure an operation with minimal interference
(Puthiyaveetil et al., 2014; Koochak et al, 2019).
Phosphorylation remodels the thylakoid structure to facilitate
monomerization of photodamaged PSII supercomplexes in
the grana core. These damaged monomeric PSII complexes
are then trafficked to granal margins, where dephosphorylation
and disassembly likely occur. This allows damaged D1 to
be degraded successively by FtSH and Deg proteases (Hauf3iihl
et al., 2001; Kato et al., 2012; Krynicka et al., 2015; reviewed
in Silva et al., 2003; Sun et al., 2007; Tikkanen et al., 2008;
Li et al,, 2018). The site of de novo D1 protein synthesis is

located in unstacked stroma lamellae, whereas reformation
of active PSII supercomplexes takes place in the highly stacked
grana core (Okada et al., 1996; Danielsson et al., 2006).

The green alga Chlamydomonas has a thylakoid membrane
organization similar to that in higher plants, though with less
stacking of thylakoid membranes in its single cup-shaped
chloroplast (Wei et al., 2014). Consistent with the less stacking
of thylakoids, experimental evidence indicates that individual
PSII repair steps in Chlamydomonas are not restricted to
thylakoid subdomains but rather are dispersed all over in the
thylakoids (Uniacke and Zerges, 2007).

PSII repair in cyanobacteria seems to be restricted to specific
sites in the thylakoid membranes named repair zones (Silva
et al, 2003; Klinkert et al, 2004). Some other studies
demonstrated that these repair zones could also be located in
the plasma membrane where repair zones converge with PSII
biogenesis centers at PDM (PRATA-DEFINED MEMBRANES)
subcompartments to allow damaged D1 to be promptly replaced
(Schottkowski et al., 2009; Stengel et al., 2012). Another special
feature in cyanobacteria is that the conserved phosphorylatable
threonine residues in PSII reaction center proteins are not
phosphorylated during PSII repair (Calzadilla et al, 2019
reviewed in Komenda et al, 2012). This suggests that
phosphorylation- and dephosphorylation-facilitated PSII repair
may be a specific step evolved in photosynthetic eukaryotes.

APPROPRIATE PHOTOSYSTEM i
MAINTENANCE ENSURES OPTIMAL
PHOTOSYNTHETIC PERFORMANCE
UNDER NATURAL FLUCTUATING
LIGHT ENVIRONMENTS

Photosynthetic organisms experience abrupt and strong changes
in light irradiance from seconds to seasons in their aquatic or
terrestrial habitats. A multitude of protective and regulatory
mechanisms evolved to facilitate their adaptation to such
environmental fluctuations. NPQ appears to be a ubiquitous and
major light acclimation mechanism that contributes to fitness
under varying environments. LHCSR deficiency caused an increased
death rate in Chlamydomonas following a shift from low to high
light, suggesting that LHCSR-induced NPQ is required for optimal
survival under variable light conditions (Peers et al., 2009; Kosuge
et al, 2018; Girolomoni et al, 2019; Tian et al, 2019). In
Phaeodactylum, a decreased LHCX1 level led to reduced fitness
under stressful light, and even non-stressful light conditions,
suggesting that LHCX-dependent NPQ endows diatoms with
maximal survival capacity under a wide range of light environments
(Bailleul et al., 2010; Gundermann et al., 2019; Park et al., 2019).
In Arabidopsis plants, NPQ plays a crucial role in rapidly adjusting
PSII to artificial fluctuating light (Armbruster et al., 2014, 2016;
Duan et al,, 2016; Herdean et al., 2016). In field conditions with
natural fluctuating light, the NPQ-defective mutants npgl and
npg4 exhibited lower PSII activity and produced fewer seeds
than the wild type, although they had no visible vegetative growth
defects (reviewed in Kilheim et al., 2002; Frenkel et al., 2007;
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Wobbe et al., 2016). Compared to what we know of NPQ in
algae and plants, little is known about the importance of
OCP-dependent NPQ in cyanobacteria under fluctuating light.

So far, there is no published experimental evidence addressing
whether PSII deficiency affects cyanobacteria or Chlamydomonas
growth under variable light conditions, but several studies in
Arabidopsis identified protein factors required to safeguard PSII
under rapidly changing light conditions. TLP18.3 (THYLAKOID
LUMEN PROTEIN 18.3) protein is reported to have a crucial
role in adjusting Arabidopsis photosynthesis to fluctuating light
(Sirpio et al, 2007; Jarvi et al, 2016). The tlp18.3 mutants did
not show visible phenotype under standard growth conditions.
However, they exhibited retarded growth under fluctuating light
and were highly susceptible to high-light stress. More importantly,
the phenotypic defects of the t[p18.3 mutants were found to
be associated with inefficient operation of the PSII repair cycle
(Sirpio et al, 2007). Two recent studies uncovered that the loss
of Arabidopsis PSB27 (PHOTOSYSTEM II SUBUNIT 27) and
MET1 (MESOPHYLL-ENRICHED THYLAKOID PROTEIN 1)
caused stunted phenotypes when exposed to fluctuating light
intensities (Bhuiyan et al., 2015; Hou et al,, 2015). These loss-
of-function mutations did not affect growth and development
under normal light conditions. The reduced vegetative growth
in the psb27 mutant under fluctuating light was attributed to
decreased PSII efficiency; this, however, was independent to the
PSII supercomplex formation (Hou et al, 2015). The growth
retardation in metl was due to a defect in the regeneration of
active PSII supercomplexes that correlated with the reduced PSII
activity (Bhuiyan et al., 2015). Other PSII repair-impaired mutants,
including the newly characterized mph2 and curtl, displayed
growth retardation under fluctuating light (Liu and Last, 2017;
Pribil et al., 2018). The association of decreased growth with
impairments in PSII repair suggests that proper maintenance of
PSII photochemical efficiency represents an important strategy
to ensure plant fitness under adverse light conditions. Exploring
the mechanisms of PSII repair in algae and cyanobacteria under
fluctuating light may offer further insight into the evolution of
photosynthesis. Moreover, exploiting PSII repair mechanisms could
be promising targets for bioengineering photosynthesis to increase
photosynthetic capacity and productivity under controlled
photoinhibitory light and natural fluctuating light environments.

OPTIMIZING NON-PHOTOCHEMICAL
QUENCHING TO ENHANCE
PHOTOSYNTHETIC CAPACITY AND
GROWTH IN FIELD CONDITIONS

Deeper understanding of NPQ mechanisms should inform strategies
to optimize the balance between photoprotection and photosynthetic
productivity. Optimization of photoprotection to improve
photosynthetic performance is an emerging strategy in agriculture.
It is generally accepted that the solar energy conversion efficiency
for crop plants is much lower than the theoretical maximum
yield (~12%) (reviewed in Walker, 2009; Blankenship et al., 2011).
One major cause for the low efficiency is that upper leaves of

a canopy absorb more sunlight than can be used for photochemistry,
while photosynthesis of lower leaves is limited by shading (reviewed
in Long et al, 2015). Altering the pigment content and leaf
arrangement in the canopy may improve crop yield. A smart
canopy with even light absorption would have light green vertical
leaves at the top of the canopy and dark green horizontal leaves
at the bottom (reviewed in Ort et al, 2015). Therefore, an
optimized canopy may achieve higher crop yield.

Another major reason for the lower than the expected maximal
photosynthetic efficiency in crops (and other plants) is that NPQ
relaxation lags behind fluctuations in sunlight during sudden
transitions from high to low light. This happens when passing
clouds or movement of neighboring leaves/plant species shade
sunlit leaves. The slow NPQ response could cost up to 30% of
carbon gain (Zhu et al, 2004, reviewed in Zhu et al, 2008),
suggesting that accelerating NPQ relaxation would be a strategy
for increasing photosynthetic productivity. For example, speeding
up the response to natural shading events by enhancing the
recovery from photoprotective NPQ in Nicotiana tabaccum markedly
increased photosynthetic capacity and bulked up leaves, stems,
and roots, which contributed to a 15% gain in plant biomass
production in field conditions (Kromdijk et al., 2016). Much more
rapid NPQ induction in bright light and much faster NPQ
relaxation following a drop in light intensity enable plants to
track fluctuations in sunlight more closely, contributing to more
efficient light energy utilization and carbon fixation. This proof-
of-concept field trial opens the door to enhancing photosynthetic
performance and productivity in agricultural and natural ecosystems.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

In oxygenic photosynthesis, it is important to (1) safely handle
excess absorbed light energy that would otherwise cause massive
ROS production and damage the photosynthetic machinery
and (2) efficiently convert solar energy into chemical bond
energy. Tight regulation of these two aspects may contribute
to an increase in productivity in agriculture and natural
ecosystems. Understanding the elaborate NPQ mechanisms and
the robust PSII repair systems may help identify targets to
optimize photosynthetic efficiency. This would facilitate
translational work toward exploring yield potential to sustainably
meet the global rising demands for food, fuel, and fiber in
the future climate change. Prior to accomplishing these grand
goals, multiple outstanding questions await to be addressed:

1. Do antenna-based photoprotection and reaction center-based
repair operate in concert or in parallel to regulate PSII efficiency
and photosynthetic capacity under photoinhibitory light and
other environmental stresses? How does evolution of NPQ in
the oxygenic organisms contribute to that of repair and vice versa?

2. How do ROS regulate PSII activity under fluctuating light
environments or field conditions?

3. Are the molecular mechanisms of PSII repair under changing
light different or similar to those under high-light irradiance?
Can photosynthetic species discern PSII damage caused by
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these two types of light conditions and initiate distinct
repair strategies?
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Introducing an Arabidopsis thaliana
Thylakoid Thiol/Disulfide-Modulating
Protein Into Synechocystis Increases
the Efficiency of Photosystem li
Photochemistry

Ryan L. Wessendorft and Yan Lu*

Department of Biological Sciences, Western Michigan University, Kalamazoo, Ml, United States

Photosynthetic species are subjected to a variety of environmental stresses, including
suboptimal irradiance. In oxygenic photosynthetic organisms, a major effect of high
light exposure is damage to the Photosystem II (PSIl) reaction-center protein D1. This
process even happens under low or moderate light. To cope with photodamage to D1,
photosynthetic organisms evolved an intricate PSII repair and reassembly cycle, which
requires the participation of different auxiliary proteins, including thiol/disulfide-modulating
proteins. Most of these auxiliary proteins exist ubiquitously in oxygenic photosynthetic
organisms. Due to differences in mobility and environmental conditions, land plants are
subject to more extensive high light stress than algae and cyanobacteria. Therefore, land
plants evolved additional thiol/disulfide-modulating proteins, such as Low Quantum Yield
of PSIl 1 (LQY1), to aid in the repair and reassembly cycle of PSII. In this study, we
introduced an Arabidopsis thaliana homolog of LQY1 (AtLQY1) into the cyanobacterium
Synechocystis sp. PCC6803 and performed a series of biochemical and physiological
assays on AtLQY1-expressing Synechocystis. At a moderate growth light intensity (50
pumol photons m=2 s7), AtLQY 1-expressing Synechocystis was found to have significantly
higher F,/F,, and lower nonphotochemical quenching and reactive oxygen species
levels than the empty-vector control, which is opposite from the loss-of-function Atlqy1
mutant phenotype. Light response curve analysis of PSIl operating efficiency and electron
transport rate showed that AtLQY1-expressing Synechocystis also outperform the
empty-vector control under higher light intensities. The increases in F,/F,,, PSIl operating
efficiency, and PSII electron transport rate in AtLQY1-expressing Synechocystis under
such growth conditions most likely come from an increased amount of PSII, because the
level of D1 protein was found to be higher in AtLQY1-expressing Synechocystis. These
results suggest that introducing AtLQY1 is beneficial to Synechocystis.

Keywords: photosynthesis, Photosystem II, thylakoid thiol/disulfide-modulating protein, PSIl photochemical
efficiency, Arabidopsis thaliana, Synechocystis
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INTRODUCTION

Photosynthesis provides chemical energy for nearly all life
forms on earth. In oxygenic photosynthesis, which occurs in
cyanobacteria, algae, and land plants, photosynthetic electron
transport and ATP synthesis requires Photosystem II (PSII),
cytochrome bf, Photosystem I (PSI), ATP synthase, as well as
mobile electron carriers such as plastoquinone and plastocyanin
(Allen et al., 2011; Nickelsen and Rengstl, 2013). During the
evolution from cyanobacteria to land plants, core components of
the photosynthetic apparatus have been conserved (Allen et al.,
2011; Nickelsen and Rengstl, 2013). For example, the core subunits
of PSII in cyanobacteria, algae, and land plants are similar except
for the composition of light harvesting complexes (LHCs) and
oxygenic evolving complexes (OECs) (Hankamer et al., 2001;
Allen et al., 2011; Nickelsen and Rengstl, 2013). The LHCs of
cyanobacterial and red algal PSII supercomplexes are termed
phycobilisomes and consist of three types of phycobiliproteins:
allophycocyanin (APC), phycocyanin (PC), and phycoerythrin
(PE) (Stadnichuk et al., 2015). These phycobiliproteins contain
one or multiple cysteine residues. Phycobilisome chromophores
allophycocyanobilin (APCB), phycocyanobilin (PCB), and
phycoerythrobilin (PEB) are covalently attached to APC, PC,
and PE subunits, respectively, via thioether bonds to conserved
cysteine residues (Zhao et al., 2006). The LHCs of PSII (ie.,
LHCII) in land plants consist of trimeric antenna proteins LHCB1
(LHCB stands for PSII light-harvesting chlorophyll a/b-binding
protein), LHCB2, and LHCB3, as well as monomeric antenna
proteins LHCB4, LHCB5, and LHCB6 (Ballottari et al., 2012).
The OEC in cyanobacteria consists of five extrinsic proteins:
PsbO, PsbP-like, PsbQ-like, PsbU, and PsbV (Hankamer et al.,
2001; Thornton et al., 2004; Bricker et al., 2012). The OEC in
green algae and land plants only has three proteins: PsbO, PsbP
and PsbQ (Hankamer et al., 2001; Thornton et al., 2004; Bricker
et al,, 2012). PsbU and PsbV were lost during the evolution of
green algae and land plants (Thornton et al., 2004).
Photosynthetic species are subject to a wide range of
environmental stresses, such as drought, flood, high salinity,
extreme temperature, and to the main interest of this work,
suboptimal light intensities. In oxygenic photosynthetic organisms, a
major consequence from high light exposure is damage to PSII core
proteins, especially PSII reaction-center protein D1 (Demmig-Adams
and Adams, 1992; Aro et al., 1993). To minimize photodamage
and photoinhibition, photosynthetic organisms have evolved
photoprotection and repair strategies, such as increased thermal
dissipation [e.g., non-photochemical quenching (NPQ)] at the
antennae level and accelerated PSII repair at the reaction-center level
(Liu et al., 2019). NPQ mechanisms differ among cyanobacteria,
algae, and land plants (Gorbunov et al., 2011; Kirilovsky and
Kerfeld, 2016; Misumi et al., 2016). In land plants, the major
NPQ component is energy-dependent quenching mediated by
the xanthophyll cycle (Demmig-Adams and Adams, 1996). Algae
have diverse antennae systems, thus different algal species have
different mechanisms of energy-dependent quenching (Goss
and Lepetit, 2015). Cyanobacteria do not have the xanthophyll
cycle (Demmig-Adams et al., 1990; Campbell et al., 1998). NPQ
in cyanobacteria is mediated by the orange carotenoid protein

(OCP), a soluble stromal protein that acts as a homodimer (Kerfeld
et al,, 2003; Wilson et al.,, 2010; Gupta et al., 2019). Strong white
(or blue-green) light was found to cause OCP photoactivation
and binding to phycobilisomes, which induces OCP-mediated
NPQ (Kirilovsky, 2007; Kirilovsky, 2015; Kirilovsky and Kerfeld,
2016). The N-terminal effector domain and the C-terminal
regulator domain of monomeric OCP contain two and one
cysteine residues, respectively; and the cysteine residue in the
C-terminal domain was found to be critical for dimerization and
activation of OCP (Moldenhauer et al., 2017; Muzzopappa et al.,
2017). Although NPQ avoids photodamage and photoinhibition,
it occurs at the cost of reduced photosynthetic efficiency. Thus,
down regulation and fine tuning of NPQ is a target of improving
photosynthetic efficiency (Berteotti et al., 2016; Kromdijk et al.,
2016; Perozeni et al., 2019).

Unlike NPQ, major steps of the damage, repair, and reassembly
cycle of PSII are highly conserved among cyanobacteria, algae,
and land plants (Mulo et al., 2008; Nixon et al., 2010; Nickelsen
and Rengstl, 2013; Nickelsen and Zerges, 2013; Rast et al., 2015;
Lu, 2016). This process occurs under low or moderate light
intensity as well, although at a slower speed (Aro et al., 1993;
Foyer and Shigeoka, 2011). In brief, the inactive PSII complexes
with photodamaged D1 are partially dissembled to facilitate
the degradation of photodamaged D1 and the co-translational
insertion of the nascent D1 protein. After the replacement of
D1, the PSII complexes are re-assembled to restore function. It
was proposed that folding, disassembly, and re-assembly of PSII
proteins and complexes may involve transient formation and
breakage of inter- and/or intra-molecular disulfide bonds between
cysteine residues (Zhang and Aro, 2002; Shimada et al., 2007;
Karamoko et al., 2011; Lu et al., 2011). Interestingly, a number
of PSII proteins contain cysteine residues, including hydrophobic
PSII core subunits D1, D2, CP43, and CP47, as well as hydrophilic
OEC subunits PsbO, PsbP, and PsbQ (Shimada et al., 2007).
Exploiting the PSII repair and reassembly cycle is another target
of improving photosynthetic efficiency (Liu et al., 2019).

The elaborate PSII repair and reassembly cycle requires
auxiliary proteins of different functions, such as D1 C-terminal
processing, thiol/disulfide-modulating, peptidylprolyl isomeration,
phosphorylation, and dephosphorylation (Mulo et al., 2008;
Nixon et al., 2010; Nickelsen and Rengstl, 2013; Lu, 2016).
Although some auxiliary proteins are unique to land plants,
algae, or cyanobacteria, most auxiliary proteins exist ubiquitously
in oxygenic photosynthetic organisms (Komenda et al., 2012;
Nickelsen and Rengstl, 2013). One example of thiol/disulfide-
modulating auxiliary proteins that exist ubiquitously in oxygenic
phyotosynthetic organisms is Lumen Thiol Oxidoreductase
1 (LTOL1). Arabidopsis thaliana LTO1 and its cyanobacterial
homologs were found to catalyze disulfide bond formation
in lumenal and lumen-exposed proteins, thus regulating PSII
assembly and redox homeostasis (Singh et al., 2008a; Furt et al.,
20105 Li et al., 2010; Feng et al., 2011; Karamoko et al., 2011; Lu
et al,, 2013). LTO1 contains an N-terminal vitamin K epoxide
reductase (VKOR)-like domain with five transmembrane segments
and a C-terminal thioredoxin-like domain. The thioredoxin-like
domain in LTO1 was found to interact with lumen-exposed
PSII OEC proteins PsbO1 and PsbO2 and a thylakoid lumenal
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peptidyl-prolyl isomerase FKBP13 [FK506 (tacrolimus)-binding
protein 13] (Karamoko et al., 2011; Lu et al., 2013). The LTO1
homolog in the green alga Chlamodonas reinhardtii, which is
encoded by Cre12.g493150, has not been characterized (Nickelsen
and Rengstl, 2013).

In comparison to algae and cyanobacteria, land plants are
subject to more extensive high light stress, due to the difference
in mobility and environmental conditions (Lu, 2011; Nickelsen
and Rengstl, 2013; Wessendof, 2017). Aquatic algae and
cyanobacteria can vary their depth in lakes and oceans to avoid
the damaging effects of exposure to high light, while land plants
do not have the capability of escaping. Land plants evolved
additional thiol/disulfide-modulating proteins, such as CYO1/
SCO2 (Shiyoul/Snowy Cotyledon2) (Shimada et al, 2007;
Albrecht et al., 2008; Muranaka et al., 2012; Tanz et al., 2012)
and LQY1 (Low Quantum Yield of PSII 1) (Lu, 2011; Lu et al,,
2011), to aid in the repair and reassembly cycle of PSII. LQY1
homologs are present in land plants (e.g., AtLQY1 in Arabidopsis
thaliana) but are not found in the sequenced genomes of aquatic
algae and cyanobacteria, suggesting that LQY1 may play a role
in plant adaptations to life on land (Lu, 2011). AtLQY1 is a small
thylakoid zinc-finger protein with four CXXCXGXG repeats and
an N-terminal transmembrane domain anchoring the protein
to the thylakoid membrane from the stromal side (Lu et al,
2011). Inductively coupled plasma-mass spectrometry analysis
of affinity-purified recombinant AtLQY1 protein showed that
each LQY1 peptide contains two zinc ions, coordinately by the
cysteine residues in four CXXCXGXG repeats (Lu et al., 2011).
The zinc-finger domain of AtLQY1 also demonstrated protein
disulfide isomerase activity (i.e., thiol/disulfide-modulating
activity) towards thiol/disulfide-containing protein substrates.
Thus, LQY1 was proposed to participate in folding, disassembly,
and/or assembly of cysteine-containing PSII subunits in land
plants (Lu, 2016).

Loss-of-function Atlqgyl mutants were more sensitive to
light stress than the wild type, had higher NPQ values, and
accumulated more reactive oxygen species (ROS) than the
wild type after the high light treatment (Lu et al., 2011). Under
elevated light conditions, the Atlgyl mutants had fewer PSII-
LHCII supercomplexes and lower PSII maximum efficiency than
the wild type. In line with these observations, AtLQY1 was found
to be associated with the PSII core monomer and the CP43-less
PSII monomer (a marker for ongoing PSII repair and reassembly;
Boehm et al., 2012). The proportion of PSII monomer-associated
AtLQY1 increased substantially after prolonged high light
treatment. Furthermore, cysteine-containing PSII core subunits
CP47 and C43 were found to co-immunoprecipitate with the
anti-AtLQY1 antibody. Therefore, it was concluded that LQY1
may regulate PSII repair and reassembly by forming transient
disulfide bonds with cysteine-containing PSII subunits and
regulate redox homeostasis by reducing ROS accumulation (Lu,
2011; Lu et al., 2011).

In this study, we introduced AtLQY1 into the model
cyanobacterium Synechocystis sp. PCC6803 (Synechocystis),
performed a series of biochemical and physiological assays
on AtLQY1-expressing Synechocystis, and compared with the
empty-vector control. We are particularly interested in knowing

whether AtLQY1 expression improves PSII photochemical
efficiency in Synechocystis.

MATERIALS AND METHODS

Introducing AtLQY1 Into Synechocystis

The coding sequence of full-length AtLQY1 (AtLQY1'***) (Lu
etal., 2011) was amplified by PCR using primers Ndel LQY1_F
and Hpal_LQY1_R (Supplementary Table S1). The resulting
PCR product was AT-cloned into the pGEM-T Easy Vector
and sequenced with primers M13_Forward and_M13 Reverse
(Supplementary Table S1) to confirm the absence of PCR errors.
Ndel/Hpal-digested AtLQYI fragment was subcloned into the
Synechocystis expression vector pSL2035. The resulting construct
was sequenced to confirm correct insertion and absence of
errors. Thirty milliliters of wild-type Synechocystis was grown
continuously at 50 pmol photons m s! to an optical density of
0.60 at 730 nm (i.e., OD,;, = 0.60), in a 125-ml Erlenmeyer flask
containing BG-11 liquid medium. To minimize cell damage,
Synechocystis cells were gently harvested via centrifugation
at 2,760 g for 10 min at 4°C. The cell pellet was washed twice
with 5 ml of fresh BG-11 medium. The washed cell pellet was
resuspended in 1.5 ml of fresh BG-11 medium. pSL2035-
AtLQY1 and the empty pSL2035 vector constructs were mixed
with Synechocystis cell suspensions to the concentration of 1
pg/ml in a 300-pl final volume. Cells were incubated at 28°C at
50 pmol photons m= s! for 5 h, and were gently inverted every
hour. The resulting cultures were plated on a piece of autoclaved
filter paper on BG-11 solid medium supplemented with 25 pg/ml
kanamycin and examined for colonies in two weeks. Candidate
transformants (colonies) were genotyped with the Ndel_LQY1_F
forward primer and the psbA1d_100_down_R and psbA1d_200_
down_R reverse primers (Supplementary Table S1) to ensure
proper insertion of exogenous DNA. Confirmed transformants
were streaked to fresh BG-11 plates supplemented with 50 pug/ml
kanamycin to ensure a more homoplasmidic state.

Culture Growth Conditions

Synechocystis cultures transformed with pSL2035-AtLQY1 or the
empty pSL2035 vector were grown in BG-11 liquid medium or on
BG-11 plates supplemented with 25 pg/ml kanamycin (Varman,
2010; Eaton-Rye, 2011; Ermakova et al., 2016). All liquid cultures
(30 ml) were grown in 125-ml Erlenmeyer flasks with a culture
depth of 1 cm on a VWR mini shaker set at 140 rpm in a growth
chamber (Percival). The temperature was set to 28°C and the light
intensity set to 25 or 50 umol photons m? s! at the surface of
the flasks. The Percival reach-in chamber used in this study was
equipped with a mixed array of fluorescent and incandescent
lamps designed to produce a broader spectral range: eight
25-W T8 standard fluorescent tube light bulbs (Philips F25TB/
TLB841) and four 100-W incandescent light bulbs (Westinghouse
Commercial Service). For 25 and 50 pmol photons m s light
intensities, six 25-W T8 standard fluorescent tube light bulbs
and two 100-W incandescent light bulbs were used and the
difference between two light intensities was achieved by adjusting
the distance between the shelf and the light fixture. To ensure
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uniform light quality and quantity, all bulbs were replaced before
they reached the end of their lifetime. Solid cultures were grown
on a growth station with similar growth conditions. Samples were
collected from liquid cultures at the mid-log phase (OD,,, = 0.50
to 0.70) for all downstream assays unless otherwise stated.

Total Protein Extraction

Mid-log phase Synechocystis cultures (10 ml) were harvested
via centrifugation at 3,220 g for 20 min at 4°C. The pellets were
resuspended in 400 pl of lysis buffer (0.1 M NaOH, 0.025 M
EDTA, 2% SDS, 1 mM DTT) and incubated at 60°C for 10 min.
The lysed cells were neutralized with 10 ul of 4 M acetic acid,
and mixed thoroughly by vortexing for 30 s. The resuspended
samples were centrifuged at 14,000 g for 2 min, after which the
supernatant was collected. The total protein concentration in
the supernatant was determined with the DC protein assay kit
(Bio-Rad). Protein samples were diluted into an equal final total
protein concentration (4 pg/ml) and an appropriate volume of
5X loading buffer (0.025 M EDTA, 0.25 M Tris-HCI, pH = 6.8,
50% glycerol, 39 mM DT'T, 0.05% bromophenolblue) was added.
The resulting protein samples were used for SDS-Urea-PAGE and
immunoblot analysis.

SDS-Urea-PAGE and Immunoblot Analysis
Total protein samples were loaded on an equal culture OD.,,
basis and separated by SDS-Urea-PAGE (15% polyacrylamide,
6 M urea). Proteins were then transferred to a polyvinylidene
difluoride membrane in a Trans-Blot electrophoresis transfer
cell (Bio-Rad). The membrane was blocked in a blocking
solution (5% nonfat dry milk, 0.1% Tween-20 in 1X Tris
Buffered Saline), and then incubated in diluted antibody
solutions (Lu et al., 2011). The anti-AtLQY1 antibody was
made by Open Biosystems (Lu et al., 2011); the anti-PsaA,
anti-D1 (C-terminus of D1), anti-D2, anti-APC, and anti-PC
antibodies were purchased from Agrisera. Immunodetection
was achieved with the SuperSignal west pico rabbit
immunoglobulin G detecting kit (Thermo Fisher) and the Gel
Logic 1500 Imaging System (Kodak), as described previously
(Hackett et al., 2017).

Chlorophyll a and Carotenoid Content
Measurements

Chlorophyll (Chl) a and carotenoids are extracted as previously
described (Zavtel et al., 2015). In brief, Synechocystis cultures
(1 ml) were harvested at an OD,;, of ~0.7 via centrifugation at
15,000 g for 7 min at 4°C. The pellets were resuspended in 1
ml of pre-chilled (4°C) methanol. After 4-s vortexing to obtain
homogenization, samples were incubated in the dark at 4°C for
20 min. To remove cell residues, samples were centrifuged at
15,000 g for 7 min at 4°C. The optical densities of the supernatants
were measured at 470, 665, and 720 nm with a BioMate 3S
spectrophotometer (Thermo Fisher). The Chl a content (ug/ml)
was calculated as: 12.9447 * (ODg4s — OD,,,) (Ritchie, 2006); the
carotenoid content (pg/ml) was calculated as: (1,000 * (OD,,, -
OD,,,) - 2.86 * Chl a [ug/ml])/ 221 (Wellburn, 1994). It should

be noted that cyanobacteria such as Synechocystis do not produce
Chl b.

Phycobilisome Pigment Measurements

The contents of phycobilisome pigments APCB, PCB, and PEB
were determined as previously described (Hsieh et al., 2014), with
some modifications explained in von der Haar (2007). Pellets
from Chl a and carotenoid extraction were washed twice with 1
ml of 6 mM EDTA (pH 8.0). Washed pellets were resuspended
with 50 ul of 6 mM EDTA (pH 8.0) and 700 pg/ml lysozyme, and
incubated at 37°C for one hour with one shake at 30 min. Next,
50 ul of 4 M sodium hydroxide was added to each sample and all
the samples were incubated at room temperature for 5 min. After
re-pelleting, the supernatants were transferred to new centrifuge
tubes and 100 pl of 1.5 M TRIS-HCI (pH 6.8) was added as a
neutralizer to re-establish pigmentation of the samples. Samples
were loaded on a 96-well flat bottom plate (Greiner). The optical
densities of the samples were measured at 562 nm, 615 nm, and
652 nm on an Epoch microplate spectrophotometer (BioTek)
equipped with the Gen5 software. APCB was calculated as:
(ODy;, - 0.208 * ODy,;5) / 5.09, PCB was calculated as: (ODy,; -
0.474 * ODgs,) / 5.34 and PEB was calculated as: (ODy;, - 2.41 *
PCB [ug/ml] - 0.849 * APCB [ug/ml]) / 9.62 (Hsieh et al., 2014).

Measurements of Fluorescence
Parameters

Measurements of minimal fluorescence (F,), maximal fluorescence
(F,,), variable fluorescence (F,), F,/F,, (a relative measure of PSII
maximum photochemical efficiency), light response curves of PSIT
operating efficiency (@), and electron transport rate (ETR,)
in Synechocystis cultures were performed as described previously
(Sauer et al.,, 2001; Barthel et al., 2013), with minor modifications.
Synechocystis cultures (2 ml) were harvested at an OD,;, of ~0.7 and
dark adapted for 5 min in the quartz cuvette of the DUAL-PAM-100
measuring system (Walz, Germany). Cultures were resuspended,
exposed to a saturation pulse (2,000 pmol photons m? s') to
determine F, and F,, of dark-adapted cultures, and then illuminated
for 30 s at the following light intensities: 0, 8, 13, 20, 46, 82, 105, 161,
236, and 422 pmol photons m? s’!. A saturation pulse (2,000 umol
photons m2 s!) was applied at the end of each 30-s illumination to
determine fluorescence parameters of illuminated cultures. F, and
F,/F,, of dark-adapted cultures were calculated using the following
equations: F, = F, - F; F,/F,, = (F,, - F))/F,. ®p, was calculated
using the following equation: @, = (F,] - F)/F,; , where F,’ and F
are maximal and current fluorescence. ETR,,; was calculated as: @,
*PAR* Ay * Fractionyg;,, where PAR is incident photosynthetic
active radiation, A_,,,. is the ratio of incident photons absorbed
by cultures (0.84) and Fraction,g; is the ratio of absorbed photons
distributed to PSIL. Depending on the quality and intensity of
growth light, the PSI:PSII ratio in cyanobacteria varies between 5:1
and 2:1 (Shen et al., 1993; Murakami et al., 1997; Luimstra et al.,
2018). Under a growth light of 10-65 umol photons m? s! with a
broader spectral range, the PSI:PSII ratio is ~2.5:1 in Synechocystis
(Fraser et al., 2013). Therefore, a Fraction,g; of 0.29 (ie., 1/3.5)
was used to calculate ETR,g; in the empty-vector control grown
at 25 pmol photons m? s'. The Fraction,g,; of AtLQY1-expressing
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Synechocystis grown at 25 and 50 pmol photons m? s (0.34 and
0.27, respectively) and the empty-vector control grown at 50 umol
photons m= s (0.25) was estimated from the abundance of the
PsaA and D1 proteins.

NPQ Measurements

NPQ was measured with a DUAL-PAM-100 measuring system
(Waltz), as described previously (Gorbunov et al, 2011).
Cultures were harvested at an OD,;, of ~0.7. After a 5-min dark
adaption, cultures were resuspended, and a saturation pulse
(2,000 umol photons m2 s!) was applied to determine F, and F,,
of dark-adapted cultures. Cultures were pre-illuminated under a
measuring light of 2 pmol photons m2 s for 3 min, with saturating
pulses at 30-s intervals. After the 3-min pre-illumination, blue
actinic light (422 pmol photons m s'!') was applied for 8 min
with saturating pulses at 20-s intervals. Recovery was monitored
under a measuring light of 2 pmol photons m? s°! for 18 min, with
exponentially increasing intervals between saturating pulses. NPQ
was calculated using the following equation: (F,, - F,)’)/F,, where
F,, is maximal fluorescence of dark-adapted cultures and F, is
maximal fluorescence near the end of blue actinic illumination.

High Light Treatment

High light treatment was performed according to Singh
et al. (2008b) with some modifications (Singh et al., 2008b).
Synechocystis cultures used for high light experiments were
grown in the Percival growth chamber at 50 pmol photons m
st till mid-log phase (OD,;, of ~0.7). Prior to the high light
treatment, an aliquot (2 ml) of cultures was harvested and dark-
adapted for chlorophyll fluorescent measurements of F,/F,,.
The remaining cultures were left in the growth chamber and
the light intensity was increased to a moderately high intensity
of 250 pumol photons m2 s!, while all other conditions in the
growth chamber remained constant. After the 90-min high light
treatment, another aliquot (2 ml) of cultures was harvested and
dark-adapted for F,/F,, measurements.

ROS Measurements

The total amount of ROS was determined by using the ROS
indicator 237’-dichlorodihydro fluorescin diacetate (DCHE-DA),
as previously described (Singh and Montgomery, 2012; Lea-
Smith et al., 2013). The DCHF-DA probe is cell permeable and
becomes highly fluorescent when oxidized to dichloroflurescin
(DCF) by intracellular ROS, such as H,O,, hydroxyl and peroxyl
radicals, and peeroxynitrite (Kalyanaraman et al., 2012; Lea-
Smith et al., 2013). Synechocystis cultures (3 ml) were harvested
at an OD.,; of ~0.7, twice washed and resuspended with 1X
TES buffer (pH 8.2), to reduce background noise from BG-11
media. DCHF-DA was dissolved in N,N-dimethylformamide
and added to appropriate cell samples at a final concentration
of 50 uM. After a 30-min dark incubation, fluorescence in all
samples was measured on a fluorescence spectrophotometer
(Varian Cary Eclipse) with an excitation wavelength of 485 nm
and emission wavelengths from 500 to 600 nm in a 96-well plate.
Measurements were taken at four wavelengths (520 nm, 525

nm, 530 nm, and 535 nm) and were normalized to OD,,,. TES
buffer containing the DCHEF-DA probe was used as the negative
control; the positive control consisted of cells treated with 100
uM methyl viologen (Thomas et al., 1998). Fluorescence in cell
samples not treated with DCHF-DA was subtracted from cells
samples treated with DCHF-DA.

Transmission Electron Microscopy
Synechocystis cells were prepared for transmission -electron
microscopy (TEM) analysis as described in Tsang et al. (2013),
with some modifications. Synechocystis cultures (30 ml) were
harvested at an OD,;, of ~0.7. Cells were gently pelleted by
centrifugation at 2,000 g for 10 min at 4°C. The supernatant was
removed and the cells were re-suspended in a fixative solution
(formaldehyde/glutaraldehyde, 2.5% each in 0.1 M sodium
cacodylate buffer, pH 7.4). After primary fixation, samples were
washed with 0.1 M cacodylate buffer and postfixed with 1%
osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in a
gradient series of acetone and infiltrated and embedded in Spurr’s
resin. 70-nm thin sections were obtained with a Power Tome
Ultramicrotome (RMC Boeckeler Instruments) and post-stained
with uranyl acetate and lead citrate. Images were taken with JEOL
100CX Transmission Electron Microscope (Japan Electron Optics
Laboratory, Japan) at an accelerating voltage of 100 kV at the
Michigan State University Center for Advance Microscopy.
Thylakoid membrane spacing distances were measured from the
TEM images and calibrated with the pixel size of TEM images as
described previously (Schindelin et al., 2012; Liberton et al., 2013;
Majumder et al., 2017). Approximately three measurements were
taken on each cell for ten cells per cell type per growth condition.

Accession Numbers
Sequences data of related genes/proteins can be found in the
GenBank/EMBL databases under the following accession
numbers: AtLQY1, At1g75690.

RESULTS

Expression of AtLQY1 in Synechocystis

To introduce AtLQY1 into Synechocystis, the coding region of
full-length AtLQY1 (Lu, 2011; Lu et al, 2011) was subcloned
into the Synechocystis expression vector pSL2035. The pSL2035
vector is designed to integrate a gene of interest into the psbA1l
gene site in the Synechocystis genome, using homologous double
recombination. The psbA1 gene site in wild-type Synechocystis is
silent under most conditions (Varman, 2010). Expression of the
gene of interest is controlled by the PsbA2 promoter (Varman,
2010). The integration of the PsbA2 promoter and the gene of
interest to the psbA1 gene site allows overexpression of the gene of
interest without causing untargeted physiological effects. pSL2035-
AtLQY1 and the empty pSL2035 vector were transformed into
wild-type Synechocystis, as described previously (Varman, 2010;
Varman et al., 2013). Candidate transformants were genotyped
to confirm successful transformation and were streaked to fresh
BG-11 plates supplemented with 50 pug/ml kanamycin to achieve
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homoplasmidity. Before Synechocystis transformants were used
in detailed phenotypic characterization, we tested the expression
level of AtLQY1 with SDS-Urea-PAGE and immunoblot
analysis. The result confirmed successful expression of AtLQY1 in
Synechocystis transformants (Figure 1A). The AtLQY1 protein level
in Synechocystis transformants grown at 50 umol photons m? s
was significantly higher than that in Synechocystis transformants
grown at 25 umol photons m s! (Figure 1B, Supplementary
Table S2). This observation is consistent with the use of the light-
inducible psbA2 promoter to express the exogenous AfLQYI gene
(Mohamed and Jansson, 1989; Lindberg et al., 2010).

Cell Counts in AtLQY1-Expressing
Synechocystis

The cell count in AtLQY1-expressing Synechocystis and the
empty-vector control was comparable at both growth light
intensities (Table 1). As the growth light intensity increased from
25 to 50 pmol photons m s, the cell count in both AtLQY1-
expressing Synechocystis and the empty-vector control doubled
(Table 1).

Chl a and Carotenoid Contents in AtLQY1-
Expressing Synechocystis

At a growth light of 25 pmol photons m s, AtLQY 1-expressing
Synechocystis and the empty-vector control had a similar Chl a
content (Table 1). As the growth light intensity increased from 25
to 50 umol photons m? s, the Chl a content in the empty-vector

A 25 umol photons 50 umol photons
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FIGURE 1 | Immunoblot analysis of AtLQY1 expression in Synechocystis
cultures grown at 25 and 50 pmol photons m2 s™'. (A) Representative
immunoblot of AtLQY1. Total protein samples were loaded on an equal
culture OD,4, basis. (B) Relative abundance of AtLQY1. Data are presented
as mean = SE (n = 4 independent biological replicates). The asterisks
indicate significant differences between AtLQY 1-expressing Synechocystis
grown at 25 and 50 pmol photons m* s (Student’s t-test; *, p < 0.05).

control decreased significantly (20%), while the Chl a content in
AtLQY1-expressing Synechocystis only slightly decreased (8%,).
Consequently, the Chl a content in AtLQY 1-expressing Synechocystis
was slightly (11%) higher than that in the empty-vector control,
at 50 pmol photons m?s! (Table 1).

At 25 pmol photons m?2 5!, AtLQY1-expressing Synechocystis
and the empty-vector control had a similar carotenoid content
(Table 1). As the growth light intensity increased from 25 to 50
umol photons m s1, the carotenoid content in the empty-vector
control did not change. The carotenoid content in AtLQY1-
expressing Synechocystis grown at 50 pumol photons m? s’
increased slightly (19%) (Table 1). Carotenoids have been shown
to protect photosynthetic apparatus from photo-oxidation,
especially under elevated light intensities (Steiger et al., 1999).

Phycobilisome Pigment Contents in
AtLQY1-Expressing Synechocystis

At a growth light of 25 pmol photons m s!, the APCB pigment
content in AtLQY1-expressing Synechocystis was significantly
(25%) lower than that in the empty-vector control (Table 1). As
the growth light intensity increased from 25 to 50 pmol photons
m~ s, the APCB level in the empty-vector control and AtLQY1-
expressing Synechocystis showed a 58% and 41% decrease,
respectively (Table 1). Therefore, at 50 pmol photons m s, the
APCB content in AtLQY1-expressing Synechocystis was similar
to that in the empty-vector control (Table 1).

At 25 pmol photons m? s, the PCB pigment content in
AtLQY1-expressing Synechocystis was significantly (26%) lower
than that in the empty-vector control (Table 1). As the growth
light intensity increased from 25 to 50 pmol photons m? s,
the PCB level in the empty-vector control decreased slightly
(13%) while the PCB level in AtLQY1-expressing Synechocystis
increased slightly (15%). Thus, the PCB content in the empty-
vector control and AtLQY1-expressing Synechocystis was
comparable at 50 umol photons m s’ (Table 1).

Compared to APCB and PCB, the level of PEB pigment in
Synechocystis was much lower (Hsieh et al., 2014). At 25 umol photons
m? s, the PEB content in AtLQY1-expressing Synechocystis was
slightly (23%) lower than that in the empty-vector control (Table 1).
As the growth light intensity increased from 25 to 50 umol photons
m? s, the PE level in both AtLQY1-expressing Synechocystis and
the empty-vector control became negligible (Table 1). These light-
dependent changes in Synechocystis pigment contents (APCB, PCB,
and PEB) have been observed in previous studies (Hsieh et al., 2014).

The PCB/APCB ratio is a good indicator of the rod lengths of
phycobilisomes (Chenu et al., 2017). Synechocystis may change
the PCB/APCB ratio as an adaption response to different light
intensities (Chenu et al., 2017). Therefore, we calculated the PCB/
APCB ratio for Synechocystis cultures grown at different light
intensities (Table 1). AtLQY1-expressing Synechocystis and the
empty-vector control had a PCB/APCB ratio of ~2.70 when grown
at 25 pmol photons m?2 s (Table 1). As the growth light intensity
increased from 25 to 50 umol photons m s’!, the PCB/APCB ratio
in the empty-vector control and AtLQY1-expressing Synechocystis
increased by 111% and 97%, respectively (Table 1). Consequently,
the PCB/APCB ratio in AtLQY1-expressing Synechocystis was
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TABLE 1 | Cell counts, pigment contents and chlorophyll fluorescence parameters.

Parameter 25 umol photons m2 s-! 50 pmol photons m2 s

Empty vector pSL2035-AtLQY1 Empty vector pSL2035-AtLQY1
Cell count (108/ml) 1.40 + 0.058 1.41 +0.138 2.76 + 0.08* 2.56 + 0.074
Chla (ug/ml) 414 £0.244 4.00 £ 0.25"8 3.31 £0.328 3.69 + 0.25"8
Carotenoid (ug/ml) 1.79+0.124 1.72 +0.124 1.74 +0.214 2.05+0.11A
Chl a/carotenoid 2.32 + 0.064 2.33+0.024 1.92 + 0.06° 1.79 + 0.03°
APCB (ug/ml) 21.65 + 1.084 16.26 + 1.818 9.05 + 0.96° 9.54 + 0.92¢
PCB (ug/ml) 58.25 + 1.63* 43.18 £ 2.708 50.65 + 3.93"8 49.84 + 3.3778
PEB (ug/ml) 3.66 + 0.354 2.82 £ 0.64 Negligible Negligible
PCB/APCB 2.70 + 0.068 2.69 +0.198 5.70 + 0.474 5.30 + 0.394
Fo/Fa 0.261 + 0.003° 0.259 + 0.008° 0.281 £ 0.010°8 0.344 + 0.007A
Fo 0.154 + 0.0078 0.180 + 0.013* 0.110 + 0.003° 0.170 + 0.00348
Frn 0.209 + 0.010°8 0.243 £ 0.019%® 0.153 + 0.004¢ 0.260 + 0.008*
F, 0.055 + 0.0038¢ 0.063 + 0.0068 0.043 + 0.002°¢ 0.090 + 0.004A
NPQ 0.695 + 0.0174 0.695 + 0.020* 0.562 + 0.023° 0.381 £ 0.010¢

Measurements for cell counts, pigment contents, and fluorescence parameters were performed on Synechocystis cultures grown at 25 and 50 umol photons m? s*. Data are
normalized to 1 ml of culture and are presented as mean + SE (n = 3-4 independent biological replicates). Values not connected by the same letter are significantly different

(Student’s t-test, p < 0.05).

slightly (7%) lower than that in the empty-vector control at 50 pmol
photons m? s (Table 1). This suggests that AtLQY1-expressing
Synechocystis may have slightly shorter phycobilisome rods than
the empty-vector control, at 50 pmol photons m=s™!.

AtLQY1-Expressing Synechocystis Had
Significantly Higher F /F,, Than the Empty-
Vector Control at 50 pmol Photons m-2 s-1
To analyze whether expressing AtLQY1 in Synechocystis is beneficial
to PSII, we determined F,/F,, of dark-adapted cultures. At a growth
light of 25 umol photons m? s, AtLQY1-expressing Synechocystis
and the empty-vector control had similar F,/F,: 0.26 (Table 1). In
cyanobacteria, the F,/F,, value is typically ~0.3 instead of ~0.8 in
higher plants. One reason for this difference is that cyanobacteria
have very high PSL:PSII ratios (e.g., 2:1 to 5:1), while higher plants
have a PSI:PSII ratio close to 1:1 (Shen et al., 1993; Murakami et
al., 1997; Luimstra et al., 2018). Another reason is that fluorescence
from phycobilisomes also contributes to F, (Campbell et al., 1998).
However, the fluorescence contribution from phycobilisomes to F,
is fairly constant during a measurement; thus, F,/F,, is still a useful
relative measure of PSII maximum photochemical efficiency in
cyanobacteria, if neither the PSI:PSII ratio nor the phycobilisome
amount is changed (Campbell et al., 1998). As the growth light
intensity increased from 25 to 50 umol photons m* s, F,/F,, in
AtLQY1-expressing Synechocystis displayed a significant increase
(33%). Consequently, F,/F, in AtLQY1-expressing Synechocystis
was significantly (22%) higher than that in the empty-vector
control, at a growth light of 50 umol photons m2 s (Table 1). This
observation suggests that AtLQY1 expression in Synechocystis is
beneficial to PSII at 50 pmol photons m2s..

A high F /F, [(F/F, = (F, - F)/F, =1 - F,/F,)] value could
be the result of a low F, or a high F, value. To identify the
causal parameter(s) for increased F,/F,, in AtLQY1-expressing
Synechocystis, we determined F,, F,, and F, of dark-adapted
cultures. At a growth light of 25 pmol photons m? s\, the E,, F,,
and F, values in dark-adapted AtLQY1-expressing Synechocystis

were approximately 15-17% higher than those in the dark-adapted
empty-vector control (Table 1). Due to the coordinated increases in
these three parameters, F,/F,, in AtLQY1-expressing Synechocystis
was similar to that in the empty-vector control, at 25 pmol photons
m?s! (Table 1). At a growth light of 50 umol photons m s, the F,,
F,, and F, values in dark-adapted AtLQY1-expressing Synechocystis
were 55%, 70%, and 109% higher than those in the empty-vector
control, respectively (Table 1). This suggests that the high F,/F,,
value in AtLQY1-expressing Synechocystis grown at 50 pmol
photons m s! is mostly the effect of high F,. In cyanobacteria as
well as land plants, F, arises essentially from PSII; thus a higher
F, value is indicative of a high ability of PSII to perform primary
photochemistry (Campbell et al., 1998; Baker et al., 2007).

We also subjected Synechocystis cultures grown at 50 pmol
photons m? s! to a 90-min moderately high light treatment at
250 umol photons m? s'! and determined F,/F,, before and after the
high light treatment (Figure 2, Supplementary Table S2). We found
that F,/F,, in AtLQY1-expressing Synechocystis was significantly
(~16%) higher than that in the empty-vector control before and after
the high light treatment at 250 umol photons m s. This suggests
that AtLQY 1-expressing Synechocystis outperforms the empty-vector
control at higher growth light intensities.

AtLQY1-Expressing Synechocystis

Grown at 50 pmol Photons m-2 s-1 Had
Significantly Higher @5, and ETR,g, Than
the Empty-Vector Control Under High
Measuring Light Intensities

To further investigate the benefits of AtLQY1 expression in
Synechocystis, we determined the light response curves of @,
and ETR,,; (Figure 3; Supplementary Table S2). AtLQY1-
expressing Synechocystis and the empty-vector control grown at
25 umol photons m s had no statistically significant difference
in @pg; or ETRpg, under all the measuring light intensities
tested (Figures 3A, C). When grown at 50 umol photons m s,
AtLQY 1-expressing Synechocystis and the empty-vector control
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FIGURE 2 | F,/F,, values before and after a 90-min moderately high light
treatment at 250 pmol photons m s°'. Prior to high light the treatment,
Synechocystis cultures were grown at 50 pmol photons m* s'. Data are
presented as mean + SE (n = 4 independent biological replicates). Values
not connected by the same lowercase letter are significantly different
(Student’s t-test, p < 0.05).

had statistically similar @, and ETR,g; under low measuring
light intensities, such as 8, 13, 20, and 46 pmol photons m? s
(Figures 3B, D). The initial slope of ETR,; light response curves
is a measure of PSII antenna size, i.e., light harvesting capacity
(Sauer et al.,, 2001; Yamazaki et al., 2005). The identical initial
slope of the two ETR g, light response curves (Figure 3D) suggests
that PSII antenna size in AtLQY1-expressing Synechocystis is
similar to that in the empty-vector control. AtLQY1-expressing
Synechocystis started to show slight but statistically insignificant
advantages at the measuring light intensities of 82 pmol photons
m? s (Figures 3B, D). Under high measuring light intensities,
ie., 161, 236, and 422 pmol photons m? 5!, AtLQY 1-expressing
Synechocystis displayed significantly higher @,y and ETR,g;
than the empty-vector control: @,y in AtLQY1-expressing
Synechocystis was 21%, 35%, and 64% higher than that in the
empty-vector control whereas ETR,g, in AtLQY1-expressing
Synechocystis was 32%, 45%, and 77% higher than that in the
empty-vector control (Figures 3B, D). ETR,g, in the empty-
vector control plateaued at the measuring light of 236 pumol
photons m2 st while ETR,g;; in AtLQY 1-expressing Synechocystis
continued to increase as the measuring light intensity increased.
This indicates that AtLQY1-expressing Synechocystis devotes a
higher percentage of excitation energy into photochemistry than
the empty-vector control, under high light intensities.

04 A, 25 pmol photons m2 s-!

0.3

0.2

Dpg

0.1}

¢PSII

0 100 200 300 400

Measuring light intensity
(umol photons m=2 s-1)

FIGURE 3 | Light response curves of PSII operating efficiency and electron transport rate. (A, B) Light response curves of PSII operating efficiency (®pg) in the
empty-vector control (white squares) and AtLQY1-expressing Synechocystis (black diamonds) grown at 25 (A) and 50 (B) umol photons m*2 s, (C, D) Light
response curves of PSI electron transport rate (ETRpg,) in the empty-vector control and AtLQY1-expressing Synechocystis grown at 25 (C) and 50 (D) pmol
photons m* s, Initial cultures were started at an optical density of 0.05 at 730 nm. The light response curves were determined on mid-log phase cultures after a
5-min dark adaption. During the measurement, cultures were exposed for 30 s at a wide range of light intensities (0, 8, 13, 20, 46, 82, 105, 161, 236, and 422 ymol
photons m s). Data are presented as mean + SE (n = 4 independent biological replicates). Asterisks indicate significant differences between AtLQY 1-expressing
Synechocystis and the empty-vector control (Student’s t-test; *, p < 0.05; **, p < 0.01).
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AtLQY1-Expressing Synechocystis Had a
Significantly Lower NPQ Value Than the
Empty-Vector Control at 50 pmol Photons
m2s-1

In photosynthetic organisms, excess excitation energy can be coped
with by mechanisms such as thermal dissipation (Campbell and
Oquist, 1996; Campbell et al., 1998; Miiller et al., 2001; Gorbunov
et al.,, 2011; Jahns and Holzwarth, 2012; Kress and Jahns, 2017).
Although cyanobacteria lack the xanthophyll-cycle-mediated
energy-dependent quenching, they can regulate excitation energy
via state transitions and NPQ, which is mediated by the orange
carotenoid protein (Campbell and Oquist, 1996; Campbell et al.,
1998; Gorbunov et al., 2011). Therefore, we measured NPQ in
AtLQY1-expressing Synechocystis and the empty-vector control.
At a growth light of 25 umol photons m s, AtLQY1-expressing
Synechocystis and the empty-vector control had a similar NPQ
value (Table 1). Both AtLQY1-expressing Synechocystis and the
empty-vector control displayed reduced NPQ values as the growth
light intensity increased from 25 to 50 pmol photons m? s'!. This
concave dependence of NPQ on actinic light intensities has been
previously reported in Synechocystis and other cyanobacterial
species (Campbell and Oquist, 1996; Misumi et al., 2016; Ogawa
and Sonoike, 2016; Misumi and Sonoike, 2017). As the growth
light intensity increased from 25 to 50 umol photons m? s, NPQ
in the empty-vector control showed a 19% reduction whereas
AtLQY 1-expressing Synechocystis displayed a 45% reduction. As a
result, NPQ in AtLQY1-expressing Synechocystis was significantly
(32%) lower than that in the empty-vector control, at a growth light
of 50 umol photons m s (Table 1). This observation suggests that
AtLQY1 expression in Synechocystis may reduce NPQ at certain
growth light conditions, such as 50 umol photons m? s

AtLQY1-Expressing Synechocystis Had

a Significantly Lower Amount of ROS

Than the Empty-Vector Control at 50 pmol
Photons m2 s

The light response curves of ETR,g, suggested that AtLQY1-
expressing Synechocystis allocates a higher ratio of excitation
energy into photochemistry than the empty-vector control, under
higher light intensities. It is commonly known that there is more
oxidative damage to photosynthetic organisms at higher light
intensities. This prompted us to measure the amount of ROS in
Synechocystis cultures at both growth light intensities (Figure 4,
Supplementary Table S2). Ata growth light of 25 umol photons m-
s, AtLQY 1-expressing Synechocystis and the empty-vector control
had a similar total ROS content (Figure 4). As the growth light
intensity increased from 25 to 50 pmol photons m? s}, the amount
of ROS in the empty-vector control increased significantly (32%)
whereas the ROS content in AtLQY1-expressing Synechocystis did
not change (Figure 4). Consequently, at a growth light of 50 umol
photons m s, the ROS level in AtLQY 1-expressing Synechocystis
was 16% lower than that in the empty-vector control (Figure 4).
This observation suggests that AtLQY 1 expression in Synechocystis
may reduce ROS accumulation at certain growth light conditions,
such as 50 pmol photons m2 sL.

50 umol photons
m2 g1

25 pmol photons
m=2 g1

CDF fluorescence
(arbitrary units)

FIGURE 4 | Measurement of ROS accumulation in Synechocystis cultures
grown at 25 and 50 pmol photons m? s'. Data are presented as mean + SE
(n = 4 independent biological replicates). Values not connected by the same
lowercase letter are significantly different (Student’s t-test, p < 0.05).

The Amounts of Cysteine-Containing
Proteins in AtLQY1-Expressing
Synechocystis

Recombinant AtLQY1 protein displayed thiol/disulfide-modulating
activity towards thiol/disulfide-containing protein substrates (Lu
etal,, 2011). Therefore, we determined the amounts of representative
cysteine-containing PSI and PSII core proteins in AtLQY1-
expressing Synechocystis and the empty-vector control (Figure 5,
Supplementary Table S2). PSI core protein PsaA in Synechocystis
contains four cysteine residues. The abundance of PsaA in AtLQY1-
expressing Synechocystis was statistically similar to that in the empty-
vector control at both growth light intensities (Figure 5B). PSII core
protein D1 in Synechocystis contains four cysteine residues. The
abundance of D1 in AtLQY1-expressing Synechocystis was slightly
(16%) higher than that in the empty-vector control under both
growth light conditions (Figure 5C). This observation is consistent
with the proposed role of AtLQY1 in the PSII repair and reassembly
cycle. PSII core protein D2 in Synechocystis contains two cysteine
residues. Interestingly, the amount of D2 was slightly higher than
that in the empty-vector control under both growth light intensities:
33% higher at 25 umol photons m s and 18% higher at 50 umol
photons m s! (Figure 5D).

Phycobilisome proteins APC, PC,and PE also contain conserved
cysteine residues, to which phycobilisome chromophores APCB,
PCB, and PEB, are covalently attached (Zhao etal., 2006). Therefore,
we determined the amounts of APC and PC proteins (Figure 5,
Supplementary Table S2). The APC content in the empty-vector
control and AtLQY1-expressing Synechocystis was similar at
25 umol photons m s! (Figure 5E). As the growth light intensity
increased from 25 to 50 pmol photons m s, the APC level in
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FIGURE 5 | Immunoblot analysis of protein abundances in Synechocystis cultures grown at 25 and 50 pmol photons m2 s, (A) Representative immunoblots
of PSI core protein PsaA, PSII core proteins D1 and D2, and phycobilisome proteins APC and PC. Total protein samples were loaded on an equal culture OD,4,
basis. (B—F) Relative abundances of PsaA, D1, D2, APC, and PC proteins. Data are presented as mean + SE (n = 3 independent biological replicates). Values not
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the empty-vector control and AtLQY1-expressing Synechocystis
reduced by 14% and 27%, respectively (Figure 5E). Consequently,
the APC amount in AtLQY1-expressing Synechocystis was slightly
(10%) lower than that in the empty-vector control at 50 pmol
photons m s! (Figure 5E). The PC content displayed a similar
pattern as APC (Figure 5F).

Thylakoid Structures of AtLQY1-
Expressing Synechocystis

We analyzed thylakoid structures of AtLQY1-expressing
Synechocystis and the empty-vector control with TEM (Figure 6).
The overall cell morphology of AtLQY1-expressing Synechocystis
and the empty-vector control was quite similar, with visible
thylakoid membranes and carboxysomes, at both growth light
intensities (Figures 6A-D). It was previously found that in
cyanobacteria, thylakoid membrane spacing distance depends on
the presence and size of extrinsic phycobilisomes and that light
induces the expansion of thylakoid membrane spacing distance

(Olive et al., 1997; Nagy et al., 2011; Collins et al., 2012; Liberton
etal., 2013; Stingaciu et al., 2016; Majumder et al., 2017). Therefore,
we measured thylakoid membrane spacing distances in TEM
images of Synechocystis grown at different light intensities (Figures
6E-H). The empty-vector control grown at 25 pmol photons m
st had an average thylakoid membrane spacing distance of 475 +
10 A (ie., 47.5 + 1.0 nm) (Figure 61, Supplementary Table S2),
which is comparable to wild-type Synechocystis grown under the
same conditions (white light at 25 pmol photons m2s!) (Liberton
et al,, 2013). AtLQY1-expressing Synechocystis grown at 25 pmol
photons m™ s! had an average thylakoid membrane spacing
distance of 494 + 11 A, statistically similar to the empty-vector
control (Figure 6I). As the growth light intensity increased from
25 to 50 pumol photons m s, the thylakoid membrane spacing
distance in the empty-vector control and AtLQY1-expressing
Synechocystis increased by 18% and 6% respectively, both of
which are statistically significant (Figure 6I). Consequently, at a
growth light intensity of 50 pmol photons m? s, the thylakoid
membrane spacing distance in AtLQY1-expressing Synechocystis
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FIGURE 6 | Transmission electron micrographs of the empty-vector control
and AtLQY1-expressing Synechocystis. (A-D) Whole cell images of the
empty-vector control (A, C) and AtLQY 1-expressing Synechocystis (B, D)
grown at 25 (A, B) and 50 (C, D) pmol photons m s''. C, carboxysomes;
P, polyphosphate bodies or holes left by polyphosphate bodies; T, thylakoid
membranes. Scale bars in A-D: 400 nm. (E-H) Enlargements of the empty-
vector control (E, G) and AtLQY 1-expressing Synechocystis (F, H) grown
at 25 (E, F) and 50 (G, H) umol photons m s, White lines depict thylakoid
membrane spacing distances. Scale bars in E-H: 80 nm. (I) Thylakoid
membrane spacing distances. Data are presented as mean + SE (n = 30
independent biological replicates). Values not connected by the same
lowercase letter are significantly different (Student’s t-test, p < 0.05).

was significantly (6%) lower than that in the empty-vector control
(Figure 6I). This observation suggests that AtLQY1 expression in
Synechocystis may reduce light-induced expansion of thylakoid
membrane spacing distance at certain growth light conditions,
such as 50 umol photons m? s™. This is consistent with the slightly
lower PCB/APCB ratio, which is indicative of phycobilisome rod
lengths, in AtLQY1-expressing Synechocystis grown at 50 pumol
photons m s! (Table 1).

DISCUSSION

Measurements of different photosynthetic parameters consistently
showed that AtLQY1 expression improves PSII photochemical
efficiency in Synechocystis cells grown at 50 umol photons m= s’
In higher plants, F,/F,, is well established as the indicator of the
maximum quantum efficiency of PSII photochemistry (Campbell
etal., 1998; Baker etal., 2007). In cyanobacteria, F,/F,, is still a useful
relative measure of the maximum photochemical efficiency of PSII
(Campbell et al., 1998; Sauer et al., 2001). When grown at 50 pmol
photons m? s, AtLQY 1-expressing Synechocystis had significantly
(22%) higher F,/F,, than the empty-vector control (Table 1),
suggesting that introducing AtLQY 1 into Synechocystis may increase
the maximum photochemical efficiency of PSIL. At 50 umol photons
m s, the amount of PSII core protein D1 increased in AtLQY1-
expressing Synechocystis by ~16% (Figure 5C), while the amount of
PSI core protein PsaA remained relatively unchanged (Figure 5B).
Therefore, the increase in F,/F,, mostlikely comes from the increased
amount of PSIL. Further analysis of chlorophyll fluorescence
parameters showed that AtLQY1-expressing Synechocystis grown
at 50 umol photons m? s also had higher F, than the empty-
vector control. In both cyanobacteria and land plants, F, comes
mostly from PSII (Campbell et al., 1998; Baker et al., 2007); thus,
the increase of PSII relative to PSI can explain the increase of F,/F,,
and also of F,. In oxygenic photosynthetic organisms such as plants,
algae, and cyanobacteria, @pg;and ETR g, estimate the efficiency of
PSII photochemistry and the rate of non-cyclic electron transport
through PSII at given light intensities (Sauer et al., 2001; Baker et
al., 2007; Barthel et al,, 2013). Interestingly, AtLQY1-expressing
Synechocystis grown at 50 umol photons m2 s also had higher
D and ETR,g; than the empty-vector control, at high measuring
light intensities (e.g., 161-422 pumol photons m? s, Figure 3). This
suggests that AtLQY 1 expression in Synechocystis may improve PSII
operating efficiency and electron transport rate under higher light
intensities. AtLQY1-expressing Synechocystis grown at 50 pmol
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photons m s was also found to have lower NPQ and ROS levels
than the corresponding empty-vector control (Table 1, Figure 4).
This indicates that AtLQY1 expression in Synechocystis may reduce
NPQ and ROS accumulation at certain light intensities, such as
50 pmol photons m=2s..

Many phenotypic advantages of AtLQY1-expressing
Synechocystis grown at 50 pmol photons m2 s were not seen
when the Synechocystis cells were grown at 25 pmol photons
m? s'. According to Trautmann et al. (2016), the growth of
Synechocystis transits from light-limited to light-saturated at
around 46 umol photons m= s!. When the light intensity is below
46 umol photons m? s, Synechocystis growth is light-limited
and the growth rate is proportional directly to the light intensity
(Trautmann et al., 2016). When the light intensity exceeds 46
pumol photons m? s, Synechocystis growth transits to light-
saturated (Trautmann et al., 2016). Consistent with these findings,
AtLQY1-expressing Synechocystis grown at 50 pmol photons m-
s displayed advantages in PSII operating efficiency and electron
transport rate (Figures 3B, D). Taken together, although AtLQY1
expression does not improve the efficiency of PSII photochemistry
of Synechocystis under light-limited conditions, it significantly
improves PSII photochemical efficiency, when the light intensity
exceeds the threshold value of 46 pmol photons m2s™!.

As discussed above, AtLQY1-expressing Synechocystis had
significantly higher F,, F,/F,, ® g, and ETRg;, lower NPQ and
ROS levels, and a shorter thylakoid membrane spacing distance
than the empty-vector control, when grown at 50 ymol photons m-
s'L. It is possible that AtLQY1 exerts these effects by participating
in the folding, disassembly, and assembly of cysteine-containing
PSII subunits, and reducing ROS accumulation. Consistent with
this possibility, AtLQY1-expressing Synechocystis had a slightly
higher amount of cysteine-containing PSII core protein D1 as
well as an opposite phenotype of loss-of-function Arabidopsis
mutants of AtLQY1, which was proposed to assist in the repair and
reassembly cycle of PSIT and redox homeostasis in Arabidopsis (Lu,
2011; Luetal, 2011). It’s possible that AtLQY 1 exerts these effects by
reducing OCP-mediated NPQ, potentially via modulating the redox
status of thiol-containing cysteine residues in OCP homodimers.
In line with this possibility, AtLQY1-expressing Synechocystis had
a lower NPQ value than the empty-vector control, when grown at
50 pmol photons m s!. AtLQY1 may also influence phycobilisome
assembly, and/or association between phycobilisome proteins and
their respective chromophores. Consistent with this possibility,
AtLQY1-expressing Synechocystis had a shorter thylakoid membrane
spacing distance and a slightly lower PCB/APCB ratio (indicative of
shorter phycobilisome rod lengths) than the empty-vector control,
when grown at 50 imol photons m2s!. Further studies are needed to
unveil the mechanisms behind the observed phenotypes, in AtLQY1-
expressing Synechocystis.

Photochemistry, NPQ, and photoinhibition are competing
processes in photosynthetic organisms (Arsalane et al., 1994;
Horton et al., 1996; Miiller et al., 2001; Lambrev et al., 2012;
Berteotti et al., 2016; Pathak et al., 2019). NPQ evolved as a
photoprotective mechanism to minimize photodamage and
photoinhibition. Therefore, reductions in NPQ are often associated
with increases in ROS accumulation. For example, NPQ in
green algae is mediated by LHC-like proteins known as LHCSRs

(Bonente et al., 2011; Berteotti et al., 2016; Correa-Galvis et al.,
20165 Tibiletti et al., 2016; Perozeni et al., 2019). Disruption of all
three lhcsr genes resulted in enhanced ROS production (Berteotti
et al, 2016; Perozeni et al., 2019). However, enhanced ROS
accumulation can also be accompanied by increases in NPQ. For
example, loss-of-function Atlqyl and hypersensitive to high light1
(hhil) Arabidopsis mutants displayed simultaneous increases
in NPQ and ROS under high light conditions (Lu, 2011; Lu et al.,
2011; Jin et al, 2014). Therefore, it is conceivable to observe
simultaneous decreases in NPQ and ROS in AtLQY1-expressing
Synechocystis. Furthermore, because NPQ reduces photodamage
and photoinhibition at the cost of reduced photosynthetic
efficiency, down regulation of NPQ was recently found to be a
suitable strategy to improve photosynthetic efficiency in land
plants and green algae (Berteotti et al., 2016; Kromdijk et al., 2016;
Perozeni et al., 2019).

Synechocystis has a set of endogenous chloroplastic thiol/
disulfide-modulating proteins (Nixon et al., 2010; Mulo et al,,
2012; Nickelsen and Rengstl, 2013; Lu, 2016). Loss-of-function
mutations in genes encoding these chloroplastic thiol/disulfide-
modulating proteins were found to have pleiotropic effects, e.g.,
reductionsin F,/F,,, increases in NPQ, increased photoinhibition,
enhanced ROS accumulation, and deficiencies in the assembly
and stability of photosynthetic apparatus (Karamoko et al,
2011; Calderon et al., 2013; Wang et al., 2013). One example is
thylakoid membrane-anchored LTO1 (encoded by slr0565 in
Synechocystis). As mentioned in the introduction, Synechocystis
and Arabidopsis homologs of this protein were reported to
catalyze disulfide bond formation in lumenal and lumen-exposed
proteins, such as FKBP13, PsbO1, and PsbO2 (Singh et al., 2008a;
Furtetal., 2010; Li et al., 2010; Feng et al., 2011; Karamoko et al.,
2011; Lu et al,, 2013). The Itol mutant showed reduced F,/F,,
increased NPQ, increased photoinhibition, and deficient PSII
assembly (Karamoko et al., 2011). A second example is thylakoid
membrane-anchored rubredoxin 1 (RBD1, encoded by slr2033
in Synechocystis). Synechocystis, Chlamodonas reinhardtii, and
Arabidopsis homologs of this protein were found to be necessary
for PSII activity and were therefore proposed to play a role in
promoting PSII assembly and stability (Calderon et al., 2013).
The rbd1 mutant displayed very low F,/F,, and severely impaired
PSIT accumulation (Calderon et al., 2013). A third example is
chloroplast stromal m-type thioredoxin (trx-M, encoded by
slr0623 in Synechocystis). Although the role of Synechocystis
trx-M in PSII assembly and repair has not been reported, its
Arabidopsis homologs (TRX-M1, TRX-M2, and TRX-M4) were
found to participate in the assembly of CP47 into PSII (Cain
et al., 2009; Wang et al., 2013). Disruption of all three trx-m
genes resulted in reduced F,/F,, increased NPQ, enhanced
ROS production, and reduced PSII stability (Wang et al., 2013).
Therefore, it is conceivable to observe that AtLQY1 expression
in Synechocystis had pleiotropic effects (e.g., increased F,/F,,
@pgp and ETRpgy;, reduced NPQ, and decreased ROS content).

Unlike LQY1, these three thiol/disulfide-modulating proteins are
present ubiquitously in cyanobacteria, algae, and land plants (Lu,
2016). It is interesting that introducing AtLQY1, an Arabidopsis
thylakoid membrane-anchored thiol/disulfide-modulating protein,
into Synechocystis, which contains three endogenous chloroplastic
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thiol/disulfide-modulating proteins, is still beneficial to the
organism. One possibility is that these four proteins target different
thiol/disulfide-containing proteins, depending on the locations of
these thiol/disulfide-modulating proteins in the chloroplast. For
instance, LTO1 may target lumenal and lumen-exposed thiol/
disulfide-containing proteins (Singh et al., 2008a; Furt et al,
20105 Li et al., 2010; Feng et al., 2011; Karamoko et al., 2011; Lu
et al., 2013); Trx-M may target soluble thiol/disulfide-containing
proteins in the chloroplast stroma (Cain et al., 2009; Wang et al.,
2013). In Arabidopsis, LQY1 is a thylakoid membrane protein
with its N-terminal transmembrane domain anchored in thylakoid
membranes and its C-terminal zinc-finger domain in the stroma
(Luetal, 2011). Therefore, LQY1 has the potential to target thiol/
disulfide-containing proteins in thylakoid membranes and stroma
in land plants. Although further studies are needed to determine
the subcellular location of AtLQY1 in AtLQY1-expressing
Synechocystis, the amphipathic property of this protein suggests
that AtLQY1 may target both membrane and soluble proteins.

To sum up, this study showed that introducing a land plant-
derived thylakoid thiol/disulfide-modulating protein, AtLQY]1, into a
cyanobacterium significantly improved overall PSII efficiency of the
organism. Cyanobacteria have great potential as biofuel producers,
making efforts to enhance the productivity of these organisms is
valuable to society (Machado and Atsumi, 2012; Nozzi et al., 2013;
Varman et al., 2013; Allahverdiyeva et al., 2014; Lea-Smith and Howe,
2017; Cheregi et al.,, 2019). Introducing LQY1, or other land plant-
derived thiol/disulfide-modulating proteins, may be a strategy to
optimize cyanobacterial growth under light-saturated conditions.
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The existence of numerous chloroplasts in photosynthetic cells is a general feature
of plants. Chloroplast biogenesis and inheritance involve two distinct mechanisms:
proliferation of chloroplasts by binary fission and partitioning of chloroplasts into daughter
cells during cell division. The mechanism of chloroplast number coordination in a given cell
type is a fundamental question. Stomatal guard cells (GCs) in the plant shoot epidermis
generally contain several to tens of chloroplasts per cell. Thus far, chloroplast number at
the stomatal (GC pair) level has generally been used as a convenient marker for identifying
hybrid species or estimating the ploidy level of a given plant tissue. Here, we report that
Arabidopsis thaliana leaf GCs represent a useful system for investigating the unexploited
aspects of chloroplast number control in plant cells. In contrast to a general notion based
on analyses of leaf mesophyll chloroplasts, a small difference was detected in the GC
chloroplast number among three Arabidopsis ecotypes (Columbia, Landsberg erecta,
and Wassilewskija). Fluorescence microscopy often detected dividing GC chloroplasts
with the FtsZ1 ring not only at the early stage of leaf expansion but also at the late stage.
Compensatory chloroplast expansion, a phenomenon well documented in leaf mesophyll
cells of chloroplast division mutants and transgenic plants, could take place between
paired GCs in wild-type leaves. Furthermore, modest chloroplast number per GC as well
as symmetric division of guard mother cells for GC formation suggests that Arabidopsis
GCs would facilitate the analysis of chloroplast partitioning, based on chloroplast counting
at the individual cell level.

Keywords: chloroplast, guard cell, plastid development, organelle inheritance, organelle partitioning, stoma

INTRODUCTION

Chloroplasts represent a structural feature of plant cells and support plant survival via their primary
metabolism and high-level functions (Kirk and Tilney-Bassett, 1978; Mullet, 1988; Lopez-Juez and
Pyke, 2005). During plant vegetative growth, leaf cells contain a highly homogeneous population of
chloroplasts with respect to size and shape. The number of chloroplasts per cell is achieved by binary
fission of pre-existing organelles and partitioning into two daughter cells during cell division (Birky,
1983; Possingham and Lawrence, 1983). Thus, regulation of the chloroplast number in a given cell
type is crucial for the cellular function and genetic inheritance of chloroplasts.
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To investigate the nature of chloroplast number determination
in plant cells, leaf mesophyll cells of representative species
have played a major role [e.g., Boasson and Laetsch, 1969 (for
tobacco, Nicotiana tabacum); Honda et al., 1971 (for spinach,
Spinacia oleracea); Boffey et al., 1979 (for wheat, Triticum
aestivum); Lamppa et al.,, 1980 (for pea, Pisum sativum); and
Pyke and Leech, 1991 (for Arabidopsis thaliana)]. These cells are
physiologically important for photosynthesis and show a high
degree of structural and functional homogeneity. Early systematic
observation analyses of isolated tissues and cells (Boasson and
Laetsch, 1969; Possingham and Saurer, 1969; Boffey et al., 1979;
Lamppa et al., 1980; Thomas and Rose, 1983; Pyke and Leech,
1991) provided much useful information on chloroplast number
determination, including the notion that chloroplasts (plastids)
are not synthesized de novo but replicate by division and the
observation that leaf mesophyll chloroplast number is sensitive
to various environmental and plant-endogenous factors. With
respect to the latter, in spinach, light has a positive impact on
chloroplast division during leaf disc culture compared with
dim or dark conditions (Possingham and Lawrence, 1983).
In the first leaves of wheat, cell volume is positively correlated
with chloroplast proliferation (Ellis and Leech, 1985; Pyke and
Leech, 1987). In Arabidopsis, the genetic background affects
chloroplast proliferation; the average chloroplast number per
cell in first leaves is 121 in the Landsberg erecta (Ler) ecotype
and 83 in the Wassilewskija (Ws) ecotype (Pyke and Leech, 1994;
Pyke et al., 1994). Leaf mesophyll cells have also contributed to
understanding the genetic control of chloroplast division; for
instance, screening mutants impaired in chloroplast proliferation
and characterizing gene functions involved in chloroplast
division have revealed over 20 genes encoding chloroplast
division machinery components or chloroplast regulatory factors
(Gao and Gao, 2011; Miyagishima et al., 2011; Basak and Moller,
2013; Osteryoung and Pyke, 2014; Li et al., 2017).

By contrast, studies on the replication of chloroplasts in non-
mesophyll cells (e.g., pavement cells in leaf epidermis; Itoh et al.,
2018) are scarce. Recently, the regulation of chloroplast division
has been reported to differ between leaf tissues (Fujiwara et al.,
2018; Itoh et al., 2018), although the detailed mechanism remains
unknown. Additionally, while the analyses of suspension-
cultured BY-2 cells and leaf mesophyll protoplasts in tobacco and
shoot apical meristem and leaf primordial cells in Arabidopsis
(Nebenfiihr et al., 2000; Sheahan et al., 2004; Segui-Simarro and
Staehelin, 2009) have provided major insights, how chloroplast
(plastid) partitioning is regulated in plants is still unclear. Thus,
despite considerable effort, fundamental questions in chloroplast
research remain, such as (i) how is chloroplast number per
cell coordinated in plant tissues and (ii) how is chloroplast
partitioning regulated at cell division.

HISTORY OF RESEARCH ON GUARD
CELL CHLOROPLAST NUMBER

Stomatal GCs in the shoot epidermis generally contain
chloroplasts and control gas exchange between the leaf
mesophyll and the atmosphere (Sachs, 1875; Taiz et al., 2015;

see Figure 1A). The first investigation of GC chloroplast
number in leaves was performed over a century ago in
naturally grown Drosera plants (Macfarlane, 1898). This study
demonstrated that, like other plant and cell structural features,
GC chloroplast number per cell in a putative hybrid derived
from a cross between Drosera filiformis and Drosera intermedia
was intermediate between the two species, implying that GC
chloroplast number could be used to determine the genetic
makeup of a plant. Important observations were subsequently
reported on the differences in GC chloroplast number
among plant species (Sakisaka, 1929) and the relatively stable
chloroplast number in GCs in the leaf epidermis of mulberry
(Morus spp.; Hamada and Baba, 1930) and in mature leaves of
several Brassica species (Iura, 1934). Furthermore, analysis of
autopolyploid sugar beet (Beta vulgaris) plants revealed that
the GC chloroplast number in leaves is positively correlated
with the nuclear ploidy level of plants (Mochizuki and Sueoka,
1955). More in-depth and comprehensive analyses were then
conducted using various plant samples to investigate the
relationship of chloroplast number and stomatal size with the
ploidylevel (e.g., Frandsen, 1968). In these analyses, chloroplast
counting at the stomatal (GC pair) level was frequently adopted,
which excluded the effect of biased chloroplast distribution
between paired GCs (e.g., Mochizuki and Sueoka, 1955;
Frandsen, 1968), revealing that the average GC chloroplast
number in leaves or cotyledons in approximately 80 species,
variants, or hybrids ranged from 2.8 to 40.0 in diploids (2x)
and 5.0 to 73.5 in tetraploids (4x). In addition, whole-genome
duplication events in plants (i.e., 1x to 2x, 2x to 4x, etc.) caused
an approximately 1.7-fold increase in GC chloroplast number
with high fidelity (reviewed in Butterfass, 1973). These results
encouraged investigations into ploidy level in various tissues
and plants obtained via tissue culture, crossing, or natural
cultivation, in combination with chemical (e.g., colchicine) or
radiation treatments (e.g., Jacobs and Yoder, 1989; Singsit and
Veilleux, 1991; Qin and Rotino, 1995). While GC chloroplast
number has been studied in stomatal biology (Lawson,
2009) and cytology to understand chloroplast multiplication
(Butterfass, 1979; see below), it has largely served as a reliable
and convenient marker for the detection of hybrids, species,
and variants and for the estimation of ploidy levels of target
plant tissues.

UTILITY OF LEAF GUARD CELLS FOR THE
ANALYSIS OF CHLOROPLAST NUMBER
CONTROL

Leaf mesophyll cells have long been employed as a primary
model for the analysis of chloroplast number. While they have
advantages for the study of the effects of environmental conditions
on chloroplast division (e.g., the light-cytokinin signaling; Boasson
and Laetsch, 1969; Possingham and Lawrence, 1983; Okazaki et al.,
2009; Chiang et al., 2012), they are limited in some respects. Firstly,
leaf mesophyll cells vary in size and shape and are distributed
deep within the leaf, which makes it difficult to manipulate intact
tissues. Secondly, the susceptibility of leaf mesophyll chloroplast
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FIGURE 1 | Simplified models and microscopy evidence for the control of chloroplast number in stomatal guard cells (GCs). (A) A typical stoma (GC pair) in
abaxial epidermis of the Arabidopsis leaf blade expressing a stoma-targeted fusion of the transit peptide (TP) with cyan fluorescent protein (CFP; TP-CFP). (B)

Two models of chloroplast number determination in GCs, involving either chloroplast partitioning (model 1) or both chloroplast proliferation and partitioning (model
2) during GC development from guard mother cells (GMCs). (C) A GC pair in adaxial epidermis of Arabidopsis leaf petiole expressing TP-CFP and FtsZ1 fused to
the green fluorescent protein (GFP; FtsZ1-GFP). (D-F) GC pairs in abaxial epidermis of Arabidopsis leaf blade with (D, E) or without (F) the expression of TP fused
to the yellow fluorescent protein (YFP; TP-YFP). (F) Chlorophyll autofluorescence (Chl) was used as a chloroplast marker. (G) Extended model 2, representing the
involvement of equal and unequal chloroplast partitioning following GMC division and subsequent division of GC chloroplasts with equal (blue line) or selective (red
line) division competency, which would result in four types of chloroplast number determination (Fates 1-4) during late stomatal development of Arabidopsis leaves.
(A, C-F) Epifluorescence microscopy was performed with an Olympus IX71 inverted microscope using plant materials as previously described (Fujiwara et al., 2017,
Fujiwara et al., 2018). Fluorescence signals of chlorophyll, CFP, GFP, and YFP are pseudo-colored in magenta, cyan, green (in merged image only), and green,
respectively. Indications in panels are as follows: arrowhead, the FtsZ1 ring; arrow, enlarged GC chloroplast; dashed line, cell shape. Scale bar = 10 pm.
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proliferation to environmental stress and plant growth conditions
can prevent reliable comparisons between studies. The leaf
mesophyll chloroplast number per cell in Arabidopsis Columbia
(Col) ecotype has been reported variously as 76 (Kinsman and
Pyke, 1998), 80-100 (Stokes et al., 2000), 70 (Tirlapur and Konig,
2001), 41 (Yoder et al., 2007), 40-60 (Okazaki et al., 2009), and
30-40 (Kawade et al., 2013). Furthermore, it is almost impossible
to assess the contribution of chloroplast partitioning to final
chloroplast number per mesophyll cell during leaf development,
although this is thought to be determined by the balance between
the rate of cell division and rate of chloroplast division. To uncover
the mechanism of chloroplast number control in vegetative leaf
cells, a model system that overcomes the above issues is required.

Stomatal GCs (see Figure 1A) exhibit the characteristics of a
model system for understanding the mechanism of chloroplast
number control. GCs are highly uniform in size and shape
within a tissue, and their scattered but dense distribution in the
outermost layer of shoots facilitates their detection by light and
fluorescence microscopy. GCs are also derived from protodermal
cells in the shoot apical meristem or from embryonic epidermal
cells, and their developmental sequence through meristemoids
(a stomatal precursor with meristematic activity) and guard
mother cells (GMCs; a precursor of GC pairs) is established
in detail (Zhao and Sack, 1999; Nadeau and Sack, 2002; Kalve
et al., 2014). Late stomatal development involves a single round
of symmetric GMC division, which enables the assessment
of chloroplast distribution and partitioning before and after
cytokinesis. From the perspective of practical experiments, leaf
GCs are suitable for microscopy. It was previously shown that
chloroplast number per cell in leaf GCs of Sinapis alba was less
affected by different light conditions than that in leaf mesophyll
cells (Wild and Wolf, 1980). Additionally, the difference in GC
chloroplast number in leaf petioles is relatively minor among
the three Arabidopsis ecotypes Col, Ler, and Ws (Fujiwara et al.,
2018). Furthermore, endoreduplication, which impacts the
development of leaf mesophyll, pavement, and trichome cells,
has not been detected in Arabidopsis leaf GCs (Melaragno et al.,
1993), which would assure the interpretations of chloroplast
number data at the 2C level of cells. Together, these reports
suggest that leaf GCs are potentially an excellent model for
the systematic analysis of chloroplast number dynamics in a
particular cell lineage.

ARABIDOPSIS LEAF GUARD CELLS AS A
MODEL FOR STUDYING THE CONTROL
OF CHLOROPLAST NUMBER

In the history of GC chloroplast research, chloroplast counting
at the stomatal (GC pair) level has served an equally important
role in determining the chloroplast number as counting at the
individual GC level. Both methods produce the same mean
chloroplast number (Butterfass, 1973). When the variation
in chloroplast distribution in paired GCs and its underlying
mechanism is a subject of focus, detailed information of
chloroplasts at the individual cell level, i.e., their size, shape,

and intracellular localization, is essential. Chloroplast (plastid)
proliferation during the GMC-GC differentiation was previously
investigated in several plant species (Butterfass, 1973, Butterfass
1979). These studies proposed two models for determining the
terminal chloroplast number in GCs in different plant species
(Figure 1B): one (model 1; sugar beet) involves only chloroplast
partitioning at GMC division, and the other [model 2; alsike clover
(Trifolium hybridum)] involves not only chloroplast partitioning
but also chloroplast proliferation during GC development.

In the era of molecular genetics, genomics, cell imaging,
and other interdisciplinary analyses, there are many
possibilities for the further characterization of the chloroplast
partitioning mechanism. Arabidopsis leaf GCs may be one
of the best model systems for this purpose. Several studies
have examined the GC chloroplast number in the leaves or
cotyledons of Arabidopsis (Hoffmann, 1968; Pyke and Leech,
1994; Pyke et al., 1994; Robertson et al., 1995; Keech et al,,
2007; Chen et al., 2009; Yu et al., 2009; Higaki et al., 2012;
Fujiwara et al., 2018). These GCs exhibit a modest number of
chloroplasts, ranging from 3.5 to 5.5 on average. To date, no
studies have examined the alterations in chloroplast (plastid)
number during stomatal development. However, microscopic
evidence from stomatal development analyses (e.g., Zhao
and Sack, 1999; Hachez et al,, 2011) and our preliminary
observations indicate that GMCs may contain smaller numbers
of developing chloroplasts than GCs and that chloroplast
proliferation may occur during GC differentiation. To test
this, the formation of the chloroplast division machinery in
GCs was monitored with the probe FtsZ1 fused to the green
fluorescent protein (FtsZ1-GFP) (Fujiwara et al., 2008). A
transgenic line, simultaneously expressing a transit peptide
(TP)-fused CFP and FtsZ1-GFP to visualize the stroma and
FtsZ1 ring, respectively, was examined by epifluorescence
microscopy (Fujiwara et al., 2017). Expanding leaf petioles
(fifth leaves of 4-week-old seedlings) were employed. As a
result, GCs with symmetrically constricting chloroplasts were
detected (Figure 1C). These chloroplasts formed the FtsZ1
ring, a chloroplast division ring on the stromal surface of the
inner envelope membrane in leaf mesophyll and pavement
cells (Vitha et al., 2001; Fujiwara et al., 2008), at the equatorial
constriction site. Consistent with the stomatal patterning
in Arabidopsis leaf development (Donnelly et al., 1999;
Andriankaja et al., 2012), dividing chloroplasts were detected
at the late, as well as early, stage of leaf expansion. Thus, model
2 is most likely the best fit for Arabidopsis leaf GCs.

RELATIONSHIP BETWEEN CHLOROPLAST
PROLIFERATION AND EXPANSION IN
ARABIDOPSIS LEAF GUARD CELLS

Furthermore, an unexpected phenotype of GC chloroplast
morphogenesis was observed in mature GCs (Figures 1D, E).
When epidermal peels of fully expanded leaves (third—fourth
leaf blades of 4-week-old seedlings) from a TP-fused yellow
fluorescent protein (YFP) line were microscopically characterized
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(FL6-5 line; Fujiwara et al., 2018), some stomata showed unequal
chloroplast distribution patterns in GC pairs, while most
leaf stomata showed equal or similar chloroplast distribution
patterns (Robertson et al., 1995; Fujiwara et al., 2018). Within the
GC pair of a stoma, the size of chloroplasts in the GC containing
smaller numbers of chloroplasts was larger than in the other GCs
in the pair containing larger numbers of chloroplasts (Figures
1D, E). In this way, GCs probably maintain the total chloroplast
volume per cell at a constant level during cell growth. Enlarged
chloroplasts represented the terminal phenotype and could no
longer divide in expanded leaves. These results were confirmed in
several independent experiments, irrespective of the expression
of a TP-fused fluorescent protein for stroma labeling (Figure 1F).
This GC chloroplast phenotype is interpreted as a
compensation mechanism for chloroplast expansion, which was
well documented in leaf mesophyll cells defective in the control
of chloroplast division (Pyke and Leech, 1994; Pyke et al., 1994).
To date, only one study (Ellis and Leech, 1985) has reported a
negative correlation between chloroplast number and chloroplast
size in leaf mesophyll cells of wheat, whereas many studies
have reported a positive correlation between cell volume and
chloroplast number in normal leaf mesophyll cells (Leech and
Pyke, 1988; Pyke, 1997). Whereas imbalances in GC chloroplast
number occur at low frequency (Fujiwara et al., 2018), chloroplast
heterogeneity in GC pairs indicates that unequal chloroplast
partitioning could trigger differential chloroplast growth between
wild-type leaf cells in Arabidopsis, despite symmetric cell division.
The chloroplast compensation effect in GCs may be less strict
than in leaf mesophyll cells. GCs might be able to withstand
scarcity or complete loss of total chloroplast volume per cell
in severely impaired chloroplast division mutants, such as in
Arabidopsis arc6 and atminEl and tomato suffulta, whereas many
mutant GCs showed reduced chloroplast number and enlarged
chloroplast size similarly to the leaf mesophyll cells (Robertson
etal,, 1995; Forth and Pyke, 2006; Chen et al., 2009; Fujiwara et al.,
2018). In a late chloroplast division mutant, arc5, the reduction
in GC chloroplast number was not associated with a significant
increase in chloroplast size, unlike in leaf mesophyll cells (Pyke
and Leech, 1994). A lower degree of chloroplast expansion in
GCs than in mesophyll cells (Pyke and Leech, 1994; Barton et al.,
2016), and the variation in chloroplast expansion among GCs,
might underlie such a wide permissible range of total chloroplast
volume per GC. Furthermore, the timing of chloroplast division
during GMC-GC differentiation might significantly affect the
terminal GC chloroplast phenotype. Although further detailed
characterization is required to address this issue, it seems plausible
that Arabidopsis leaf GCs represent a system to investigate the
unexploited aspects of chloroplast number control in plant cells.

A WORKING MODEL FOR CHLOROPLAST
NUMBER DETERMINATION IN
ARABIDOPSIS LEAF GUARD CELLS

On the basis of the above, we propose a working model (an
extended model 2) for the analysis of chloroplast number in GCs

(Figure 1G). The final chloroplast number per GC is determined
by chloroplast partitioning at GMC division and chloroplast
proliferation in GCs. During GMC division, chloroplasts may
undergo either equal or unequal partitioning. During chloroplast
proliferation, GC chloroplasts will proliferate with either equal
(blue line) or selective (magenta line) division competency. For
example, if equally partitioned chloroplasts possess equivalent
division competency, equal chloroplast numbers will occur
in the GC pair (Fate 1). If unequally partitioned chloroplasts
possess equivalent division competency, chloroplasts will
increase at the same rate within the GC pair (Fate 3). If selective
chloroplast division occurs in GCs, the balance of chloroplast
number in the GC pair will change after GMC division (Fates
2 and 4). It is currently difficult to find support for “selective
chloroplast division,” but if Fates 1 and 4 actually predominate
in GCs, then they might possess a mechanism that controls total
chloroplast volume per cell, as in leaf mesophyll cells. The model
raises two issues: (i) Are GC chloroplasts properly partitioned
into daughter cells and how do they partition? And (ii) is
division competency of GC chloroplasts coordinately regulated?

Regarding issue (i), whether chloroplast inheritance occurs
by random distribution of multiple chloroplasts in the cytoplasm
or by positive chloroplast partitioning mechanism(s) has
been a long-standing concern (Butterfass, 1969; Birky, 1983;
Hennis and Birky, 1984; Nebenfiihr, 2007; Sheahan et al., 2016).
Intriguingly, in Arabidopsis arcé6, leaf or cotyledon GCs have zero
to three chloroplasts, and in chloroplast-deficient GCs, non-
photosynthetic plastids still exist in vesicular to elongated forms
(Robertson et al., 1995; Chen et al., 2009; Fujiwara et al., 2018).
No GCs devoid of plastids per se have been found in arc6, and no
explanation for this has been forthcoming, despite the disruption
of the chloroplast division apparatus (Vitha et al., 2003).
Accordingly, it will be important to examine the replication and
morphology of arc6 chloroplasts in stomatal lineage studies.
Arabidopsis mutant research may also give another clue for
this issue. The observation that 18% of cotyledon GCs in the
crumpled leaf (crl) mutant contain no plastidic structures in the
cytoplasm, while 100% of the leaf mesophyll cells contain one to
four enlarged chloroplasts (Asano et al., 2004; Chen et al., 2009),
is of great importance. CRL is a chloroplast outer-envelope
protein with an unknown function. Understanding CRL
protein function may provide insights into the mechanism(s) of
chloroplast partitioning. The analysis of chloroplast proliferation
and partitioning in leaf mesophyll cells in Arabidopsis arc
mutants and other transgenic lines has promoted research into
the proliferation and partitioning of non-mesophyll plastids.
Likewise, results obtained in GCs may be transferrable to other
cell systems.

FINAL REMARK

The GC model opens many prospects for the development of
chloroplast biology. For example, while cytoskeletal systems
are known to regulate chloroplast morphology, movement, and
partitioning (Sheahan et al., 2016; Wada, 2016; Erickson and
Schattat, 2018), the role of each regulatory gene in chloroplast
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proliferation and partitioning in plants has received little attention.
On the other hand, once it becomes possible to impair GC
chloroplast number or morphology via various experimental
strategies, new insights into the molecular control of chloroplast
morphogenesis in stomatal lineage cells may be provided.
Additionally, in conjunction with quantitative analyses of
chloroplast number during stomatal development, mathematical
modeling may offer a new avenue for these investigations.
This paper presents current knowledge of how GC chloroplast
number is controlled and highlights the potential usefulness of
Arabidopsis leaf GCs for understanding chloroplast proliferation
and partitioning.
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Membrane-Specific Targeting of
Tail-Anchored Proteins SECE1 and
SECE2 Within Chloroplasts.

Stacy A. Anderson, Rajneesh Singhalt and Donna E. Fernandez*

Department of Botany, University of Wisconsin-Madison, Madison, WI, United States

Membrane proteins that are imported into chloroplasts must be accurately targeted in
order to maintain the identity and function of the highly differentiated internal membranes.
Relatively little is known about the targeting information or pathways that direct proteins with
transmembrane domains to either the inner envelope or thylakoids. In this study, we focused
on a structurally simple class of membrane proteins, the tail-anchored proteins, which have
stroma-exposed amino-terminal domains and a single transmembrane domain within 30
amino acids of the carboxy-terminus. SECE1 and SECE2 are essential tail-anchored proteins
that function as components of the dual SEC translocases in chloroplasts. SECE1 localizes
to the thylakoids, while SECE2 localizes to the inner envelope. We have used transient
expression in Arabidopsis leaf protoplasts and confocal microscopy in combination with a
domain-swapping strategy to identify regions that contain important targeting determinants.
We show that membrane-specific targeting depends on features of the transmembrane
domains and the short C-terminal tails. We probed the contributions of these regions to
targeting processes further through site-directed mutagenesis. We show that thylakoid
targeting still occurs when changes are made to the tail of SECE1, but changing residues
in the tail of SECE2 abolishes inner envelope targeting. Finally, we discuss possible parallels
between sorting of tail-anchored proteins in the stroma and in the cytosol.

Keywords: chloroplast, inner envelope membrane, thylakoid, organelle biogenesis, SEC translocase,
tail-anchored protein, targeting

INTRODUCTION

For biogenesis and maintenance of a functional chloroplast, proteins must be localized in the
correct compartments. Most chloroplast proteins are encoded by nuclear genes. Therefore, targeting
is a multi-step process, involving delivery of newly synthesized precursor proteins to the import
apparatus in the envelope membranes, translocation through the outer and inner envelopes, and
subsequent sub-organellar targeting of the imported proteins (for recent reviews, see Lee et al.,
2017; Richardson et al., 2017). Imported proteins have five possible destinations: soluble proteins
may reside in the stroma, in the thylakoid lumen, or in the intermembrane space, while membrane
proteins may function either in the inner envelope or the thylakoid membranes.

Membrane proteins that are imported present a special challenge: although most membrane
proteins are targeted co-translationally in the cyanobacterial ancestors of chloroplasts, they must be

Abbreviations: GFP, green fluorescent protein; GRAVY, grand average of hydropathy; TA, tail-anchored; TMD,
transmembrane domain
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targeted in a post-translational fashion within the organelle. Many
of these proteins have highly hydrophobic domains and must be
shielded from the aqueous environment to prevent aggregation
while they are being targeted and integrated. Despite their
importance for photosynthesis, biosynthesis, and transport, we
know relatively little about the targeting information and systems
that direct them to particular membranes. For example, we do
not yet have a reliable strategy for directing novel or engineered
membrane proteins to the inner envelope (Rolland et al., 2017).
To further our understanding of membrane-specific targeting
in chloroplasts, we have studied targeting of the membrane
components of the two SEC translocases in chloroplasts. We
previously reported on a study of the SCY components (homologs
of bacterial SecY proteins) with 10 transmembrane domains
(TMDs) (Singhal and Fernandez, 2017). We identified sequences
within the N-terminal leader and characteristics of the TMDs as
important determinants for membrane-specific targeting, and
performed experiments that implicated the chloroplast Signal
Recognition Particle (SRP) pathway in the targeting of thylakoid-
localized SCY 1. In the present study, we have focused on the SECE
components (homologs of bacterial SecE proteins). Previous
studies have shown that SECE1 is confined to the thylakoids
(Schuenemann et al., 1999), while SECE2 is primarily associated
with the inner envelope (Li et al., 2015). Both proteins have a
single TMD followed by a tail of 30 amino acids or fewer, and
belong to a special class of proteins known as tail-anchored (TA)
proteins. Because they share a similar structure, we were able to
swap different domains without perturbing the overall topology
of the proteins. To identify regions important for targeting, we
expressed and localized fluorescently tagged chimeric proteins in
transfected protoplasts. We learned that targeting determinants
are located in the TMD and tail regions, rather than the stroma-
exposed N-terminal regions. Physicochemical properties of
the TMDs and tails appear to dictate which pathway the TA
protein will enter and whether it will insert into the target
membrane or remain in a stromal pool. The position and nature
of these determinants are fundamentally different than anything
previously described in studies of membrane targeting inside
chloroplasts. They may, however, include some characteristics
that mirror those of cytosolically targeted TA proteins. We suggest
that targeting pathways novel to the chloroplast may be involved.

MATERIALS AND METHODS

Sequence Analysis and Definition of SECE

Protein Regions

Putative SECE1 and SECE2 protein sequences from multiple
plant species were acquired by homology searches using the
blastp algorithm of BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) (Altschul et al., 1990) and the predicted protein sequence of
Arabidopsis thaliana SECE1 (At4g14870) or SECE2 (At4g38490).
Protein sequences were acquired from TAIR (https://www.
arabidopsis.org/index.jsp). Sequences used for alignments were
chosen based on the availability of complete protein sequences for
both SECE1 and SECE2 in a given species and to reflect species
diversity. Sequences were aligned using the M-Coffee algorithm

(Wallace et al., 2006) (http://tcoftee.crg.cat/apps/tcoffee/index.
html). The resulting alignment files were submitted to BoxShade
(https://embnet.vital-it.ch/software/BOX_form.html) to create
the alignment figures.

Different regions of SECE1 and SECE2 were defined based
on a combination of topological features and protein sequence
alignments. The signature, linker and TMD, and tail regions of
SECE2 were previously defined in Li et al. (2015) and comparable
regions of SECE1 regions were identified using sequence alignments.
The N region was defined as everything N-terminal to the signature
region. The N region was further subdivided such that the N1 region
contained the predicted transit peptide, the GFP insertion site, and
5-9 amino acids C-terminal to that site. The N2 region included
amino acid sequences that showed a moderate degree of conservation
in alignments and were predicted to have a helical secondary
structure, when analyzed using the JPred4 algorithm (http://www.
compbio.dundee.ac.uk/jpred/) (Drozdetskiy et al., 2015). The TMDs
were identified using consensus transmembrane domain prediction
programs (ConPred_v2 and AramTmCon) available through the
Aramemnon database (http://aramemnon.uni-koeln.de/) (Schwacke
et al, 2003) or the topology prediction in UniProt (https://www.
uniprot.org/) (TheUniprot Consortium, 2019).

The helical propensity, hydrophobicity scores of the TMDs,
and hydrophobicity plots were calculated using various web-
based tools. Helical propensity was calculated using the Agadir
algorithm (http://agadir.crg.es/) (Munoz and Serrano, 1997) with
conditions pH 7.5, 298 K, and ionic strength 0.15 M. The grand
average of hydropathy (GRAVY) scores were calculated using
the GRAVY calculator (http://www.gravy-calculator.de/) (Kyte
and Doolittle, 1982). Hydrophobicity plots for the C-terminal
regions (starting with the conserved E-W-P motif) of SECE1
and SECE2 were created using the ProtScale tool in ExPASy
(https://web.expasy.org/protscale/) (Gasteiger et al., 2005). The
“Hydrophob./Kyte & Doolittle” amino acid scale, a window size
of 9, relative weight of 100%, linear weight variation model, and
“no normalization of the scale” were used.

Generation of GFP-Fusion Constructs

Generation of the GFP-SECE2 construct was described previously
(Li et al, 2015). For amplification of SECE1 sequence, cDNA
prepared from Arabidopsis (Wassilewskija ecotype) seedling
RNA or, because SECE1 has no introns, a previously described
Columbia ecotype SECE1 genomic clone (Skalitzky et al., 2011)
were used as templates. The GFP-SECE1 construct was assembled
by amplifying a fragment encoding the putative transit peptide
plus the first 33 amino acids of the mature protein, a second
fragment encoding GFP, and a third fragment encoding the rest
of the protein, and then connecting the fragments using overlap-
extension PCR. The final PCR product was then introduced into
the vector pML94 (Bionda et al., 2010) between the Kpnl and
BamHI restriction sites by sequence- and ligation-independent
cloning (Jeong et al., 2012). pML94 includes sequence encoding
the promoter for the 35S gene of cauliflower mosaic virus, which
should confer high level constitutive expression in planta. All
other SECE1-SECE2 chimeric constructs were generated from the
GFP-SECEI1 and GFP-SECE2 clones using primers that spanned
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the SECE1-SECE2 junctions. Individual fragments were joined
by overlap-extension PCR and the complete coding sequence was
introduced into pML94 by sequence- and ligation-independent
cloning. All plasmids used for imaging were verified by sequencing.

Protoplast Isolation and Transfection

For protoplast preparation, Arabidopsis thaliana (Columbia
ecotype) plants were grown using a 12 h light/12 h dark cycle at
22°C as described in Singhal and Fernandez (2017). Leaves were
removed from plants that were 4-5 weeks old and still in the
vegetative phase. Protoplasts were isolated using a tape sandwich
method as described in Wu et al. (2009) except that more leaves
(~25) were used so that transfections could be performed on a
higher number of cells. PEG-mediated transfections of 100,000
500,000 cells were performed as described in Yoo et al. (2007) except
that buffer W1 was eliminated and replaced by an equal volume of
W5 buffer. Transfections were performed using 10 pg DNA for all
plasmids encoding SECE constructs or 6 ug of the TIC20-mCherry
plasmid, which was previously described in Singhal and Fernandez
(2017). Protoplasts were incubated in the dark for 12-16 h.

Microscopy and Image Analysis

Transfected protoplasts that had been incubated overnight were
transferred to p-Slide Angiogenesis slides (Ibidi, https://ibidi.com/)
and imaged using Zeiss LSM 710 and LSM 780 Confocal microscopes
(Zeiss, https://www.zeiss.com/microscopy/us). A 488-nm laser was
used for GFP excitation and a 561-nm laser for chlorophyll excitation
and mCherry excitation. GFP emission was recorded at 499-526
nm, chlorophyll autofluorescence was recorded at 655-735 nm, and
mCherry emission was recorded at 589-636 nm. For each construct,
at least three to five transfected protoplasts were imaged in each of
three independent experiments.

Co-localization analysis and calculation of Pearson’s correlation
coeflicients were performed on 16 protoplasts using the Coloc2
plugin of the Image] software. Although similar distributions
of fluorescent proteins were observed regardless of the position
of the chloroplast within the protoplast or its orientation, for
fluorescence intensity plots, we chose chloroplasts angled such that
distinct thylakoid and stromal regions were visible. Appropriate
linear regions were selected and the pixel intensity values were
recorded from the GFP and chlorophyll or mCherry channels.
Intensity measurements were performed in Image] (Version
2.0.0-rc-68/1.52g, NIH, https://imagej.nih.gov). A minimum of
three fluorescence intensity plots, one each from three different
protoplasts, were generated and compared for each construct. The
protoplasts and scans shown are representative images.

RESULTS

SECE1 and SECE2 Localize to Distinct
Compartments When Transiently
Expressed in Protoplasts

To localize SECE1 and SECE2 in chloroplasts, we imaged
fluorescent fusion proteins in transfected Arabidopsis leaf
protoplasts. Localizations to the stroma, thylakoids, or envelope

membranes can be easily distinguished using this assay system
(Figure S1). To localize SECE1 and SECE2, sequence encoding
GFP was added downstream of the predicted transit peptide
cleavage site, such that GFP would be in the N-terminal domain
of the predicted mature protein and exposed in the stroma. SECE1
has been previously shown by fractionation to be confined to the
thylakoids (Schuenemann etal., 1999). For GFP-SECE1 (construct
I, Figure 1A), the GFP fluorescence occupied most of the interior
of the chloroplast, showing strong co-localization (Pearson’s R
value = 0.84 £ 0.05) with chlorophyll autofluorescence (Figure
1B). However, we also saw some association with interior regions
without chlorophyll, which suggests that transfer of the fusion
protein from a stromal pool to the thylakoids is less than 100%
efficient under our incubation conditions. The relative amounts
of GFP-SECE! in membrane and soluble fractions prepared from
chloroplasts isolated from transfected protoplasts are consistent
with this conclusion (Figure S2C). To demonstrate that GFP-
SECEL is not associated with the inner envelope, constructs
encoding GFP-SECE1 and TIC20-mCherry, an inner envelope
marker, were co-transfected. The profile of TIC20-mCherry shows
two peaks in linear scans, indicating envelope localization, and
was spatially separate from the GFP-SECE1 signal (Figure 1D).
For GFP-SECE2 (construct II), GFP fluorescence was confined
to the periphery of the chloroplasts, producing a profile of two
distinct peaks in linear scans of individual chloroplasts (Figure
1C). The chlorophyll autofluorescence signal showed a very
different profile, occupying a more central location to the inside of
the GFP-SECE2 peaks. The peripheral localization of GFP-SECE2
is consistent with localization in the inner envelope, which was
previously established by demonstrating interactions between
SECE2 and the inner envelope integral membrane protein SCY2,
as well as co-localization of GFP-SECE2 and TIC20-mCherry in
transfected protoplasts (Li et al., 2015). We found that GFP-SECE2
fusion proteins were associated exclusively with the membrane
fraction in chloroplasts isolated from transfected protoplasts
(Figure S2D). We conclude that the distribution of GFP fusion
proteins accurately reflects the localization of the chloroplast
SECE proteins in different chloroplast compartments.

SECE1 and SECE2 Have Conserved
Structures But Different Sequences
Because SECE1 and SECE2 have similar domain structures
and topologies, individual domains can be swapped without
perturbing the overall structure of the proteins. We undertook
a series of domain-swapping experiments in order to identify
regions responsible for differential targeting of SECE1 and
SECE2. As a first step, we analyzed and aligned SECE1 and
SECE2 sequences in different plant species (Figures 2 and 3) and
identified four regions of interest, which we designated as the
N-terminal region (subdivided into N1 and N2), the signature
domain, the linker and TMD region, and the C-terminal region
(tail). The amino acids included in each region are shown in
Figure 1E.

The N-terminal region is the region that is least conserved
between species, and the SECE1 and SECE2 N-terminal regions
cannot be easily aligned. This region is likely to be fully exposed
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FIGURE 1 | Localization of GFP-SECE1 and GFP-SECE? in transfected protoplasts and designation of protein domains in SECE1 and SECE2. (A) Diagrams
depicting constructs | and Il. SECE1 sequences are indicated with light gray and SECE2 sequences with dark gray; N1 and N2: N-terminal regions; GFP: green
fluorescent protein; Sign.: signature domain; TMD: linker plus transmembrane domain; Tail: C-terminal tail. (B-D) Leaf protoplasts from 4-5 week old wildtype
(Columbia ecotype) plants were transfected with (B) construct I, (C) construct I, or (D) construct | plus a TIC20-mCherry construct. The images show GFP
fluorescence (cyan), chlorophyll fluorescence (magenta) or TIC20-mCherry fluorescence (red), merged images, and relative pixel intensity diagrams that correspond
with the white lines on the merged images. (E) Amino acid sequences that correspond to the individual domains of SECE1 and SECE2. Predicted transit peptides
(TP) are shown in bold text and the GFP insertion site is indicated. TMD, transmembrane domain.

to the stroma following membrane insertion of the TMD. For
experimental purposes, we subdivided the N-terminal region into
two unequal halves. The region designated as N1 includes the transit
peptide and the GFP insertion site. This region lacks any predicted

secondary structure according to the JPred4 algorithm (http://
www.compbio.dundee.ac.uk/jpred/) (Drozdetskiy et al, 2015).
The region designated as N2 includes amino acid sequence predicted
to form a helix in both SECE1 and SECE2 (data not shown).
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FIGURE 2 | Multiple sequence alignment of SECE1 from a variety of plant species. The predicted transit peptide cleavage site in Arabidopsis is indicated with a

black triangle. The GFP insertion site is indicated by a green triangle. Signature, signature region; TMD, transmembrane domain; Tail, C-terminal tail.

Following the N-terminal region, SECE1 and SECE2 each has
a 15-amino acid region designated as the signature domain. When
SECEL1 and SECE2 are considered separately, the signature domain
is highly conserved between different species (Figures 2 and 3);
however, when SECEI and SECE2 are compared, their signature
domains are quite different. This region ends with the amino acid
motif E-W-P, which are the only invariant amino acids in both
proteins. A short linker sequence connects the signature region with
the predicted TMD. The linker sequences were included with the
TMD as a single domain. The TMD is followed by a short region,
which we designated as the tail region. We designated the final 18
amino acids as the SECE] tail and the final 12 amino acids as the
SECE?2 tail. With three acidic and two basic residues, the SECEI tail
has an overall charge that is slightly negative, while the SECE2 tail
has two adjacent basic residues and is positively charged.

Targeting Determinants Are Associated
With the TMDs and C-Terminal Tails

To define the minimal region required to target a protein to
the inner envelope, we started with full-length GFP-SECE2
and replaced individual regions with the corresponding SECE1
sequence, progressing from the N-terminus to C-terminus of
SECE2 (Figure 4A). When the N1 and N2 regions of SECE2
were replaced with the corresponding SECE1 sequence, most
of the chimeric proteins were still associated with the envelope
(construct III, Figure 4B). A similar pattern was seen when
the N1 region, N2 region, and the signature domain of SECE2
were replaced (construct IV, Figure 4C). We concluded that
the domains that are predicted to be stroma-exposed after
integration were unlikely to contain important determinants for
envelope targeting.
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FIGURE 3 | Multiple sequence alignment of SECE2 from a variety of plant species. The predicted transit peptide cleavage site in Arabidopsis is indicated with a
black triangle. The GFP insertion site is indicated by a green triangle. Signature, signature region; TMD, transmembrane domain; Tail, C-terminal tail.

When the TMD region of SECE2, in addition to N1 region,
N2 region, and the signature domain, was replaced, leaving
SECE2 sequence only in the tail (construct V), the chimeric
proteins were displaced from the envelope and accumulated in
the interior of the chloroplasts (Figure 4D). The overlap between
GFP fluorescence and chlorophyll autofluorescence, as shown in
the fluorescence intensity diagram, suggests that this chimeric
protein is associated with the thylakoid membranes. This
series of experiments indicated that important inner envelope
targeting determinants are associated with the TMD of SECE2.

To probe this further, we wanted to conduct the inverse
experiment, progressively replacing SECE2 sequences with
SECE1 sequences starting at the C-terminus. However, we
learned in preliminary experiments that chimeric proteins with
the N1 region, N2 region, and signature domain of SECE2, and
the TMD and tail of SECE], failed to import into the chloroplast
(data not shown). We found that if we modified the constructs
such that they included the N1 region of SECE1, the chimeric
proteins were successfully imported. Therefore, we started
this series of experiments with a construct that encoded most
of the mature SECE2 protein but included the N1 region of
SECEI1 (construct VI, Figure 5). The chimeric protein encoded
by this construct was primarily associated with the envelope

(Figure 5B). We observed some fluorescent foci, which we
suspect reflects a limited degree of protein aggregation. Despite
these visible foci, this protein retained the overall localization
pattern of full length SECE2. When we replaced the SECE2
tail with the SECEI tail (construct VII), the chimeric protein
showed stromal accumulation rather than envelope localization
(Figure 5C). Chimeric proteins that included both the SECE1
TMD and tail (construct VIII) also accumulated primarily in
the stroma (Figure 5D). We conclude that the SECE2 tail is also
necessary for envelope targeting.

Next, we asked whether the sequences in the TMD and
tail must be located at the C-terminus in order to function
appropriately as targeting determinants. To test this, we fused
sequence encoding GFP to the 3’ end of the coding sequence
for full-length SECE1 and SECE2, creating SECE1-GFP and
SECE2-GFP (constructs IX and X, Figure 5A). When SECE1-
GFP was expressed in protoplasts, it was efficiently imported
and accumulated in the stroma (Figure 5E). Similar results were
obtained with SECE2-GFP (Figure 5F). From these experiments,
we concluded that the targeting determinants associated with the
TMD and tail are context-dependent, i.e., they must be near the
C-terminus to successfully target a TA protein to the appropriate
target membrane.
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chlorophyll fluorescence (magenta), merged images, and relative pixel intensity diagrams that correspond with the white lines on the merged images.

TMD Regions Alone Are Not Sufficient

to Confer Either Envelope or

Thylakoid Targeting

Studies of cytosolic TA proteins indicated that physicochemical
features of the C-terminal regions, such as TMD hydrophobicity,
helical propensity, and charges in the tail region, are important
for targeting (Hwang et al., 2004; Kriechbaumer et al., 2009; Rao
et al., 2016; Teresinski et al., 2019; reviewed in Chio et al., 2017).
If TA protein targeting within chloroplasts depends on the same
features, we might expect the TMDs of SECE1 and SECE2 to
differ significantly with regard to at least one of these parameters.
Because TMD sequence predictions depend on the algorithm
used, we analyzed three different predicted TMD sequences for
each protein (Table 1). These were obtained either using the
ConPred_v2 and AramTmCon algorithms [available through
the Aramemnon database (http://aramemnon.uni-koeln.de/)]

or the topology prediction in the UniProt database (https://
www.uniprot.org/). The latter predicts a TMD of 21 amino acids
for SECE1 and a longer TMD of 30 amino acids for SECE2.
Grand Average of Hydropathy (GRAVY) scores were obtained
using the GRAVY calculator (http://www.gravy-calculator.
de/). GRAVY scores for the TMD of SECE1 varied from 1.776
to 2.31, while GRAVY scores for the TMD of SECE2 varied
from 2.2 to 2.38. Both proteins would be considered to have
moderate hydrophobicity when compared to the values obtained
with cytosolic TA proteins in yeast, whose GRAVY scores vary
from 0.87 to 3.73 (Rao et al., 2016) Therefore, despite possible
differences in length, the TMDs of SECE1 and SECE2 do not
appear to differ significantly in overall hydrophobicity.

Another parameter that is useful for comparing different
TMDs is the helical propensity, calculated as Agadir scores (http://
agadir.crg.es/about.jsp), which reflect the relative tendency to
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TABLE 1 | Grand Average of Hydropathy (GRAVY) and helical propensity (Agadir) scores for predicted transmembrane domains (TMDs) of SECE1 and SECE2.

Prediction method SECE1 predicted TMD At4g14870/023342-1 GRAVY score Agadir score
ConPredv2 GVVLGVIAGSSVVLLTVNFLL 2.205 0.29
AramTmCon TTGVLGVIAGSSVVLLTVNF 1.776 0.26
UniProt VWLGVIAGSSVVLLTVNFLLA 2.31 0.27
Prediction method SECE2 At4g38490/Q940H5-1 GRAVY score Agadir score
ConPredv2 TLSLCLVAVFIVALSSVDAAL 2.2 2.12
AramTmCon LCLVAVFIVALSSVDAALCY! 2.362 2.04
UniProt ATLSLCLVAVFIVALSSVDAALCYILALIL 2.38 6.12

ConPredv2 and AramTmCon predictions were obtained by submitting the gene locus number to the Aramemnon database (http://aramemnon.uni-koeln.de/). The UniProt
prediction was obtained by submitting the UniProt ID number to the UniProt database (http://www.uniprot.org). GRAVY scores for each predicted TMD were obtained using the
GRAVY calculator (http://www.gravy-calculator.de/), and Agadir scores reflecting helical propensity were obtained using the Agadir algorithm (http.//agadir.crg.es/).

form helices in aqueous solution. The Adagir score of SECE1’s
TMD varies from 0.26 to 0.29, while the Agadir score of SECE2’s
TMD varies from 2.04 to 6.12 (Table 1). The Agadir scores of
cytosolic TA proteins in yeast vary from 0.13 to 74.40. Lower
Agadir scores are typically associated with TA proteins targeted
to the mitochondrial outer envelope, while higher Agadir scores
are typically associated with TA proteins targeted to the ER (Rao
et al., 2016). Although the TMD of SECE2 appears to have a
slightly higher helical propensity than the TMD of SECEI, the
Agadir scores for SECE1 and SECE2 TMDs are both on the low
end of the scale.

Finally, we compared the hydrophobicity profiles of the TMD
and tail regions of SECE1 and SECE2 (Figure 6). SECE1’s TMD
shows fairly uniform hydrophobicity throughout its length and
is followed by a tail with low hydrophobicity. The TMD and tail
regions of SECE2, on the other hand, have two “peaks” of higher
than average hydrophobicity separated by a “valley” of lower than
average hydrophobicity, which is centered around the charged
amino acid in the TMD. Therefore, although the GRAVY scores
of the TMDs of the two proteins are similar, the hydrophobicity
profiles are very different.

How does the character of the TMD affect targeting? To
determine this, we generated a construct encoding a chimeric
protein where the TMD of SECE1 was placed in the context of
SECE2 (construct XI, Figure 7A) and another where the TMD of
SECE2 was placed in the context of SECE1 (construct XII, Figure
7A). These changes resulted in significant alterations in the
hydrophobicity profiles of the TMD and tail regions (compare
Figures 7B, C to Figures 6A, B). The chimeric protein encoded by
construct XI had uniform moderate hydrophobicity throughout
the TMD and tail regions (Figure 7B). When protoplasts were
transfected with this construct, only weak fluorescence was
seen (Figure 7E). The chimeric protein did not appear to show
any specificity and low-level fluorescence was associated with
multiple locations, including the thylakoid, stroma, and envelope.
For the chimeric protein encoded by construct XII, the first
peak of higher hydrophobicity associated with SECE2’s TMD
was retained but the second peak was eliminated (Figure 7C).
The chimeric protein produced by this construct primarily
accumulated in the stroma (Figure 7F). We conclude that the
TMD regions alone are not sufficient to confer either envelope or
thylakoid targeting, possibly because physiochemical features of

SECE1

Hydrophobicity score
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FIGURE 6 | Hydrophobicity profiles of the C-terminal regions of SECE1 and SECE2. Profiles were generated through ExPASy ProtScale (https://web.expasy.org/
protscale/) using the Kyte & Doolittle amino acid scale with a window size of 9. Each profile represents the linker, TMD, and tail regions beginning with the E-W-P
motif. (A) Hydrophobicity profile of SECE1’s C-terminal regions, corresponding to residues 127-177 of the full-length protein. (B) Hydrophobicity profile of SECE2’s
C-terminal regions, corresponding to residues 109-153 of the full-length protein.
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FIGURE 7 | Localization of fluorescent chimeric SECE1 and SECE?2 proteins with alterations in the TMD region. (A) Diagrams depicting constructs XI, Xll, and
Xilll. SECE1 sequences are indicated with light gray and SECE2 sequences with dark gray; N1 and N2: N-terminal regions; GFP: green fluorescent protein;

Sign.: signature domain; TMD: linker plus transmembrane domain; Tail: C-terminal tail. The asterisk indicates the location of a D to A amino acid substitution.
(B-D) Hydrophobicity profiles of the linker, TMD, and tail regions of the proteins encoded by (B) construct XI, (C) construct XII, and (D) construct Xlll. (E-G) Leaf
protoplasts from 4-5 week old wildtype (Columbia ecotype) plants were transfected with (E) construct Xl, (F) construct X, or (G) construct XlIl. The images show
GFP fluorescence (cyan), chlorophyll fluorescence (magenta), merged images, and relative pixel intensity diagrams that correspond with the white lines on the
merged images.
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the C-terminal region are shaped by contributions from both the
TMDs and tail regions.

The valley between the two peaks in the hydrophobicity
profile of SECE2 is centered on a charged residue (aspartic acid).
We tested whether changing this amino acid has an impact on
targeting. We generated a GFP-SECE2 construct in which the
aspartic acid was replaced by an alanine residue (construct XIII,
Figure 7A). This amino acid substitution results in minimal
change to the hydrophobicity profile. The floor of the valley
between the two high peaks of hydrophobicity associated with
SECE2 is raised but the valley is not eliminated (compare
Figure 7D to Figure 6B). When protoplasts were transfected
with this construct, the fluorescent mutant protein was targeted
primarily to the envelope (Figure 7G). Thus, having a charged
residue in this position may be less important for envelope
targeting than the overall hydrophobicity profile.

C-Terminal Tail Characteristics Play a Role
in Membrane-Specific Targeting

The results of the first two sets of domain swap experiments
suggested that the character of the tail region was more important
for envelope-directed targeting than for thylakoid-directed
targeting. Substitution of SECEl’s tail for the tail of SECE2
blocked association of SECE2 with the envelope membrane, while
substitution of SECE2’s tail for the tail of SECE1 was tolerated. The
net charge of the tail has been shown to be an important factor for
sorting cytosolic tail-anchored proteins (reviewed in Moog, 2019
and Pedrazzini, 2009). The SECEI tail has three acidic and two
basic residues, while the SECE2 tail has two adjacent basic residues.
All of the charged residues are highly conserved. We performed
several different experiments to test whether changes in the amino
acid composition of the SECE2 tail would affect localization to the
envelope. First, we generated a construct encoding a SECE2 protein
where the final 12 amino acids were changed to alanine residues
(construct XIV, Figure 8A). When protoplasts were transfected
with this construct, the fluorescent mutant protein accumulated
in the stroma (Figure 8B). Next, we tested a construct where the
dibasic R-K motif was changed to A-A (construct XV, Figure
8A). This fluorescent mutant protein also accumulated in the
stroma (Figure 8C). Similar results were obtained with constructs
encoding proteins where either the first six residues in the tail were
changed to alanines or the last six residues (including the R-K
motif) were changed to alanines (data not shown). We conclude
that there are stringent requirements for particular tail sequences
for efficient envelope-directed SECE2 targeting.

We also tested the effect of alterations in the amino acid
composition of the tail on thylakoid-directed targeting. A
construct was generated that encoded a SECE1 protein where
the entire tail was replaced by 12 alanine residues (construct
XVI, Figure 8A). In transfected protoplasts, the fluorescent
mutant protein was associated with the thylakoids (Figure 8D).
Therefore, the native tail, including its two positive and three
negative charged residues, is clearly not required in the context
of full-length SECEI. In fact, in contrast to envelope-directed
SECE2 targeting, we could not detect any requirements for
particular tail sequences for thylakoid-directed SECE1 targeting.

In summary, these experiments show that, just as in the
cytosolic targeting systems for TA proteins, targeting of
TA proteins to internal chloroplast membranes depends
on determinants associated with the TMD and tail regions.
Targeting to the thylakoids and targeting to the inner envelope
have somewhat different requirements. For envelope targeting,
the TMD and tail regions are both important, and adjacent basic
residues or some other feature of the tail may be necessary for
high fidelity targeting. For thylakoid targeting, the TMD and tail
regions are also important; however, in the context of full-length
SECE], the requirement for the native tail is relaxed.

DISCUSSION
Summary Model

TA proteins that are imported and localized in either the inner
envelope or thylakoid membranes of chloroplasts require a
number of targeting signals for accurate delivery and successful
integration. Our studies show that membrane specificity depends
primarily on signals located at the C-terminus, in the TMD and
tail regions. In Figure 9, we present a multistep model for how the
nuclear-encoded imported chloroplast TA proteins are targeted.

In step 1, precursor TA proteins are synthesized in the cytosol
with transit peptides. The newly synthesized precursors evade
the cytosolic TA protein targeting systems and are delivered to
the TOC-TIC import apparatus of the chloroplast. Following
import of the N-terminus, the transit peptide of the precursor
protein is removed in the stroma.

In step 2, TA proteins are recruited into an inner envelope-
directed pathway or a thylakoid-directed pathway, based on
characteristics of their TMD and tail regions. Inner envelope TA
proteins have two possible routes: translocation may be arrested
during import and the protein may be released laterally from the TIC.
Alternatively, they may take a post-import route, as do thylakoid TA
proteins. According to our model, fully imported TA proteins would
be recruited to the appropriate pathway through interactions with
stromal factors as the TMD and tail regions exit the TIC.

In step 3, the TA proteins are integrated into the target
membranes. Insertion may be spontaneous or it may be catalyzed
by a specific translocase. The efficiency of integration may also
depend on the characteristics of the TMD and tail regions.

Pre- and Post-Import Targeting Features
Are Located on Distinct Termini

Targeting of internal chloroplast TA proteins involves at least
two sets of targeting determinants: one set at the N-terminus
for delivery to the chloroplast import machinery and one set
close to the C-terminus for localization within the chloroplast.
The N-terminal determinants appear to be dominant in the
cytosol, perhaps because this region is exposed first during
synthesis, while the C-terminal regions are still in the ribosome
tunnel. Interactions between cytosolic factors and transit peptide
sequences that result in the precursor proteins being directed to
the TOC-TIC import apparatus have been extensively studied
(May and Soll, 2000; Qbadou et al., 2006; Bélter and Soll, 2016).
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FIGURE 8 | Localization of fluorescent chimeric SECE1 and SECE?2 proteins with alterations in the C-terminal tail regions. (A) Diagrams depicting constructs XIV,
XV, and XVI. SECE1 sequences are indicated with light gray and SECE2 sequences with dark gray; N1 and N2: N-terminal regions; GFP: green fluorescent protein;
Sign.: signature domain; TMD: linker plus transmembrane domain; Tail: C-terminal tail. The black rectangles with Ala,, indicate a substitution of the entire native tail
with 12 alanine residues. The asterisk indicates the location of an R-K to A-A amino acid substitution. (B-D) Leaf protoplasts from 4-5 week old wildtype (Columbia
ecotype) plants were transfected with (B) construct X1V, (C) construct XV, or (D) construct XVI. The images show GFP fluorescence (cyan), chlorophyll fluorescence
(magenta), merged images, and relative pixel intensity diagrams that correspond with the white lines on the merged images.

Following import and removal of the transit peptide,
determinants near the C-terminus become important, just as
they are in the cytosolic TA protein targeting systems. Both
SECE1 and SECE2 have TMDs with moderate hydrophobicity,
but the tails of SECE1 and SECE2 are quite different. Both tails
lack the RK/ST-enriched sequences associated with the tails
of many chloroplast outer envelope TA proteins (Teresinski
et al., 2019). In the case of SECE2, the tail region most closely
resembles the targeting sequence of a mitochondrial outer
envelope TA protein. Mitochondrial TA proteins tend to have
tails with a more positive net charge and often contain a dibasic
R-R/K/H-X (X#E) motif (Hwang et al., 2004; Marty et al,
2014). In Arabidopsis and other species, the sequence R-R/
K-X, where X tends to be either A, T, or S, is highly conserved
in SECE2’s tail (Figure 3). We showed that changing the R-K
motif to A-A disrupts targeting of SECE2 to the inner envelope.

In the case of SECEI, the tail region most closely resembles
the targeting sequence of ER-directed TA proteins, which
often contain a R/H-X-Y/F motif and have a slightly positive
net charge (Moog, 2019). SECET1’s tail has a slightly negative
net charge instead, but it contains the highly conserved R-V-F
motif in all species we examined aside from Zea, where the
sequence is T-V-F (Figure 2). Because replacing the tail with
A residues or substituting SECE2’s tail for the SECEI1 tail does
not block the thylakoid localization of SECEI1, these residues
may be dispensable for targeting.

We are not suggesting that the inner envelope is equivalent
to the mitochondrial outer envelope, nor are the thylakoids
equivalent to the ER. However, the parallelism is curious
and raises the possibility that physicochemical features that
contribute to discrimination between different pathways in the
cytosol might serve a similar purpose in the stroma.
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FIGURE 9 | Multi-step model of targeting nuclear-encoded TA proteins to the inner envelope or thylakoid membranes of chloroplasts. In step 1 (pink background
color), the TA protein is synthesized in the cytosol and delivered to the chloroplast. In step 2, the TA proteins are sorted either in an inner envelope-directed (yellow
background color) or thylakoid-directed (peach background color) pathway. In step 3, the TA proteins are integrated either into the inner envelope membrane (light
blue background color) or the thylakoid membrane (dark blue background). Scissors indicate stromal processing peptidase activity. IEM, inner envelope membrane;
OEM, outer envelope membrane; TOC/TIC, Translocons of the Outer and Inner Envelope membranes of the chloroplast.

stroma

Post-Import Sorting Events

Following import into the stroma and removal of the transit
peptide, the TA proteins are sorted into different targeting
pathways. For thylakoid-directed proteins, interaction with
one or more stromal factors is likely necessary to prevent
aggregation and aid in delivery to the thylakoids. Based
on the observation that SECE1 can integrate into isolated
thylakoids in the absence of stromal extracts and an energy
source (Steiner et al., 2002), SECEI is often considered to be
a client of the “spontaneous” pathway. However, given the
similar lipid composition of the thylakoids and inner envelope
(Benning, 2009), it is hard to reconcile a protein-free targeting
process with the membrane specificity that is observed in
vivo. We suggest that targeting to the thylakoid is more likely
to be protein-mediated. Based on its sequence, SECE1 does
not appear to be a good candidate for either the SEC, ApH,
or SRP pathways. It lacks the N-terminal sequences that
resemble signal peptides often found in clients of the SEC and
ApH pathways, and it lacks the D-P-L-G motif used to recruit
proteins to the SRP pathway (DeLille et al., 2000). Given
the resemblance of SECE1’s tail to those of ER-directed TA
proteins, which are delivered via the cytosolic Guided Entry
of Tail-anchored proteins (GET) system, we speculate that
targeting of thylakoid TA proteins might be a possible role for
GET3B, the recently discovered chloroplast homolog of the
GET3 targeting factor (Duncan et al., 2013; Xing et al., 2017).

For inner envelope TA proteins, there are two possible
targeting pathways. The final topology, with a stroma-
exposed N-terminus, would be compatible with a stop
transfer mechanism, which involves arrest of translocation
and lateral release of the TMD from the TIC. Features
previously identified as being associated with stop transfer
TMDs include absence of proline residues, a relatively high
content of clustered tryptophan and phenylalanine residues,
and G-X;-G or G-X,-G motifs (Froehlich and Keegstra, 2011).
SECE2’s TMD lacks proline residues, but it does not have any
other feature that would suggest it functions as a stop transfer
TMD. Our experiments have shown that SECE2’s TMD
must be combined with the appropriate tail to be an effective
targeting determinant (compare constructs VII, XII, and XIV
to construct II). Therefore, it is unlike the single-span inner
envelope protein ARC6, whose stop transfer TMD is sufficient
to confer inner envelope localization (Froehlich and Keegstra,
2011). We found that full-length SECE2 proteins with GFP
fused at their C-terminus and several different mutant SECE2
proteins with amino acid changes in the tail region accumulate
in the stroma (constructs X, XIV, XV). It is possible that the
amino acid changes interfere with the arrest of translocation or
some other aspect of the stop transfer mechanism. However, it
is equally possible that SECE2 normally fully transits the TIC,
and the C-terminal extensions and/or alterations alter the
dynamics of the normally transient stromal pool, perhaps by
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slowing or preventing integration from the stromal side of the
inner envelope.

If both SECE2 and SECEI1 use post-import pathways, what
features of the TMDs and tails might contribute to sorting? As
discussed in the previous section, the tails of SECE1 and SECE2
carry different net charges. The tail appears to be more important
for inner envelope targeting than for thylakoid targeting. The
TMDs of SECEl and SECE2 are similar in that they have
moderate hydrophobicity; however, they differ in several
regards: First, SECE1’s TMD has a lower helical propensity than
SECE2’s TMD. Helical propensity differences were previously
shown to be strongly correlated with the efficacy of targeting of
TA proteins to different target membranes in the cytosol (Rao
et al., 2016). Second, SECE1’s TMD, but not SECE2’s TMD, has
features that are often associated with the TMDs of thylakoid
proteins, namely clustered leucine residues and a relatively high
alanine (A), valine (V), and glycine (G) content (Froehlich
and Keegstra, 2011). Finally, we note that while the average
hydrophobicities of SECE1’s and SECE2’s TMDs are similar,
the hydrophobicity profiles are very different: SECEl’'s TMD
shows fairly uniform hydrophobicity throughout its length,
and is followed by a tail with multiple charged residues and low
hydrophobicity. The TMD and tail regions of SECE2, on the
other hand, are marked by two regions of higher hydrophobicity
separated by a region of lower hydrophobicity that includes
a charged amino acid. Changing the aspartic acid to alanine
had no apparent effect on targeting (construct XIII); however,
the change also did not completely eliminate the region of
lower hydrophobicity in the hydrophobicity profile (compare
Figure 7D to Figure 6B). The difference in SECE1 and SECE2’s
profiles could be significant if stromal factors discriminate
between clients on this basis. For example, a stromal factor
with a hydrophobic groove that accommodates SECE1’s TMD
might be unable to accommodate SECE2’s TMD because of the
region of lower hydrophobicity or the nearby charges in the
tail. Additional experiments will be needed to test which of the
many differences between SECE1 and SECE2’s TMD and tail
regions are significant.

Membrane Integration

After successful recruitment into the appropriate pathway
and delivery to the target membrane, the TA protein must be
integrated. Integration involves partitioning of the hydrophobic
TMD into the lipid bilayer and transfer of the tail region across
the lipid bilayer. The thylakoids contain a variety of different
translocases, any of which could at least theoretically be
involved in this process. Because thylakoids are an energized
membrane, transfer also might be aided by the proton-motive
force. Therefore, thylakoids clearly have the capacity to transfer
a small protein domain such as a short C-terminal tail across
the membrane. Indeed, it was reported previously that SECE1
can insert into isolated thylakoid membranes without stromal
extracts or an energy source (Steiner et al., 2002) and we observed
that successful integration can occur with a variety of different
short tails (construct V and XVI). For inner envelope proteins,

transfer of the tail across a membrane only becomes a concern
for TA proteins that integrate by a post-import mechanism.
In this case, we imagine that TA proteins are brought in close
proximity to the membrane by targeting complexes, allowing
integration to occur. This might happen spontaneously, via the
SEC2 translocase, or via some as-yet-unidentified translocase.
The lack of a protonmotive force and more limited capacity for
transfer might explain why we see a more stringent requirement
for a particular tail with SECE2.

In summary, we have shown that membrane-specific
targeting of TA proteins within chloroplasts depends on
features of their TMDs and short C-terminal tails. We propose
that physicochemical features of the TMDs and tail regions are
important in two ways. First, they dictate whether a given tail-
anchored protein is recruited to either a thylakoid- or an inner
envelope-targeting pathway. Second, after delivery to the target
membrane, attributes of the TMDs and tail regions may influence
membrane insertion.
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The inner membrane-associated protein of 30 kDa (IM30), also known as the vesicle-
inducing protein in plastids 1 (Vipp1), is essential for photo-autotrophic growth of
cyanobacteria, algae and higher plants. While its exact function still remains largely
elusive, it is commonly accepted that IM30 is crucially involved in thylakoid membrane
biogenesis, stabilization and/or maintenance. A characteristic feature of IM30 is its intrinsic
propensity to form large homo-oligomeric protein complexes. 15 years ago, it has been
reported that these supercomplexes have a ring-shaped structure. However, the in vivo
significance of these ring structures is not finally resolved yet and the formation of more
complex assemblies has been reported. We here present and discuss research on IM30
conducted within the past 25 years with a special emphasis on the question of why we
potentially need IM30 supercomplexes in vivo.

Keywords: IM30, Vipp1, PspA, thylakoid membrane, membrane fusion, membrane stabilization, membrane
dynamics, heat shock proteins

IM30 IS INVOLVED IN TM PROTECTION AND REMODELING

The thylakoid membranes (TMs) of chloroplasts and cyanobacteria harbor the complexes of the
photosynthetic electron transfer chain. The emergence of TMs in cyanobacteria is evolutionary
coupled to the development of the inner membrane-associated protein of 30 kDa (IM30)/vesicle-
inducing protein in plastids 1 (Vippl)-protein (Vothknecht et al., 2012), and while Vipp1/IM30
is clearly linked to the biogenesis/maintenance of TMs, its exact physiological function still is
unclear. As this protein appears to be essential for proper development of a functional TM system
and therefore the whole photosynthetic apparatus, clarifying the involvement of Vipp1/IM30 in
TM biogenesis/maintenance is vital to understand and eventually reconstruct the photosynthetic
machinery, which is the major energy source for life on earth.

The inner membrane-associated protein of 30 kDa (IM30) was first described in 1994 as a protein
with a dual localization at the inner envelope (IE) and at TMs in Pisum sativum chloroplasts (Li
etal., 1994). In 2001, homologs of this protein have been identified and characterized in Arabidopsis
thaliana and the cyanobacterium Synechocystis sp. PCC 6803 (from now on: Synechocystis) (Kroll
et al., 2001; Westphal et al., 2001). Due to an apparent deficiency in vesicle formation at low
temperatures of Arabidopsis Vipp1 depletion mutants, IM30 was renamed to vesicle inducing proteins
in plastids 1 (Vipp1) (Kroll et al., 2001). In recent years, IM30/Vipp1 has been found to be essential
for TM formation and IM30/Vippl was suggested to be involved in many processes linked to TM
maintenance and/or biogenesis (summarized in Heidrich et al., 2017). As the proposed involvement
in vesicle formation was not supported by any additional data, we here name the protein as originally
proposed, i.e. IM30.

IM30 proteins are conserved amongst almost all photosynthetic organisms (Westphal et al., 2001;
Vothknecht et al., 2012), and phylogenetic analyses have revealed that IM30 proteins potentially
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evolved via gene duplication from the bacterial phage shock
protein A (PspA) during evolution (Westphal et al, 2001).
Although sequence identity (~30%) and similarity (~50%)
are not too high between PspA and IM30 proteins (Bultema
et al., 2010), both proteins appear to share a highly conserved
(predicted) secondary structure with an N-terminal core
structure of about 220 amino acids consisting of six a-helices
(the so-called PspA-like domain, Figure 1A). A major structural
difference between PspA and IM30 is an extra C-terminal a-helix
in IM30 proteins that is connected to the PspA domain via an
extended linker region (Westphal et al., 2001; Otters et al., 2013).
This extra domain of 20-30 aa possibly discriminated PspA from
IM30 proteins and potentially causes the specialized functions
of IM30 during TM biogenesis/maintenance, which cannot
be accomplished by PspA (Westphal et al., 2001; Aseeva et al.,

2004; Bultema et al., 2010; Vothknecht et al., 2012). In contrast,
IM30 can functionally replace PspA in E. coli pspA null mutants
(DeLisa et al., 2004; Zhang et al., 2012), suggesting a conserved
function of the PspA domain and a more specific function of the
C-terminal IM30 domain in TM biogenesis/maintenance gained
during evolution. Nevertheless, due to their similarities, PspA
and IM30 together form the PspA/IM30 protein family, together
with LiaH, a phage shock protein homolog (Wolf et al., 2010).
An outstanding feature of all members of the PspA/IM30
protein family is their ability to organize into large ring-shaped
homo-oligomeric (super)complexes (as further discussed below),
which have first been described 15 years ago for both, PspA and
IM30 (Aseeva et al., 2004; Hankamer et al., 2004) and were later
on also identified for LiaH (Wolf et al,, 2010). Interestingly, the
occurrence of these IM30 supercomplexes appears to depend on
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FIGURE 1 | The structure of IM30. (A) IM30 is a predominantly a-helical protein with seven helices. Helix 1-6 form the PspA-like domain. IM30 can be discriminated
from PspA by a C-terminal extension, which includes an additional helix. (B) IM30 forms ring-like homo-oligomers with diameters ranging from 24 to 40 nm and a
height of 14 nm (EMDB:3740). (C) IM30 forms rod-like structures with typical diameters of 28-38 nm [adapted from (Theis et al., 2019); open-access license http://
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the presence of chaperones/chaperonins, which are likely involved
in assembly and disassembly of the IM30 supercomplexes (at least
ex vivo) (Liu et al., 2005; Liu et al., 2007; Gao et al., 2015).

The exact physiological function of IM30 monomers and/or
oligomers is still not finally resolved yet. In recent years, potential
in vivo functions of IM30 have mainly been studied using IM30
depleted or deleted cyanobacteria, algae, or plants. In fact, most
studies were performed in the cyanobacterium Synechocystis
sp. PCC 6803, the green alga Chlamydomonas reinhardtii or
the higher plant Arabidopsis thaliana (Table 1). Yet, results
obtained after protein depletion were not entirely conclusive.
While depleting IM30 in the cyanobacteria Synechococcus
sp. PCC 7002 or Synechocystis sp. PCC 6803 (Westphal et al,,
2001; Fuhrmann et al.,, 2009b; Zhang et al., 2014) as well as
in Arabidopsis chloroplasts (Aseeva et al,, 2007; Vothknecht
et al., 2012) resulted in reduced TM networks and a disturbed
TM morphology, depleting the protein in Chlamydomonas did
not affect the TM structure (Nordhues et al., 2012). However,
Chlamydomonas contains two IM30 paralogs (named Vippl and
Vipp2), and in Nordhues et al. solely expression of one paralog
was reduced. Yet, depletion of this paralog resulted already in
an altered photosynthetic activity in Chlamydomonas, as has
also been observed in cyanobacteria, but not in Arabidopsis,
with photosystem II being affected in Chlamydomonas and
photosystem I in cyanobacteria (Aseeva et al., 2007; Fuhrmann
et al., 2009a; Nordhues et al., 2012; Vothknecht et al., 2012).
Noteworthy, in contrast to most other studies, Gao et al. describe
that depletion of IM30 in Synechocystis did lead to a generally
reduced photosynthetic activity but not to TM reduction (Gao
and Xu, 2009). While these results could indicate different roles of
IM30 in different species, even results obtained in the same strain
are not conclusive (Gao and Xu, 2009; Fuhrmann et al., 2009b).
We believe that the major activity of IM30 remained conserved
throughout evolution and that differences were observed due
to other species-specific features, e.g., in some photosynthetic
organisms certain lipids are essential whereas these can be
replaced by other lipids in other species. This has e.g. been well
studied in case of sulfoquinovosyldiacylglycerol (SQDG), which
can be replaced by phosphatidylglycerol (PG) to some extent in
Synechococcus, but not in Synechocystis or Arabidopsis (Aoki et
al., 2004; Kobayashi et al., 2015). As IM30 likely interacts with
defined lipids and as lipids are crucial building blocks of TMs
as well as part of photosystems, the observed differences could
be explained by this. Yet, also other species-specific factors are

described to be exclusively involved in TM and/or photosystem
biogenesis in chloroplasts or cyanobacteria (Anbudurai et al.,
1994; Guskov et al., 2009; Umena et al, 2011; Heinz et al,
2016). Yet, within the last 25 years, besides many others (Kroll
et al., 2001; Benning et al., 2006; Gohre et al., 2006; Fuhrmann
et al., 2009b; Nordhues et al., 2012; Riitgers and Schroda, 2013;
Zhang et al., 2014; Walter et al., 2015) (reviewed in more detail
in (Heidrich et al., 2017)), two major physiological functions of
IM30 have been suggested, which we briefly introduce here:

(i) Membrane protection:

PspA, the major effector of the bacterial phage shock system,
is known to have a membrane stabilizing/protecting function,
and binding of PspA to membrane surfaces helps to maintain the
proton motive force (PMF) (Kleerebezem et al., 1996; Kobayashi
et al,, 2007; Joly et al,, 2010). Due to the high similarity of PspA
and IM30, it appears reasonable to speculate that IM30 also has
a membrane-stabilizing/-protecting function (Vothknecht et al.,
2012; Zhang et al., 2012; Zhang and Sakamoto, 2013; Zhang and
Sakamoto, 2015). Indeed, both, PspA and IM30, bind to negatively
charged lipid membranes in a curvature dependent manner in
vitro (Kobayashi et al., 2007; Hennig et al., 2015; McDonald et al.,
2015; Heidrich et al., 2016) and IM30 potentially increases the lipid
order upon membrane binding (Hennig et al., 2015; Heidrich et al.,
2016). While this suggests that the protein preferentially binds to
ordered membrane regions (i.e. gel-phase membranes), further
experimental proof is missing. Besides these in vitro observations,
it has been observed that heterologous expression of IM30 from
Synechocystis and Arabidopsis can complement deficiencies in a
bacterial ApspA mutant (DeLisa et al., 2004; Zhang et al., 2012)
and that IM30 overexpression can increase the heat stress tolerance
in Arabidopsis (Zhang et al.,, 2016). As small IM30 oligomers
bind with higher affinity to negatively charged membranes than
the large oligomeric ring structures (Heidrich et al., 2016), it has
been hypothesized that IM30 and PspA rings disassemble on
membranes and function as membrane chaperones by forming a
membrane protective structure upon membrane binding (Thurotte
etal,, 2017; Junglas and Schneider, 2018).

(ii) Membrane remodeling:

While IM30 appears to share its membrane-stabilizing/-
protecting activity with PspA, IM30 clearly must have acquired
additional functions in cyanobacteria and chloroplasts, as PspA
is not able to replace IM30 (Westphal et al., 2001; Aseeva et al.,
2004; Bultema et al., 2010; Vothknecht et al., 2012). Expression of
IM30 appears to be of special importance when cyanobacterial

TABLE 1 | The IM30 supercomplex structures in different species.

Organism Ultrastructure in vitro Diameter Ultrastructure in vivo Size
Synechocystis sp. PCC 6803 Mostly rings, (rods) ['-2 25-33 nm At membranes: dynamic and static punctae 9 100-300 GFP molecules
estimated: 100 + 25 nm @

In the cytoplasm: diffuse particles &

Arabidopsis thaliana Mostly rings, (rods) B4 40 nm @ At membranes: static clusters 10 <0.2-1.5 pm @
In the stroma: mobile IM30 particles 419

Chlamydomonas reinhardii Mostly rods, rings 8! 28-37 nm Bl n.a. n.a.

Triticum urartu Mostly rings, (rods) [ ~30 nm [ n.a. n.a.

[1] (Fuhrmann et al., 2009a), [2] (Saur et al., 2017), [3] (Aseeva et al., 2004), [4] (Zhang et al., 2016), [5] (Liu et al., 2007), [6] (Theis et al., 2019), [7] (Gao et al., 2017)
[8] (Bryan et al., 2014), [9] (Gutu et al., 2018), [10] (Zhang et al., 2012). n.a. = data not available.

Frontiers in Plant Science | www.frontiersin.org

November 2019 | Volume 10 | Article 1500


https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Siebenaller et al.

Multiple IM30 Oligomeric States

cells are shifted from dark to light growth conditions (Gutu
et al, 2018), where photosynthetic organisms need to adapt
their photosynthetic apparatus to account for the changing
light intensities by dynamic rearrangement of the TM system
(Chuartzman et al., 2008; Nagy et al,, 2011; Liberton et al.,
2013). Such TM rearrangements require extensive membrane
remodeling, and a likely candidate catalyzing TM remodeling is
IM30. IM30 can induce fusion of liposomal membranes, at least in
vitro (Hennig et al., 2015; Thurotte and Schneider, 2019), a process
that appears to be controlled by the cytosolic Mg?* concentration,
as Mg?* directly binds to IM30 and thereby triggers the fusion
process (Hennig et al., 2015; Heidrich et al., 2018; Thurotte and
Schneider, 2019). This is of special importance in TM-containing
organisms, as the cytosolic Mg?* concentration varies in the dark
vs. light and depends on the photosynthetic activity (Pohland and
Schneider, 2019). Thus, the IM30-specific membrane remodeling
activity appears to be (indirectly) controlled by light. Besideslight,
GTP binding and hydrolysis were recently suggested to control
the IM30 membrane remodeling function (Ohnishi et al., 2018),
although IM30 does not contain a canonical G-domain and GTP
is not required per se for membrane binding and liposome fusion
(Hennig et al., 2015). Noteworthy, the suggested membrane-
stabilizing and the membrane-remodeling activity of IM30 on
the first view contradict each other, at least in part, as membrane
fusion processes typically involve membrane destabilization.
However, both functions might be relevant in vivo, as Mg*'-
release or binding to IM30 could control the respective activities
(Junglas and Schneider, 2018).

IM30 STRUCTURE: WHAT DO WE (NOT)
KNOW SO FAR?

The Monomer Structure

Thus far, the structure of the IM30 monomer is still elusive.
The monomer is supposed to have a highly a-helical structure
(~80% a-helix) with six helices separated by short linker regions
(Fuhrmann et al., 20092a; Gao et al., 2015). Additionally, helix
7 is separated from the PspA(-like) domain by an extended
flexible linker (Otters et al., 2013). All these assumptions are
based on secondary structure predictions but are supported by
CD-spectroscopy and FTIR measurements (Fuhrmann et al.,
2009a; Gao et al., 2015; Heidrich et al., 2018). Recently, a model
of the IM30 monomer has been reported (see Figure 1A) that is
based on the X-ray structure of a PspA fragment (amino acids
1-144) (Osadnik et al., 2015) and homology modeling (Saur
et al., 2017). The X-ray structure of the PspA fragment revealed
that helix 2 and 3 form an extended hairpin coiled-coil structure
(Osadnik et al., 2015), which appears to form the structural core
of the PspA domain. Suggested structural and functional roles
of each helix were discussed in more detail recently (Heidrich
etal,, 2017). Studying truncated IM30 variants allowed to deduce
the involvement of individual helices in protein oligomerization
(Ottersetal., 2013; Gao etal., 2015; Thurotte and Schneider, 2019).
Based on these analyses, helix 2 and 3 form the structural core
of IM30 that is crucial for supercomplex formation, but by itself
does exclusively form monomers (Thurotte and Schneider, 2019).

Adding helix 1 and 4 to the structural core enables the formation
of dimers (Thurotte and Schneider, 2019) or intermediate-sized
oligomers (800 kDa) (Gao et al., 2015), but not of ring-shaped
supercomplexes. At minimum, helices 2-6 are required for the
formation of stable ring/supercomplex structures (Thurotte and
Schneider, 2019). Hence, the helix 2/3 coiled-coil apparently
interacts with helix 4 and/or 5/6 in the supercomplexes.

Small Oligomers

In solution, isolated IM30 has a strong tendency to spontaneously
form homo-oligomeric supercomplexes, as further discussed
below. Yet, a minor fraction of the protein still forms small
oligomers (mostly tetramers and dimers), and also the basic
building block of the ring complex appears to be an IM30
tetramer (Liu et al., 2007; Fuhrmann et al., 2009a; Saur et al,,
2017). Although some low-resolution data of the structure of
the supercomplexes are available, essentially nothing is known
about the structure of the small oligomers. Thus far, solely a
hypothetical model describing the organization of the monomers
in the ring structure, including the tetrameric building block,
was suggested (Saur et al., 2017) (Figure 1A).

IM30 Supercomplexes

In 2004, PspA (Hankamer et al., 2004) and IM30 (Aseeva et al.,
2004) were reported to form homo-oligomeric supercomplexes
with ring-like structures and molecular masses exeeding 1 MDa.
In the following 15 years, one main aspect of the research on
IM30 was to analyze the structure and implications of these large
supercomplexes.

In various experiments, involving size exclusion chromatography
(SEC), BN-PAGE, and sucrose gradient centrifugation, members
of the PspA/IM30 family were found to mainly organize into high
molecular mass complexes in solution, besides a small fraction of
dimers/tetramers (Aseeva et al., 2004; Liu et al., 2005; Liu et al.,
2007; Fuhrmann et al., 2009a; Gao et al., 2015; Heidrich et al,,
20165 Saur et al., 2017). This has been observed for IM30 in cellular
extracts of cyanobacteria and chloroplasts of green algae or vascular
plants, but also for heterologously expressed and purified proteins
(Aseeva et al., 2004; Liu et al., 2005; Liu et al., 2007; Fuhrmann et al.,
2009a; Gao et al., 2015; Heidrich et al., 2016; Gao et al., 2017; Saur
et al., 2017). As no other proteins appear to be necessary for IM30
oligomerization, the complexes identified in cellular extracts likely
represent homo-oligomeric assemblies.

The size of the EcoPspA complex was determined via SEC to
be ~1 MDa, indicating that the complex contains 36-37 subunits
(Hankamer et al., 2004). For isolated IM30, the molecular mass
was determined to be >1 MDa for Arabidopsis IM30 (AraIM30)
(Aseeva et al,, 2004; Otters et al., 2013), for Chlamydomonas IM30
(CrIM30) (Liu et al., 2007; Gao et al., 2015) as well as for two IM30
paralogs encoded in Tricum urartu (Gao et al., 2017). The size of
Synechocystis IM30 (SynIM30) was estimated via SEC to be about
1600-2000 kDa (or even higher) (Fuhrmann et al., 2009a). For the
homologous LiaH protein of B. subtillis, a molecular mass of at least
1.25 MDa was determined via SEC (Wolf et al., 2010). As these high
molecular mass supercomplexes elute in the void volume or close
to the void volume in most SEC experiments and as a compact
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globular shape is assumed in SEC analyzes, which deviates from the
partially hollow ring structure of IM30/PspA rings, the determined
masses have to be taken with caution. In fact, from a recent
3D-reconstruction of IM30-rings, a molecular mass of about 1.5-2.5
MDa could be roughly estimated by using the volume/shape of
the complex (Saur et al., 2017). However, the low resolution of this
3D-reconstruction makes it difficult to set the correct contour level
for an exact determination of the volume and thus the exact mass.

Ring-shaped supercomplexes have been observed multiple
times via negative stain electron microscopy for purified PspA
(Hankamer et al., 2004), LiaH (Wolf et al., 2010) and IM30 from
different organisms, involving Arabidopsis, Chlamydomonas and
Synechocystis (Aseeva et al., 2004; Liu et al., 2007; Fuhrmann et al.,
2009a; Gao et al., 2015). Thus far, the prevailing thesis is that PspA
rings solely occur with 9-fold rotational symmetry (from E. coli),
indicating a 4x9 (= 36 monomers) structure, which is in agreement
with the molecular mass estimated via SEC. These EcoPspA rings
have a diameter of about 20 nm and a height of 8-11 nm (Hankamer
et al, 2004). However, EcoPspA rings with different diameters
have also been observed, although they have not been further
characterized (Male et al,, 2014). The symmetry and number of
monomers of the LiaH rings were identical with the PspA rings
described by Hankamer et al. (2004); yet a ring diameter of 25 nm
has been determined (Wolf et al., 2010).

In contrast to the supposedly homogeneous PspA and LiaH
supercomplex structures, the IM30 ring dimensions are clearly
highly variable. The first electron micrographs of heterologously
expressed AralM30 revealed ring-shaped particles with a diameter
of about 40 nm and a height of about 14 nm (Figure 1B) (Aseeva
et al., 2004). Subsequent more detailed analysis of CrIM30 and
SynIM30 revealed a heterogeneous size distribution with rings
having diameters of at least 28-37 nm (CrIM30) (Liu et al., 2007)
and 25-33 nm (SynIM30), respectively, resulting in a calculated
number of monomers per ring ranging from 48-72 (Fuhrmann
et al, 2009a; Saur et al.,, 2017). While the ring diameter clearly
is variable, a constant height of 13-15 nm was observed for
all SynIM30 ring structures (Saur et al., 2017). Most electron
micrographs of IM30 exhibit a pronounced spike architecture,
giving rise to a very well defined rotational symmetry (at least 7 up
to 22fold) (Saur et al., 2017). Interestingly, the 3D-reconstructions
of the SynIM30 rings suggest that the rings are polar and have
two distinct sides (ring top and bottom side) (Figure 1B), with
the monomers likely being ordered unidirectional in the ring
structure (Saur et al., 2017), possibly enabling the rings to interact
with two different interaction partners. This perfectly supports
the idea of IM30 rings beeing able to bind/fuse two different
membrane surfaces, e.g. different TM sheets or the cyanobacterial
cytoplasmic membrane (CM) with the TM (Saur et al., 2017).

Rod-Like Structures

Besides isolated rings, in electron micrographs of purified IM30
and PspA also double rings and elongated rod-like structures
were identified (Figure 1C), the latter appear to form via
stacking of multiple IM30/PspA rings (Liu et al., 2007; Fuhrmann
et al., 2009a; Male et al., 2014; Gao et al., 2015; Saur et al., 2017;
Thurotte and Schneider, 2019).

While the formation of rod-like structures is a common feature
of IM30/PspA family members, the preference for rings vs. rod-
like structures appears to depend on the species (see Table 1).
SynIM30, the most intensely studied member of the IM30/PspA
family in terms of protein structure, does only occasionally form
rod-like structures (Fuhrmann et al., 2009a; Saur et al., 2017). Yet,
formation of double ring structures is induced by Mg2+-binding
to IM30, which alters the surface properties of individual IM30
rings (Heidrich et al., 2018). Additionally, increased formation
of rod-like structures has been observed upon removal of the
C-terminal helix 7 from SynIM30 (Hennig et al., 2017). This
observation suggests that PspA (and/or the PspA core of IM30
proteins) might be more prone to the formation of rod-like
structures as they do not contain the (IM30-specific) C-terminal
extension. PspA rings were initially observed and analyzed in the
presence of chaotropic salts (Hankamer et al., 2004), which might
hinder rod formation or disassemble PspA rods. In fact, extensive
formation of rod-like structures has recently been reported for
EcoPspA (Male et al., 2014). Furthermore, truncation of the
SynIM30 helix 1 also resulted in an increased formation of rod-
like structures (Thurotte and Schneider, 2019), suggesting that
helix 1 and helix 7 negatively control rod-formation in SynIM30.
Indeed, the removal of helix 1 and helix 7 in combination
resulted in the exclusive formation of rod-like structures in the
case of SynIM30 (Thurotte and Schneider, 2019). This might be
due to the removal of steric barriers inhibiting rod-formation of
the wt protein. Interestingly, helix 7 is known to protrude out of
the ring core structure (Otters et al., 2013; Heidrich et al., 2018)
and thereby may hinder ring-ring contacts at one side of the ring.
However, both helix 1 and 7 seem to have an intrinsic propensity
to be unstructured (Osadnik et al., 2015; Zhang et al., 2016;
Hennig et al., 2017; McDonald et al., 2017). Thus, they occupy
a large conformational space, which might explain why they can
create a steric hindrance for ring/supercomplex formation.

Notably, while AraIM30, as well as the two IM30 paralogs of
Triticum urartu, also appear to have a rather weak tendency to
form rod-like structures (to the best of our knowledge, as the
experimental evidence on these structures is limited (Otters
et al,, 2013; Zhang et al., 2016; Gao et al., 2017)), CrIM30 has
a pronounced tendency to form rods (Liu et al., 2005; Liu et al.,
2007; Theis et al., 2019) (Table 1).

Also, deletion of helix 1 has different effects on the
ultrastructure of IM30 from different species: While deletion of
helix 1 in SynIM30 clearly induced rod formation, deleting helix
1 from EcoPspA (Jovanovic et al., 2014) as well as from AraIM30
(Otters et al., 2013; Ohnishi et al., 2018) did even abolish
formation of large oligomers (including rings and rods), and
thus here helix 1 appears to be essential for the formation of large
oligomers as well as rings or rods. In contrast, removal of helix 1
from CrIM30 did not abolish formation of large oligomers, albeit
the oligomers appear not to have the prototypical ring structures
anymore (Gao et al., 2015). Thus, the exact role of helix 1 for
supercomplex formation appears to be species-dependent and
has to be analyzed in more detail. Nevertheless, helix 1 and 7 are
crucially involved in (de)stabilization of IM30 supercomplexes.

However, while also the physiological relevance of the rod-
like structures is not at all clear yet, it has been hypothesized
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that they might be part of cytoskeleton-like elements with
microtubule-like structures (Liu et al., 2007; Riitgers and
Schroda, 2013). Recently, it has been shown that CrIM30
rods can engulf phosphatidylinositol phosphate-containing
membranes (Theis et al., 2019), and thus, the rod-like
structures could well be part of the membrane remodeling
machinery of IM30.

THE STRUCTURE OF IM30 CHANGES
DYNAMICALLY IN VIVO

The in vivo structure of IM30 is still enigmatic. It has been shown
via fluorescence microscopy that GFP-tagged IM30 forms large
clusters close to the TMs in chloroplasts and cyanobacterial
cells, seen as punctae (Bryan et al., 2014). These punctae are
called “functional Vippl particles” (FVPs) in chloroplasts
(Zhang et al., 2016) (see Table 1). Additionally, GFP-tagged
IM30 has also been identified at the CM and in the cytoplasm of
Synechocystis (Bryan et al., 2014). Importantly, the localization
of IM30 in Synechocystis changes when cells are transferred
from low-light (LL, 8 uE m-2 s-1 intensity) to high-light (HL,
(600 pE m-2 s-1 intensity) conditions. At LL, the majority of
IM30 clusters were found at the cyanobacterial CM, whereas
under HL conditions the total number of IM30 puncta strongly
increased and the IM30 puncta preferentially form at the TM
(Bryan et al., 2014). This dynamic relocalization of IM30 in
Synechocystis has been investigated more extensively by Gutu
et al. At standard light conditions (100 pE m-2 s-1 intensity),
SynIM30 was identified in two fractions: (i) a diffuse uniformly
distributed fraction and (ii) short-lived puncta closely associated
with highly curved TM regions. Yet, at HL conditions, IM30
puncta stably form at and associate with TMs (Gutu et al,
2018), and potential implications of this relocalization were
discussed in more detail recently (Junglas and Schneider,
2018). A similar mobility of FVPs has also been observed in
chloroplasts when protoplasts from Arabidopsis were treated
with hypotonic stress (Zhang et al., 2016). As all members of
the IM30/PspA family appear to be localized in discrete punctae
associated with (probably stressed) cellular membranes (Engl
et al., 2009; Yamaguchi et al., 2013; Dominguez-Escobar et al,,
2014) the transient formation of clusters at defined membrane
regions might be linked to the primordial PspA-function, i.e.
membrane protection/maintenance.

However, the question arises, how IM30 is structured in
these clusters? Unfortunately, the resolution of conventional
fluorescence microscopy is limited to roughly 200 nm. Thus,
single IM30 rings with typical diameters of 30 to 40 nm will
be hardly detectable. Nevertheless, it has been suggested
that the so-called FVPs in chloroplasts represent IM30
rings or clusters of IM30 rings (Zhang et al., 2016). In fact,
the observed clusters have estimated maximal diameters of
<0.2-1.5 um (Zhang et al.,, 2016) and are thus too large for
single IM30 rings and may consist of assemblies of multiple
IM30 rings (Table 1). Notably, the IM30 puncta observed in
Synechocystis are much smaller than the FVPs (100 + 25 nm)
and contain about 100-300 IM30 molecules (Bryan et al., 2014)

(Table 1). Thus, they would consist of at least two to five rings,
assuming an average monomer content of the rings of about
60. Taking into account the roughly estimated shape of these
puncta, it is rather unlikely that they are formed by rod-like
structures, but by multiple IM30 rings sitting next to each
other (Junglas and Schneider, 2018). However, it is hard to
imagine how membrane attached IM30 rings can stabilize lipid
bilayers. Yet, as small IM30 oligomers and/or monomers have
a higher membrane binding affinity than rings (Heidrich et al.,
2016), it is reasonable to assume that IM30 rings disassemble
upon membrane binding. Monomers or small oligomers may
then form a protein network on membrane surfaces, similar
to the clathrin-like structure that has been described for
EcoPspA (Standar et al.,, 2008; Thurotte et al., 2017; Junglas
and Schneider, 2018). The assumption that IM30 does not
remain ring-structured upon membrane binding is further
supported by the recent notion that IM30 rings were not found
by template matching in tomograms of Synechocystis cells at or
close to the highly curved TM ends (Rast et al., 2019), i.e. at the
regions where the clusters have been identified via fluorescence
microscopy. Furthermore, while not being genuine proof, up to
the present day IM30 rings have, to the best of our knowledge,
never been observed in any study of isolated TMs via electron
microscopy or atomic force microscopy, despite the large ring
dimensions (Olive et al., 1981; Kirchhoff et al., 2004; Kirchhoff
et al., 2008b; Engel et al., 2015; Kowalewska et al., 2016; Casella
etal., 2017; MacGregor-Chatwin et al., 2019; Wietrzynski et al.,
2019). Hence, we conclude that the observed clusters most
likely are not formed from IM30 rings sitting on membrane
surfaces. However, the diffuse particles observed by Gutu et al.
potentially represent single IM30 rings in solution (Gutu et al.,
2018). Unfortunately, for the diffuse particles, no dimensions
were given, possibly because the diffuse particles were too
small and too mobile.

DYNAMIC (DIS)ASSEMBLY OF IM30 IS
MEDIATED BY CHAPERONES

As observed in the before mentioned in vivo studies, the
oligomeric state of IM30 appears to be highly dynamic. This
dynamic behavior likely involves the activity of chaperones,
which have been identified to interact with IM30 proteins
(Figure 2). In Chlamydomonas rheinhardtii, IM30 was shown to
associate with HSP70 chaperones and the co-chaperones CDJ2
and CGEl in ATP-depleted cell extracts (Liu et al., 2005; Liu
et al., 2007). These interactions were thereafter confirmed in
solubilized membrane fractions (Heide et al., 2009). Additionally,
HSP90 was identified as a supplementary interaction partner
of the IM30/HSP70 complex in Chlamydomonas (Heide et al.,
2009) and in Arabidopsis chloroplasts (Feng et al., 2014). In
Synechocystis, the two HSP70 chaperones DnaK2 and DnaK3
(Rupprecht et al., 2007; Rupprecht et al., 2008; Rupprecht et al.,
2010), as well as the HSP60 chaperonin GroL1, were shown to
interact with IM30 (Bryan et al., 2014).

Interaction of IM30 with different chaperones significantly
impacts the oligomeric state of IM30 (Figure 2). Although
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MEMBRANE PROTECTION

" IM30 monomer

IM30 ring

FIGURE 2 | Potential interactions of IM30 with membrane and HSPs. IM30 interacts with the TM as a ring and/or monomer. The monomers possibly rearrange

on the TM to form a membrane-protecting structure. In presence of high amounts of Mg?*, the IM30 ring is able to fuse adjacent membranes, which might involve
dissociation of the ring into membrane-bound small oligomers/monomers. HSPs may detach the monomers from the membrane and trigger homo-oligomerization
and ring formation. The physiological relevance of IM30 rod-like structures is unclear so far. However, HSPs have been shown to disassemble IM30 rods in the
presence of ATP in vitro. (Rod structure adapted from (Theis et al., 2019); open-access license http://creativecommons.org/licenses/by/4.0/).

MEMBRANE FUSION

IM30 was found in the IM30/CDJ2 complex in a high- and
low-molecular-weight fraction (> > 670 kDa and <230 kDa)
in ATP-depleted Chlamydomonas cell extracts, it was only
part of an intermediate-size molecular-weight fraction (about
670 kDa) in ATP-supplemented cell extracts (Liu et al,
2007), clearly suggesting an ATP-dependent assembly and/
or disassembly, as expected when ATP-dependent chaperones
are involved. Further analyses showed that also heterologously
expressed IM30 can be assembled and disassembled by the
HSP70-chaperone machinery in an ATP-dependent manner
(Liu et al., 2007). Interestingly, the rod-like structures
formed by CrIM30 were also disassembled into IM30 rings
and possibly smaller oligomers by the HSP70/CDJ2/CGE1
system when ATP was present (Liu et al., 2007). The bacterial
HSP70 EcoDnaK was able to replace the CrHSP70 protein in
presence of CDJ2 and CGE1 (Liu et al., 2007). Interaction of
the EcoDnaK protein with the CrIM30 full-length protein
was observed directly upon induction of heterologous
expression of CrIM30 in E. coli cells, suggesting that HSP70s
generally recognize and stabilize IM30 monomers and assist
in the formation of IM30 oligomers and supercomplexes.
Likely, HSP70s shield IM30 domains to prevent unspecific
aggregation. In fact, EcoDnaK binds with high affinity to

truncated versions of the CrIM30 proteins that form smaller
oligomers but no ring structure anymore (Gao et al., 2015).
In intact Synechocystis cells, GFP-labeled DnaK2, DnaK3, and
IM30 were observed via fluorescence microscopy to colocalize
in specific TM regions under HL-conditions, but not under
LL-conditions (Bryan et al., 2014). Thus, under (HL) stress
conditions, IM30 is potentially recruited to DnaK2 and/or
DnaK3-enriched regions close to the membrane that activate
IM30 via catalyzing assembly/disassembly (Bryan et al., 2014).
Such relocalization of proteins under stress conditions has
also been observed for PspA of Yersinia enterocolitica which
can be found in the cytoplasm and at the CM under normal
conditions, whereas it forms large static complexes at the CM
under stress conditions (Yamaguchi et al., 2013).

In an Arabidopsis mutant lacking AraHSP90.5, the ratio of
monomeric IM30 to higher molecular weight-oligomers of IM30
(>1000 kDa) was shifted to the oligomeric form, indicating that
HSP90.5 is also involved in disassembly of IM30 supercomplexes,
possibly together with HSP70 (Feng et al., 2014).

Taken together, IM30 clearly has an intrinsic propensity to
spontaneously form large oligomeric structures. HSP70 and
HSP90 chaperones have been shown to catalyze disassembly,
but also the assembly of IM30 oligomers (Figure 2), at
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least ex vivo and in vitro. The chaperones may be required
for removal of membrane-bound small IM30 oligomers
(Figure 2), as has been described for the uncoating of clathrin
complexes by auxilin and HSP70 (Ungewickell et al., 1995).
Membrane-associated chaperones are potential candidates
for this process. After removal from the membrane, small
oligomers may then assemble into oligomers in the cytosol,
to finally form the typical ring-shaped IM30 structures and
complete the recycling process (Figure 2). Yet, it remains to be
shown which physiological conditions trigger the interaction
of IM30 with the chaperones.

WHY DO WE NEED A RING?

In several models, a need for the formation of IM30 rings and/
or rod-like structures to fulfill their physiological function(s)
is implicated. However, the existence and relevance of IM30
supercomplexes in vivo still need to be shown, especially because
IM30 rings have never been observed in an in vivo context so
far. But, are IM30 rings really indispensable for the proposed
IM30 functions?

The IM30 Ring Structure Enables Efficient
Membrane Chaperoning

Formation of IM30/PspA rings is probably not necessary for the
proteins” membrane chaperoning function, as small oligomers
bind with higher affinity to membrane surfaces (Heidrich et al.,
2016). This observation has triggered the suggestion that IM30
rings disassemble into smaller oligomers (or monomers) upon/
during membrane binding. It has been hypothesized that PspA/
IM30 family proteins act as membrane chaperones by forming a
stabilizing network on the membrane surface, as discussed above
(Thurotte et al., 2017; Junglas and Schneider, 2018). Possibly,
such structures have been imaged via GFP-tagged IM30 in
living cells as large IM30 assemblies located at the TM (Zhang
et al., 2012; Bryan et al., 2014; Zhang et al., 2016; Gutu et al.,
2018; Junglas and Schneider, 2018). Also, the oligomeric PspA
structures identified by Standar et al., described as a clathrin-
like scaffold (Standar et al., 2008), potentially represent E. coli
membrane patches coated with PspA.

So, what might the ring structure then be good for, especially
in the case of PspA and LiaH proteins that are the main effector
proteins of the psp/lia membrane-stress response system, where
their major task is to maintain membranes? Homo-oligomeric
protein complexes can provide a highly ordered structure and
high stability due to the compactness and cooperativity of
highly packed monomers. This might protect the monomeric
protein against proteolysis and degradation under harsh
conditions, which is especially beneficial for stress-response
proteins. Indeed, IM30 rings (more precisely the ring core)
are relatively protease-resistant and resistant against chemical
and thermal denaturation compared to small oligomers (Gao
et al., 2015; Heidrich et al, 2018; Thurotte and Schneider,
2019). Furthermore, the surface of a higher-ordered oligomer
is relatively small compared to the monomer. This could be a

mechanism to control the IM30 activity, as amphiphilic helices,
which are prone to interact with membrane surfaces, are exposed
solely when the complexes dissociate. Consequently, the IM30
ring could be a storage form of smaller, active IM30 oligomers/
monomers to prevent a continuous need for shielding the
hydrophobic surfaces by chaperones. Additionally, preformation
of a highly ordered homo-oligomeric supercomplex ensures a
high avidity and an immediate high local concentration of the
active small oligomers (or monomers) upon membrane binding,
which is likely necessary for membrane attachment and rapid
formation of protein networks on membrane surfaces involved
in membrane repair and/or protection. The orientation of the
monomers in the ring could support e.g. membrane binding if
the interacting amino acid residues are positioned in a favorable
orientation to the membrane.

The IM30 Ring Is Crucial for

Membrane Fusion

Besides the involvement of the IM30 ring structure in membrane
protection, the ring seems to be mandatory for the membrane
fusion activity of IM30. A membrane fusion protein requires
strict control of its activity, as any uncontrolled fusion event is
potentially detrimental for the cell because it could e.g. result in
a loss of electrical and/or chemical gradients. This is especially
relevant for the TM, as any leak by misdirected fusion reduces
the proton gradient and the photosynthetic efficiency. Therefore,
control of the IM30 activity via oligomer formation might
be a potential solution. Another regulation mechanism is the
dependence of the fusion process on Mg?**, which seems to
activate IM30 rings (Heidrich et al., 2018).

The structural features of the IM30 ring structure seem to
support the fusion mechanism directly. An oligomeric ring
exposes two distinct sides of the monomers, which are orientated
unidirectional, as suggested for IM30 (Saur et al., 2017). The
opposing sides of the ring can consequently interact e.g. with
two membranes, as it would be necessary for a membrane fusion
activity. This would also be possible with a cylindrically shaped
protein, but the hole inside the ring might be important for the
formation of a fusion pore(-like structure). A recent model for
the IM30-mediated membrane fusion suggests that fusion is
initiated by the ring (Heidrich et al., 2017). As the protein binds
negatively charged lipids (Hennig et al., 2015), IM30 might
recruit such lipids when binding as a ring to a membrane surface.
In the center of the ring, the concentration of the non-bilayer
forming lipid MGDG becomes locally high, which might result
in disruption of an ordered bilayer structure and initial fusion of
two interacting membranes. Dissociation of the ring could then
lead to lipid mixing, allowing the formation of a stable, now fused
membrane (Heidrich et al., 2017). Moreover, a large protein
complex would clearly facilitate the formation of a fusion pore
at the TM. As the membrane is completely crowded with integral
and peripheral membrane proteins (Kirchhoft et al., 2008a;
Casella et al., 2017; MacGregor-Chatwin et al., 2019; Wietrzynski
et al,, 2019), it is hard to imagine that binding of a small protein
could provide enough space needed for membrane-membrane
contacts and subsequent membrane fusion. Instead, binding of a
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large ring complex that finally dissociates could generate a fusion
platform on the membrane. We, therefore, suggest that the IM30
ring structure is mandatory for the membrane fusion function.

Taken together, the formation of IM30 rings might prevent
uncontrolled membrane binding and simultaneously prealigns
IM30 monomers for efficient membrane binding. Furthermore,
IM30 rings are directly involved in membrane fusion, where
Mg?** binding is an additional activation step that renders the
rings fusion competent.

WHERE AND WHEN TO FIND IM30 RINGS?

As discussed above, IM30 rings are indispensable for controlled
membrane remodeling but are probably also generally useful to
ensure proper activity of IM30, i.e. increase thelocal concentration
of active small oligomers/monomers or shield them from
unwanted interactions when not bound to the membrane. An
intriguing question that arises from these assumptions is: When
such rings are so important, why do we not see them in vivo?
While IM30 clusters have been observed on TMs in cyanobacteria
and chloroplasts (Zhang et al., 2012; Bryan et al., 2014; Zhang
etal, 2016; Gutu et al., 2018), the supramolecular organization of
IM30 within these structures is still enigmatic, and rings “sitting”
on TMs have not been observed yet. The problem probably is
not that IM30 rings are hard to find because of their size and
shape. Other proteins of similar or even smaller size have been
identified in cryo-TEM tomograms of Synechocystis recently
(Rast et al., 2019). So the question probably is more: Where and
when to find IM30 rings in living cells?

IM30 appears to be a protein with (at least) a dual function, i.e.
a membrane remodeling and a membrane stabilizing/protecting
function. These functions have to be separated spatiotemporally,
as they would otherwise cancel out each other. Assuming that both
functions have different requirements on the protein structure
(as discussed above), IM30 rings are very short-living and can
probably only be found on a membrane under certain specific
conditions. However, both processes, membrane chaperoning
and remodeling, potentially involve binding of IM30 rings to the
membrane and ring dissociation, resulting in small membrane-
bound oligomers or even monomers (Figure 2). Thus, chances
to find IM30 rings on membrane surfaces are probably low.
Only at the initial phase of a fusion event, i.e. when two adjacent
membranes meet each other, rings may be found to connect
these (Figure 2). This may only be observed at TM convergence
zones under conditions where membrane remodeling is needed,
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Recently, a recessive Arabidopsis thaliana mutant with abundant stromules in leaf epidermal
pavement cells was visually screened and isolated. The gene responsible for this mutant
phenotype was identified as PARCE, a chloroplast division site regulator gene. The mutant
alele parc6-5 carried two point mutations (G62R and W700stop) at the N- and C-terminal
ends of the coding sequence, respectively. Here, we further characterized parc6-5 and other
parc6 mutant alleles, and showed that PARCE plays a critical role in plastid morphogenesis in
all cell types of the leaf epidermis: pavement cells, trichome cells, and guard cells. Transient
expression of PARCS transit peptide (TP) fused to the green fluorescent protein (GFP) in plant
cells showed that the G62R mutation has no or little effect on the TP activity of the PARCE N-
terminal region. Then, plastid morphology was microscopically analyzed in the leaf epidermis
of wild-type (WT) and parc6 mutants (parc6-1, parc6-3, parc6-4 and parc6-5) with the aid of
stroma-targeted fluorescent proteins. In parc6 pavement cells, plastids often assumed
aberrant grape-like morphology, similar to those in severe plastid division mutants, atminE7,
and arc6. In parcé6 trichome cells, plastids exhibited extreme grape-like aggregations, without
the production of giant plastids (>6 um diameter), as a general phenotype. In parc6 guard
cells, plastids exhibited a variety of abnormal phenotypes, including reduced number,
enlarged size, and activated stromules, similar to those in atminE7 and arc6 guard cells.
Nevertheless, unlike atminE7 and arc6, parc6 exhibited a low number of mini-chloroplasts
(< 2 pm diameter) and rarely produced chloroplast-deficient guard cells. Importantly, unlike
parc6, the chloroplast division site mutant arc77 exhibited WT-like plastid phenotypes in
trichome and guard cells. Finally, observation of parc6 complementation lines expressing a
functional PARC6-GFP protein indicated that PARC6-GFP formed a ring-like structure in
both constricting and non-constricting chloroplasts, and that PARC6 dynamically changes
its configuration during the process of chloroplast division.

Keywords: chloroplast, leucoplast, plastid development, stromule, stoma
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INTRODUCTION

Plastids represent a diverse group of double membrane-bound
organelles, with the ability to transdifferentiate, depending on the
tissue type and environmental stimuli (Kirk and Tilney-Bassett,
1978; Mullet, 1988; Pyke, 2007; Pyke, 2009). Leaf cells contain a
homogeneous population of round to spherical chloroplasts
(photosynthetic plastids; 5-10 ym in diameter) that vary in
number from several tens to hundreds per cell (Lépez-Juez and
Pyke, 2005). Besides these general features, chloroplasts display
varied morphology, depending on the cell type and plant species
(Kirk and Tilney-Bassett, 1978; Pyke, 2009; Barton et al., 2016).
For example, leaf mesophyll cells develop expanded chloroplasts,
with a high degree of inner membrane systems. Mesophyll
chloroplasts proliferate by binary fission to sufficiently cover
the cell surface (Leech and Pyke, 1988). Chloroplasts in leaf
bundle sheath cells contain developed thylakoids and granas; in
Arabidopsis thaliana, leaf bundle sheath chloroplasts are
relatively small in size and lower in number than mesophyll
chloroplasts (Kinsman and Pyke, 1998; Kandasamy and
Meagher, 1999; Tirlapur and Konig, 2001). In many plant
species, leaf pavement cell chloroplasts are structurally
underdeveloped and low in density compared with mesophyll
chloroplasts (Pyke and Leech, 1994; Barton et al., 2016; Erickson
et al., 2017). Furthermore, leaf stomatal guard cells contain
small-sized chloroplasts at a high density, with fewer
thylakoids but more starch grains, compared with mesophyll
cells (Sachs, 1875; Zhao and Sack, 1999; Lawson, 2009).

Leaf epidermis is ideal for studying plastid morphogenesis not
only because of the wide variation in chloroplast morphology
observed among leaf epidermal cells but also because plastids in
leaf epidermal cells can be readily detected by fluorescence
microscopy and developmentally tracked in the L1 layer
during leaf development. In Arabidopsis, three different types
of plastids have been reported, including pavement cell
chloroplasts, trichome leucoplasts, and guard cell chloroplasts,
all of which originate from proplastids in the shoot apical
meristem, or more strictly, protodermal plastids with poor
thylakoids (early differentiating chloroplasts) in leaf primordia
(Pyke and Leech, 1994; Robertson et al., 1995; Barton et al.,
2018). The number, shape, distribution, and dynamics of plastids
have been relatively well-studied using pavement cell
chloroplasts (Pyke and Leech, 1994; Schattat and Klosgen,
2011; Schattat et al, 2011; Schattat et al., 2012; Higa et al,,
2014; Fujiwara et al., 2015; Erickson et al., 2017; Fujiwara et al.,
2017; Fujiwara et al., 2018), while stomata physiology has long
been investigated in guard cell chloroplasts (Lawson, 2009; Taiz
et al., 2015). However, fewer studies have been conducted on the
morphological aspects of epidermal plastids than on mesophyll
chloroplasts. Thus, the regulation of epidermal plastid
development and morphology remains largely unknown (Pyke,
1999; Barton et al., 2018).

Leaf epidermal plastids are also suitable for studying stromule
biology. Stromules are thin, tubular structures derived from the
plastid surface that dynamically extend from or retract back to
the plastid bodies at the second level (reviewed in Gray et al,

2001; Kwok and Hanson, 2004; Natesan et al., 2005; Schattat
et al,, 2015; Hanson and Hines, 2018; Erickson and Schattat,
2018). Stromules are surrounded by double envelope membranes
containing the stroma and are effectively visualized using various
stroma-targeted fluorescent proteins (e.g., Kohler et al., 1997;
Kohler and Hanson, 2000; Haswell and Meyerowitz, 2006;
Schattat et al., 2012; Delfosse et al., 2016). Although stromules
have been detected in most plastid types, their abundance is
higher in plastids of non-photosynthetic tissues such as petals,
roots, endosperms, and bulbs or shoot epidermal tissues such as
hypocotyl and leaf epidermis (Kwok and Hanson, 2004; Waters
et al, 2004; Erickson et al., 2017). Stromule development is
responsive to various abiotic and biotic stimuli, such as light,
heat, reactive oxygen species, phytohormones, sugars, and
pathogens. Stromule biogenesis also involves interactions with
the cytoskeleton and other organelles (reviewed in Erickson and
Schattat, 2018; Hanson and Hines, 2018). Furthermore,
inhibition of chloroplast division causes excessive production
of stromules in various tissues, as shown in tomato (Solanum
lycopersicum) suffulta mutant and Arabidopsis arc3, arc5, arcé,
crl, and atminEl mutants (Forth and Pyke, 2006; Holzinger et al.,
2008; Chen et al., 2009; Kojo et al., 2009; Fujiwara et al., 2015;
Fujiwara et al., 2018). These studies indicate the importance of
stromules in plant cells; however, the mechanism of the origin of
stromules and their functions in plant cells remains largely
unknown (Hanson and Hines, 2018).

Previously, we screened an ethyl methanesulfonate (EMS)-
mutagenized population of Arabidopsis FL4-4 plants co-
expressing a plastid stroma-targeted cyan fluorescent protein
(CFP) and mitochondrial matrix-targeted yellow fluorescent
protein (YFP) and isolated two independent recessive mutant
lines, stromule biogenesis alteredl (subal) and suba2, with
abundant stromules in pavement cells (Itoh et al., 2018).
Analysis of suba2 revealed that the causal gene responsible for
the mutant phenotype was PARC6 (CDPI/ARC6H), a known
chloroplast division-regulator gene (Glynn et al, 2009; Zhang
et al., 2009; Ottesen et al., 2010). The PARCS6 protein is inserted
in the chloroplast inner envelope membrane and functions as a
component of the chloroplast division machinery (Zhang et al.,
2016; Chen et al., 2018a). The N-terminal region of PARC6
functions as a transit peptide (TP) (Glynn et al., 2009), and the
subsequent region is exposed to the stroma, allowing interaction
with a chloroplast division site regulator ARC3 (Shimada et al.,
2004; Maple et al.,, 2007; Glynn et al., 2009). The C-terminal
region of PARCES is exposed to the intermembrane space, where
it interacts with an outer envelope-localized division protein
PDV1 (Miyagishima et al., 2006; Zhang et al., 2016). In parcé, the
spatial control of FtsZ ring formation (the first event of
chloroplast division; Miyagishima et al., 2011) is perturbed,
resulting in asymmetric or multiple chloroplast divisions in
leaf mesophyll cells (Glynn et al., 2009; Zhang et al., 2009;
Ottesen et al., 2010). The parc6 allele in suba2, termed as
parc6-5, carries two nucleotide substitutions, resulting in G62R
and W700stop mutations at the translation level. The G62R
mutation is located in the TP of PARC6 (Glynn et al.,, 2009),
whereas the W700stop mutation is present in the C-terminal
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region. Additionally, mutant analysis indicated that the enlarged
size and excessive stromule proliferation phenotypes of parc6-5
pavement cell plastids are similar to those of other parc6 alleles,
including parc6-1, parc6-3, and parc6-4 (Itoh et al., 2018). Our
results also indicated that PARCG6 interacts with AtMinD1 (also
known as ARCI11), another chloroplast division site regulator in
mesophyll and pavement cells (Marrison et al., 1999; Colletti
et al., 2000; Vitha et al., 2003; Fujiwara et al., 2004; Fujiwara et al.,
2008; Fujiwara et al., 2009b; Fujiwara et al, 2017). However,
unlike parc6, arcll shows fairly modest pavement cell
chloroplast phenotypes (Fujiwara et al., 2017; Itoh et al., 2018).

Isolation of the parc6-5 (suba2) mutant from leaf pavement
cells (Itoh et al, 2018) provided us with an opportunity to
comprehensively study plastid morphology in the leaf
epidermis. Our initial investigation (Itoh et al, 2018) raised
several questions. In this paper, we attempted to complement our
former study and comprehensively understand PARC6-
mediated plastid morphologies in the leaf epidermis. The
objectives of this study were three-fold: 1) evaluate the effect of
G62R and W700stop mutations in parc6-5; 2) conduct a detailed
investigation of plastid morphologies during epidermal cell
development; and 3) examine the intraplastidic behavior
of PARCS.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
A. thaliana (L.) Heynh. plants were mainly used in this study to
investigate plastid morphologies in leaf epidermal cells. Seeds of
plastid division mutants, parc6-1 (SALK_100009; Glynn et al.,
2009; Zhang et al., 2009; Ottesen et al., 2010; generated by Alonso
etal., 2003), parc6-3 (Glynn et al., 2009), parc6-4 (SALK_138043;
Zhang et al., 2009; generated by Alonso et al., 2003), arc6-3
(CS288; Pyke et al., 1994), and arcl1-1 (CS281; Marrison et al.,
1999) were obtained from the Arabidopsis Biological Resource
Center (ABRC), Ohio State University, Columbus, OH, USA.
Two transgenic Arabidopsis lines [FL4-4 and FL6-4; Columbia
(Col) background] expressing organelle-targeted fluorescent
proteins as well as offspring derived from crosses between the
transgenic lines and mutants (parc6-1 x FL4-4, parc6-3 x FL4-4,
parc6-4 x FL4-4, arc11-1 x FL4-4, and arc6-3 x FL6-4) were used
(Chen et al,, 2009; Itoh et al., 2010; Fujiwara et al., 2018; Itoh
et al, 2018; see summary in Table 1). The parc6-5 (suba2)
mutant was isolated from EMS-treated FL4-4 seeds carrying two
nucleotide substitutions in the PARC6 coding sequence, resulting
in G62R and W700stop mutations at the protein level (Itoh et al.,
2018). The parc6-1 mutant was crossed with FL6-4 transgenic
line in this study. To analyze plastid division mutants, Col, FL4-
4, or FL6-4 plants were correspondingly used as the wild type
(WT). Seeds were germinated and grown under daily irradiation
from 5:00 to 21:00, as described previously (Fujiwara et al,
2009b), unless otherwise specified.

Tobacco (Nicotiana tabacum L. cv. Samsun NN) and onion
(Allium cepa L.) plants were employed for particle bombardment
experiments (described below). Tobacco seeds were germinated

TABLE 1 | List of transgenic Arabidopsis thaliana lines' used for organelle
labeling experiments in this study.

Plant line Transgene Organelle labeling Reference
confirmed

FL4-42 CaMV35Sp:: Plastid-targeted CFP, Itoh et al. (2010)
TPrtsz1-1-CFP:: mitochondria-
NOSt, CaMV358p::  targeted YFP
Pre ©mtHSP60™ YFP::
NOSt

FL6-423 CaMV35Sp:: Plastid-targeted YFP  Chen et al.
TPrisz1-1-YFP:: (2009)

NOSt, CaMV35Sp::

NLSr2-CFP::NOSt
parc6-1 x FL4-4 |dentical to FL4-4 Plastid-targeted CFP,
mitochondria-
targeted YFP
Plastid-targeted YFP

Plastid-targeted CFP,

Itoh et al. (2018)

parc6-1 x FL6-4
parc6-3 x FL4-4

Identical to FL6-4
Identical to FL4-4

This study
Itoh et al. (2018)

mitochondria-
targeted YFP
parc6-4 x FL4-4 |dentical to FL4-4 Plastid-targeted CFP, ltoh et al. (2018)
mitochondria-
targeted YFP
parc6-5 (parent: Identical to FL4-4 Plastid-targeted CFP, ltoh et al. (2018)
FL4-4) mitochondria-
targeted YFP
arc11-1 x FL4-4 Identical to FL4-4 Plastid-targeted CFP,  Fujiwara et al.
mitochondria- (2017)
targeted YFP
arc6-3 x FL6-4  |dentical to FL6-4 Plastid-targeted YFP  Fujiwara et al.
(2018)

"See also Materials and Methods.

2Both FL4-4 and FL6-4 were transformed with T-DNAs carrying two expression cassettes
in tandem.

SFL6-4 showed almost no CFP but strong YFP signals in leaf cells.

and grown in soil under continuous white light at 25°C. Onion
bulbs were purchased from a local supermarket in Tokyo.

Transient Expression Analysis

To examine the effect of G62R mutation on the function of
PARC6 TP (N-terminal 76 amino acids; Glynn et al., 2009),
green fluorescent protein (GFP) was used as a reporter (Chiu
et al, 1996). The TP-coding sequence was PCR amplified from
the total DNA of Col and parc6-5 plants using sequence-specific
primers containing restriction sites (underlined), H6-17 (5'-
AGCGTCGACGCAATGCCAGTAGCTTACAC-3’) and H6-18
(5'-GCGCCATGGCGACGACATGGATACCACCAC-3). The
PCR product (0.25 kb) was treated with Sall and Ncol and
cloned into the CaMV35S-sGFP(S65T)-nos vector (Isono et al.,
1997; provided by Dr. Yasuo Niwa, University of Shizuoka,
Japan) under the control of the cauliflower mosaic virus 35S
promoter (CaMV35Sp) to generate two expression constructs,
p35S-H-TP,-GFP and p35S-H-TPger-GFP. These constructs,
as well as the undigested vector, were introduced into the
epidermal cells of tobacco leaves and onion bulbs via particle
bombardment using 0.4-um gold particles (InBio Gold,
Hurstbridge VIC, Australia) and the Biolistic PDS-1000/He
system (Bio-Rad, Hercules, CA, USA). Bombardments were
conducted at 1,100-psi He pressure, with 27-inch vacuum of
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Hg in the chamber and 6-cm distance to the target tissue. After
the bombardment, samples were incubated at 23°C for 6 or 24 h
and then observed by fluorescence microscopy, as
described below.

Fluorescence Stereomicroscopy and
Epifluorescence Microscopy

Basal parts of leaves including petioles were excised from
Arabidopsis seedlings using tweezers. Based on previous
observations (e.g., Fujiwara et al., 2004; Fujiwara et al., 2008;
Fujiwara et al., 2009a; Fujiwara et al., 2009b; Itoh et al., 2010;
Fujiwara et al., 2015; Fujiwara et al., 2017; Fujiwara et al., 2018;
Itoh et al., 2018), the adaxial surface of the leaf epidermis in the
upper petiole region was used to analyze leaf pavement, trichome,
and guard cells in Arabidopsis, unless otherwise specified.

Fluorescence stereomicroscopy was performed using Leica
MZ10 F fluorescence microscope (Leica Microsystems,
Heidelberg, Germany) equipped with a color CCD camera
(model DP26; Olympus, Tokyo, Japan). Fluorescence signals
were detected through optical filters using the 0.63x objective
lens (Leica Microsystems).

Epifluorescence microscopy was performed using inverted
microscopes, IX71 and IX73 (Olympus), equipped with a CMOS
camera (model ORCA-flash2.8; Hamamatsu Photonics,
Hamamatsu, Japan) and a color CCD camera (model DP73;
Olympus), respectively. Emission of fluorescence signals was
detected through optical filters, FF01-483/32 (Semrock,
Rochester, NY, USA) for CFP, BA510-550 (Olympus) or FF01-
545/55 (Semrock) for GFP, FF01-545/55 (Semrock) for YFP, and
BAG610IF or BA575IF (Olympus) for chlorophyll using 60x
[numerical aperture (N.A.) 1.20], 40x (N.A. 1.25), and 20x
(N.A. 0.75) objective lenses. Bright field images were obtained
with DIC optics.

Fluorescence images of CFP, GFP, YFP, and chlorophyll
autofluorescence as well as bright field images were processed
using Adobe Photoshop (Adobe Systems, San Jose, CA, USA), as
described previously (Fujiwara et al., 2015).

Measurement of Stomatal Guard Cells and
Plastids

Stomatal guard cells were measured as described previously
(Fujiwara et al., 2018), except that leaves were sampled from
15:00 to 17:45 in this study. All samples were examined under the
same conditions. Depending on the size, chloroplasts in guard
cells were categorized as giant chloroplasts, (>6 um), normal-
sized chloroplasts (2-6 pm), and mini-chloroplasts (<2 pm). All
chloroplast counting and measurement experiments were
performed using at least three biological replicates (i.e.,
independent leaves).

Transmission Electron Microscopy (TEM)

TEM was performed by Tokai Electron Microscopy Inc.
(Nagoya, Japan), as described previously (Itoh et al., 2018).
Briefly, primary leaves of 10-day-old Col, FL4-4, parc6-1, and
parc6-5/suba2 seedlings were sampled from 10:30 to 12:00 and
fixed in 2% paraformaldehyde and 2% formaldehyde in 0.05 M

cacodylate buffer (pH 7.4) at 4°C. The fixed leaf samples were
washed with 0.05 M cacodylate buffer, postfixed with 2% osmium
tetroxide in 0.05 M cacodylate buffer, and dehydrated in a graded
ethanol series (50, 70, 90, and 100%). Samples were then
embedded in a 70:30 mixture of propylene oxide and Quetol-
651 resin (Nisshin EM, Tokyo, Japan). Ultrathin (80 nm thick)
sections were prepared using a diamond knife and then stained
with 2% uranyl acetate and lead staining solution (Sigma-
Aldrich, Tokyo, Japan). Grids were observed using a JEM-
1400Plus electron microscope (JEOL, Tokyo, Japan) equipped
with a CCD camera (model EM-14830RUBY2, JEOL).

Complementation of parc6 Mutant
Phenotype With PARC6-GFP

A multiple cloning site of pT7Blue (Novagen, Merck-Millipore,
Burlington, MA, USA) was ligated into the HindIII and Sacl sites
of the pPSMAB704 vector (Igasaki et al, 2002; provided Dr.
Hiroaki Ichikawa, NIAS, Japan) by simultaneously removing
the vector-derived CaMV35Sp and uidA gene to yield
PSMAB704-T7. A 1.0 kb fragment of the CaMV35S-sGFP
(S65T)-nos vector (Isono et al., 1997; provided by Dr. Yasuo
Niwa), comprising the full-length sGFP(S65T) gene and nos
terminator (NOSt), was ligated to the Xbal and EcoRI sites of
PSMAB704-T7 by simultaneously removing the vector-derived
NOSt to yield pPSMAB704-T7-GFP. A 3.4-kb DNA fragment
comprising 1.0 kb sequence upstream of PARC6 and the
complete coding sequence of PARC6 was PCR amplified from
the pSMAB704-T7-H vector (Itoh et al., 2018) using sequence-
specific primers containing restriction sites (underlined), H6-12
(5"-AGTCTAGACGAGCTGCGCGAAGCTAAAC-3’) and Hé-
8 (5'-GATCTAGACTTCTGTATTTGAATATCGCTTTG-3').
The PCR product was cloned into the pSMAB704-T7-GFP
vector at the Xbal site using Escherichia coli HST04 strain as a
host. The resulting binary vector pSMAB-T7-H-GFP was
transformed into Agrobacterium tumefaciens C58 strain using
the freeze-thaw method. An Agrobacterium transformant was
employed for T-DNA-mediated nuclear transformation of
Arabidopsis parc6-1 (Glynn et al, 2009) and parc6-4 (Zhang
etal., 2009; Itoh et al., 2018) mutants using the floral dip method
(Clough and Bent, 1998). A total of 12 transformed seedlings
were selected on Murashige and Skoog (MS) medium containing
bialaphos (10 ug/mL) and carbenicillin (100 pg/mL). Transgenic
plants in the T;, T,, and T; generations were characterized by
epifluorescence microscopy, as described above.

RESULTS

Effect of the G62R Mutation on the

Subcellular Localization of PARC6

We investigated which of the two mutations (G62R and
W700stop) in the N- and C-terminal coding sequence of
parc6-5 mutant allele in the recessive Arabidopsis suba2
mutant (Itoh et al., 2018) were responsible for excessive
stromule formation (suba phenotype) in pavement cells of
mature leaves. Although it has been previously shown that
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Gly62 is located within the experimentally confirmed TP region
of PARC6 (Glynn et al., 2009), in silico analysis of parc6-5
mutant allele with several protein localization predictors
unanimously predicted that PARC69°*® would be located
inside the chloroplasts, similar to the WT PARC6 (Itoh et al.,
2018). However, experimental evidence to support this finding
was lacking. Moreover, prediction programs are not designed to
predict a reduction in the chloroplast protein import efficiency
(and the resulting accumulation of precursor proteins in the
cytosol) and its possible dependency on the plastid type.

To determine the effect of the G62R mutation on the
subcellular localization of PARC6, we generated constructs
expressing translational fusions of GFP with the mutated
PARC6 TP (TPger-GFP) and its WT counterpart (TP-GFP)
or expressing GFP alone (control) under the control of the
constitutive CaMV35S promoter. These constructs were
introduced into the epidermal cells of tobacco leaves and

24 h

Tobacco leaf (pavement cell)

GFP

TP-
GFP

TPGe2R-
GFP

GFP

TP-
GFP

TPge2r-
GFP

Tobacco leaf (guard cell)

onion bulbs via particle bombardment, and the import of GFP
into chloroplasts and leucoplasts, respectively, was monitored. At
24 h post-bombardment, GFP localization was observed by
epifluorescence microscopy. The results showed that unfused
GFP accumulated in the cytoplasm and nucleoplasm of tobacco
pavement cells and guard cells and onion bulb epidermal cells
(Figure 1A). Fluorescence of TP-GFP fusion protein was
detected as particular bodies dispersed throughout the
cytoplasm, which overlapped with chlorophyll autofluorescence
in tobacco guard cells and thin stromule-like protrusions
(distinctive structures of non-green plastids) in onion bulb
epidermis (Figure 1B). These data support the localization of
TP-GFP within the plastid stroma, regardless of the plastid type.
Moreover, TPg6,r-GFP showed the same subcellular localization
pattern as the TP-GFP in all cell types (Figures 1B, C). To
investigate the difference in plastid import efficiency between TP-
GFP and TPge,r-GFP, we further observed GFP localization at 6

Onion bulb

FIGURE 1 | Localization analysis of GFP fused to the mutant transit peptide of PARC6 (TPge2r-GFP). GFP with or without a PARCS transit peptide (TP) sequence
from Col or parc6-5 (TPge2r) Was transiently expressed in tobacco and onion cells by particle bombardment. (A-F) Epifluorescence microscopy images of tobacco
leaf pavement cells and guard cells and onion epidermal cells at 24 h (A-C) or 6 h (D-F) post-bombardment. GFP fluorescence, chlorophyll autofluorescence (Chl),
and merged images are shown. Scale bars: 20 um (all guard cells and insets); 50 pm (others).
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h post-bombardment. The localization patterns of the unfused
and fused GFPs at 6 h were similar to those of the unfused and
fused GFPs, respectively, at 24 h, and no significant difference
was detected between the signal intensities (plastid/cytoplasm
ratios) of TP-GFP and TPgeyr-GFP (Figures 1D-F). Based on
these results, we conclude that the G62R substitution in PARC6
encoded by the parc6-5 mutant allele has no or little effect on the
plastid import efficiency of PARCS.

Plastids in Pavement Cells of parc6
Mutants

To complement and complete our previous study (Itoh et al,
2018), we extended our observation of chloroplasts in pavement
cells to parc6 mutants. In the previous study, we used the first
and second leaves of 3-week-old seedlings (Itoh et al., 2018),
suitable for the analysis of mature pavement cells. In the present
study, we used the third and fourth leaves of 2-week-old
seedlings, as these are suitable for monitoring the dividing
chloroplasts as well as the growing stromules. While stromules
in parc6 pavement cells were excessively elongated compared

with those in WT pavement cells, perinuclear stromule
attachment, previously reported for WT plants (Erickson et al.,
2017; Kumar et al., 2018), was also often detected in parc6
pavement cells (Figures 2A, B). Additionally, pavement cell
chloroplasts of all parc6 mutants examined in this study
displayed autofluorescence over the entire chloroplast, except
the stromule region (see inset in Figure 2B), indicating that
hyperelongated stromules in parc6 pavement cells maintained
their general properties. Other morphological features of
stromules (e.g., branching and preferential elongation along the
longitudinal axis of cells) and plastid bodies (e.g., enlargement,
heterogeneous size and shape, and multiple constrictions)
described previously (Itoh et al., 2018) were also observed in
the current study (data not shown). Intriguingly, although at a
low frequency, pavement cells exclusively containing relatively
normal-sized chloroplasts showed symmetric binary fission
(Figure 2C; cells surrounded by the yellow dotted line).
Although parc6 mutants are generally recognized as
“chloroplast division site” mutants, the present data imply that
parc6 mutants maintain, to some degree, a mechanism for mid-

B parc6-1

D parc6-1

plastids or bulges. Scale bar = 10 ym.

E parc6-3

FIGURE 2 | Morphology of plastids in leaf epidermal pavement cells of parc6 mutants. (A-G) Images of pavement cells in the 3™ and 4™ leaf petioles of 2-week-old
wild-type (WT) (A), parc6-1 (B, D), parc6-3 (E), parc6-4 (C, F), and parc6-5 (G) seedlings. Images of stroma-targeted CFP, chlorophyll autofluorescence, or
differential interference contrast (DIC), and merged images of CFP and DIC (B, C) are shown. Inset in (B) indicates chlorophyll autofluorescence in a stromule-
producing pavement cell chloroplast. Yellow regions in (C) indicate pavement cells with symmetric chloroplast division. Arrowheads in (D) indicate chlorophyll-less
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plastid recognition, instead of completely randomly selecting
plastid division sites, at least in pavement cells.

All parc6 mutants showed grape-like clusters of plastids in
pavement cells (Figures 2D-G). Although grape-like clusters
showed a widely variable morphology, these clusters were
commonly found in parc6 pavement cells, regardless of the
mutant type. Some of the clusters consisted of spherical, ovoid,
and amorphous shaped bulges or blobs devoid of chlorophyll
(arrowheads in Figure 2D); however, other clusters emitted
chlorophyll autofluorescence over the whole body, and the
majority of chloroplasts in these clusters showed one or more
constriction sites each (Figures 2E-G). These plastids or
chloroplasts either developed radially from a single nucleation
point or were generated by the accumulation of spherical and
ovoid stroma-containing blobs at a single local region. A more
careful observation of the latter type revealed that a single cluster
included two kinds of blobs, one with and another without
chlorophyll autofluorescence, and smaller blobs tended to lack
the autofluorescence signal. The morphology of pavement cell
chloroplasts in the WT (FL4-4 line; Figures 2A, S1A) and arcl1
mutant (Figure S1B) at the same stage as for parc6 analysis
(Figures 2B-G) was similar to that observed at the later stage in
the WT and arcl1, respectively, in our previous report (Fujiwara
etal., 2017). Chloroplasts in arcl1 pavement cells were seemingly
undergoing either symmetric or asymmetric binary fission or
multiple fissions (Figure S1B); however, no grape-like clusters
were detected. In parc6 pavement cells, we observed both
mitochondria and grape-like plastid clusters simultaneously in
the same field of view (Figure S1C). During the period of
observation, blobs in grape-like clusters as well as physically
distinct plastids showed motility and shape change. Some
mitochondria were stuck and almost immobile in the space
between the blobs within the clusters, suggesting occasional
attachment between mitochondria and plastid-derived blobs in
the clusters.

Plastids in Trichome Cells of parc6
Mutants

Next, we focused on the morphology of leucoplasts in trichome
cells of parc6 mutants. In WT Arabidopsis plants, leaf trichome
leucoplasts are smaller than pavement cell chloroplasts and
assume an elongated or irregular shape (Barton et al, 2018).
Leaf trichome leucoplasts differentiate from chlorophyll-bearing
chloroplasts in the epidermal layer of expanding leaves. As well
as at the initiation of trichomes (Barton et al., 2018), rounded
chloroplasts were detected during cell growth until the primary
branching stage (Figures 3A, B). Leucoplasts in Arabidopsis
trichomes were also examined in the atminEl mutant and
AtMinEl overexpressor line in our previous study (Fujiwara
et al., 2009b), which was the only study that observed trichome
leucoplasts in chloroplast division mutants.

Consistent with the earlier observation of Barton et al. (2018),
trichome leucoplasts in WT Arabidopsis plants emitted no
detectable chlorophyll autofluorescence (Figure 3C). A single
giant mature trichome cell in the upper petiole (and at the
junction between petiole and lamina) possibly contained over

100 leucoplasts, although accurate counting was not possible.
This number is much larger than the number of leucoplasts in an
early developing trichome cell (~30 in Figure 3B). The
leucoplasts were distributed over the entire trichome cell,
including both stalk and branch regions (Folkers et al., 1997).
A subset of trichome leucoplasts showed a single or multiple
constriction(s) (Figure 3C). Some of these plastid constrictions
seemed stable and were unaffected by the shape change of the
whole organelle (data not shown). Trichome leucoplasts were
often found to produce longer stromules than pavement cell
chloroplasts. Sometimes trichome leucoplasts surrounded the
nucleus (Figure 3D), a phenomenon known for chloroplasts in
normal pavement cells. Although we were able to determine the
location of the nucleus using bright field illumination,
fluorescence visualization of the nucleus (CFP) and leucoplasts
(YFP) in the FL6-4 transgenic line facilitated more reliable
identification of both organelles (Figure 3D). Another notable
feature of trichome leucoplasts was the amoeba-like deformation.
Figure 3E shows the process of shape change that occurred
within 5 min. Consistent with this observation, we found various
shapes of leucoplasts in trichome cells, such as spherical, ovoid,
filamentous, amoeboid, dumbbell-shaped, and multiple-arrayed
forms (Figures 3C-F).

Next, we examined the morphology of trichome leucoplasts
in parc6 mutants (Figures 3G-J, S2B-D). The following three
alterations in plastid morphology were common to the trichomes
of parc6-1, parc6-3, parc6-4, and parc6-5 mutants. First, grape-
like clusters of plastids were detected in parc6 trichomes, most of
which were more highly developed than those in parc6 pavement
cells. We frequently observed the grape-like clusters juxtaposed
against the cell nucleus (Figure 3J), implying a possible link
between the behavior of the nucleus (Mathur et al., 1999) and
formation and/or location of the plastid clusters. Nevertheless,
this was negated by the presence of clusters in the branch and
stalk regions of trichomes (Figures 3H, I) and at a distant
location from the nucleus (Figure S2C). Generally, within a
grape-like cluster, plastids showed three-dimensional
aggregation (Supplementary Movies 1, 2). Although plastids
within a cluster showed a wide variability in size, their shape was
relatively uniform and spherical, as revealed by the image from a
slightly squashed trichome cell (Figure S2B) and two-
dimensional projection image of a plastid aggregate (Figure
$2D). Second, leucoplasts in parc6 trichomes exhibited a
striking formation of stromules. Longer exposure time than
that required to obtain images of grape-like clusters revealed
extended stromules (Figures 3G, S2C). Third, the maximum
diameter of the main body of a leucoplast in parc6 trichomes was
approximately 5 pm (e.g., 5.1 pm in Figure 3H and 4.8 pum in
Figure S2C). Previously, we defined giant plastids as plastids
with a diameter exceeding 6 pm (Fujiwara et al., 2018). In parc6
trichomes, we did not find spherical leucoplasts that met the
criterion for giant plastids. However, parc6 trichome cells
contained filamentous leucoplasts over 6 pm in length, as if
their entire bodies were stromules themselves.

Next, we took a closer look at the occurrence of grape-like
plastid clusters in parc6 trichomes. We counted the number of
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observation was performed for 5 min in (E). Scale bar = 10 pm.

trichomes with and without the clusters in leaf petiole-blade
regions. Among the 60 trichomes examined in parc6-1, 48
trichomes contained the grape-like plastid clusters. In the other
parc6 mutants, the frequency of clusters in trichomes was even
higher: 100% (50/50) in parc6-3 and parc6-5 mutants and 98%
(49/50) in parc6-4. In WT trichomes, the frequency of clusters
was 8% (4/50). Because plastids constituting a “cluster” in WT
were observed around the nucleus and showed less dense
aggregation than those in parc6 mutants (data not shown), the
“cluster” in WT trichomes probably originated from the

K arc11-1
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FIGURE 3 | Morphology of plastids in leaf trichome cells of parc6 and arc11 mutants. (A-K) Images of trichomes in leaf petioles of WT (A-F), parc6-1 (G), parc6-3
(H), parc6-4 (I), parc6-5 (J), and arc11-1 (K) seedlings. The 3™ and 4" leaves of 2-week-old seedlings were mainly observed (A-C, F-K). Images of stroma-
targeted CFP or YFP (black-and-white), chlorophyll autofluorescence (magenta) (A-C), nucleus-targeted CFP (cyan) (A, B, D), or DIC are shown. Time-lapse

preferential localization of plastids at the periphery of the
nucleus (e.g., Kohler and Hanson, 2000; Kwok and Hanson,
2004; Delfosse et al., 2016) and hence was considered to be a
qualitatively different entity than the true cluster in parcé.
Therefore, the formation of the grape-like plastid clusters in
trichomes was recognized as a major cytological characteristic of
parc6 mutants. This was in contrast to the parc6 pavement cells,
where the occurrence of clusters was more sporadic. The number
of vesicular plastids per cluster in parc6 trichomes widely varied
from 12 (Figure 3I) to approximately 200 (Figure S2B).
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In contrast to those plastid phenotypes, mitochondria in parc6
trichomes appeared similar to those in WT trichomes (Figures
S2A, D).

Plastids in Guard Cells of parc6 Mutants

Next, we examined plastid morphology in the guard cells of
parc6 mutants. In WT Arabidopsis leaves, chloroplasts in guard
cells are smaller and less developed than those in pavement cells
(Pyke and Leech, 1994; Barton et al., 2016), and there are little
differences in chloroplast morphology, number, and
pigmentation among guard cells. In some mesophyll
chloroplast division mutants such as arc3, arc5, arc6, and
atminEl, the morphology of plastids in guard cells was clearly
distinct from that of plastids in mesophyll cells and pavement
cells of the same plants. Moreover, guard cell plastids in these
mutants were also unique with respect to the phenotypic

differences among individual cells; while guard cell plastids
showed diverse morphology among cells within a single tissue
sample, mesophyll chloroplasts were relatively uniform. For
instance, in the Arabidopsis mutant of ARC6, which encodes a
key regulator protein of chloroplast division in mesophyll cells,
occasional lack of chloroplasts (Robertson et al., 1995) and
occurrence of non-photosynthetic plastids (Chen et al., 2009)
were observed in guard cells. We previously showed that these
non-photosynthetic plastids in arc6 guard cells proliferate and
elongate vigorously (Fujiwara et al., 2018).

In accordance with our earlier work, guard cell chloroplasts in
the WT were relatively uniform in size and shape and often
produced stromules (Figure 4A). On the contrary, guard cell
plastids in parc6-5 and other parc6 mutants displayed variable
phenotypes (Figures 4B-G). The first phenotype was the
decrease in number and a complementary increase in size of

FIGURE 4 | Morphology of plastids in leaf stomatal guard cells of parc6 and other plastid division mutants. (A-J) Images of guard cells in the 3" and 4™ leaf
petioles of 4-week-old WT (A), parc6-1 (B, C), parc6-3 (D), parc6-4 (E), parc6-5 (F, G), arc11-1 (H), and arc6-3 (I, J) seedlings. Fluorescence images of stroma-
targeted CFP (black-and-white or cyan-colored in ‘merged’ panels), chlorophyll (magenta), and merged images of CFP/YFP, chlorophyll and DIC are shown. Arrow
and arrowheads indicate plastids with and without chlorophyll, respectively. Scale bar = 10 pm.

Frontiers in Plant Science | www.frontiersin.org

135

January 2020 | Volume 10 | Article 1665


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Ishikawa et al.

Plastid Morphogenesis in Leaf Epidermis

chloroplasts (Figures 4B, F, and G), a characteristic of mesophyll
cell chloroplasts in parc6. The increase in chloroplast size in
parc6 guard cells was generally more modest than that in parc6
pavement cells (Figures S3A, 2B-G). The second phenotype was
the existence of normally sized and shaped chloroplasts in parc6
guard cells (Figures 4D-F). The third phenotype was the
hyperproduction of stromules (Figures 4B, F, G), which is
typically seen in pavement cells of mutants in which
chloroplast division in mesophyll cells is severely inhibited.
The extent of stromule development in guard cells was more
limited than that in pavement cells as a whole (Figures 4B-G,
S3A, and B vs. Figures 3B-G). The fourth phenotype was the
formation of poorly developed plastids, devoid of chlorophyll
autofluorescence (arrowheads in Figures 4B, I). The fifth and
final phenotype was the disappearance of chloroplasts from
guard cells (Figure 4C), which is typically seen in guard cells
of mutants in which chloroplast division in mesophyll cells is
severely inhibited. The above five features were commonly
observed among all parc6 mutants used in this study. The type(s)
of feature observed in a given guard cell seemed to be
independent of the location of the guard cell in the entire leaf
and rather appeared to be selected randomly (Figure S3A).
Additionally, the normally sized and shaped chloroplasts
observed in parc6 guard cells (second phenotype) sometimes
displayed more prominent formation of stromules than those in
WT guard cells. We also noticed that parc6 guard cells without
chloroplasts (fifth phenotype) were identical to class III guard
cells, defined previously as guard cells containing “populations of
numerous minute plastids, which were colorless (chlorophyll-
less)” (Fujiwara et al., 2018), observed in guard cells of arc5, arcé,
and atminE]l mutants. In some cases, such colorless class IIT
guard cells in parc6 mutants outnumbered chloroplasts in WT
guard cells on a per cell basis, although accurate counting of
plastids in parc6 guard cells was not feasible owing to their
intricate morphology (Figure 4C). In parc6, we did not find class
IV guard cells, defined as guard cells possessing “web-like
structures consisting of chlorophyll-less plastids” (Fujiwara
et al,, 2018). No differences were detected in the morphology
of mitochondria between W'T and parc6 guard cells, based on the
fluorescence signal of mitochondrion-targeted YFP
(Figure S3A), similar to the mitochondria in pavement cells
(Itoh et al., 2018).

Next, we attempted to quantify and compare the phenotypes
of guard cell plastids among different parc6 mutants. We counted
the number of chloroplasts in guard cells, both on a per stoma
basis (i.e., pair of guard cells) and per guard cell basis. Among the
four different parc6 mutants examined, the number of
chloroplasts (both per stoma and per guard cell) was similar
(Figures 5A, B). Plastid partitioning between paired guard cells
of each stoma was also similar among the parc6 mutants
(Figures 5A, B). The mean chloroplast number per guard cell
was 5.0 in the WT (FL4-4 line) and ranged from 1.7 to 2.0 in
parc6 mutants. Furthermore, the number of chloroplasts per
guard cell ranged from 0-4 among all parc6 mutants but from 2—-
9 in the WT. Guard cells devoid of chloroplasts in parc6 mutants
occurred at a frequency of <2%; in a few measurements of parc6-

I and parc6-4 mutants, no chloroplast-lacking guard cells were
detected (Figures 5A, B). Additionally, we generated two
independent lines using the T-DNA insertion (knockout)
mutant parc6-1; in one of these lines (parc6-1 x FL4-4), plastid
stroma was labeled with CFP, whereas in the other line (parc6-1
x FL6-4), plastid stroma was labeled with YFP. Both of these
lines showed similar chloroplast number per stoma and per
guard cell (Figure 5B, Table 1). This further supports that the
defective allele of PARCES, and not the other effects brought on by
crossing, is responsible for the decrease in chloroplast number
per guard cell and occasional occurrence of chloroplast-devoid
guard cells. The results of counting (Figures 5A, B) also verified
that the plastid phenotype observed in parc6-5/suba2 leaf
epidermis (Itoh et al., 2018) is quantitatively equivalent to that
observed in the other known parc6 mutants.

Since the guard cell plastid phenotypes were similar among
parc6 mutants and not affected by the fluorescently labeled
transgenic line used in crossing, we chose the progeny of parc6-
1 x FL6-4 as a representative parc6 line in the following
experiment. Indeed, we confirmed that the morphology of
YEP-labeled guard cell plastids in parc6-1 x FL6-4 progeny
was equivalent to that of CFP-labeled guard cell plastids in
parc6-1 x FL4-4 progeny (Figure S3B). We classified guard cells
based on the length of guard cell chloroplasts (Table 2, Figure
5C). Taking into account our previous data on arc5, arc6, and
atminEl mutants (Fujiwara et al., 2018), we conclude the
following: 1) with regard to the frequency of guard cells
containing giant chloroplasts, parc6 was relatively similar to
arc6 and, to a lesser extent, to atminEl (Figure 5C); 2) with
regard to the frequency of guard cells without chloroplasts,
parc6 was relatively similar to arc5 (Figure 5C); and 3) with
regard to the length variation of guard cell chloroplasts, parc6
showed an intermediate phenotype between arc5 (shorter
guard cell chloroplasts) and arc6/atminEl (longer guard cell
chloroplasts) (Table 2).

Plastids in Trichome and Guard Cells of
arc11 Mutants

Arabidopsis arcll is a loss-of-function mutant of AtMinDI; in
arcll, the level of AtMinD1 protein is greatly reduced, and the
mutant AtMinD1 protein (A296G) does not localize at the
division site or at punctate structures in the chloroplasts,
unlike the WT MinDI1 protein, as shown by
immunofluorescence microscopy (Nakanishi et al., 2009). The
mesophyll cells of arclI and parc6 mutants display an abnormal
spatial control of stromal FtsZ ring formation, resulting in
variable sized chloroplasts within a single cell (Marrison et al.,
1999; Fujiwara et al., 2008; Glynn et al., 2009; see Figure S4).
Previously, we reported the plastid phenotype in pavement cells
of arcl1 (Fujiwara et al., 2017; Itoh et al., 2018). To gain further
insight into the functional difference between the mesophyll
chloroplast FtsZ ring positioning factors PARC6 and MinD1
and its tissue-dependency, we examined the phenotype of
plastids in trichome and guard cells of arcl1 using the arcli-1
x FL4-4 line, whose plastids could be visualized with fluorescence
from stroma-targeted CFP. The trichomes of arclI-1 contained
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Plant WT WT parc6-1 parc6-1 parc6-3 parc6-4 parc6-5 arc11-1
(Background) (FL4-4) (FL6-4) (FL4-4) (FL6-4) (FL4-4) (FL4-4) (FL4-4) (FL4-4)
Chloroplast Mean + S.D. 10.0+1.6 9.9+17 39+1.1 35+1.1 39+1.1 3.8+1.2 39%12 99+1.6
number Max. 16 14 7 7 6 7 7 14
per stoma Min. 6 6 2 0 0 2 0 6
[GC pair] n 100 100 100 100 100 100 100 100
Mean + S.D. 50x1.1 49+1.0 2.0+0.8 1.7+0.7 1.9+0.8 19x08 1.9+07 49+1.0
per GC Max. 9 8 4 4 4 4 4 8
Min. 2 3 0 0 0 1 0 2
n 200 200 200 200 200 200 200 200
C
Plant GCwith  GC with GC without Total Chloroplastic Hybrid Chloroplast-  Total Reference
Background giant chloro-  chloro- number i i less number
( : ) chloroplasts plasts plasts GCipalr GC palr GC pair
(FL4-4, FL6-5, Fujiwara et al. (2018);
WT FL6-4) 0 200 0 200 0 0 100 0 0 0 100  This study
arch-1 (FL6-4) 10 186 4 200 2 6 90 0 0 2 100 Fujiwara et al. (2018)
arc6-3 (FL6-4) 85 72 43 200 24 33 19 4 1 19 100 Fujiwara et al. (2018)
parc6-1 (FL6-4) 62 138 0 200 13 36 51 0 0 0 100  This study
arc11-1 (FL4-4) 0 200 0 200 0 0 100 0 0 0 100  This study
atminE1-1 (FL6-5) 142 41 17 200 55 28 6 4 1 6 100 Fujiwara et al. (2018)
FIGURE 5 | Distribution of chloroplasts in leaf stomatal guard cells of Arabidopsis parc6 and other plastid division mutants. (A, B) Measurements of chloroplast
number in arbitrarily selected 100 guard cell (described as “GC” in this figure) pairs (“cell A” and “cell B”) of WT, parc6-1, parc6-3, parc6-4, parc6-5 and arc11-1
seedlings in graph (A) and table (B) form. All plants were derived from the FL4-4 line, and the 39 and 4™ leaf petioles of 4-week-old seedlings were examined.
(C) Frequency of guard cells with giant, normal-sized, or no chloroplasts in parc6-1, arc11-1, and other mutant plants, based on results in the present study and
previous study (Fujiwara et al., 2018). The fluorescence assays were representative of several measurements. Three to five independent leaves were used for each
measurement.

leucoplasts, which were almost indistinguishable from the
leucoplasts in trichomes of the WT, in terms of the size, shape,
subcellular distribution, and chlorophyll autofluorescence signal
(Figure 3; data not shown). Similarly, chloroplasts in guard cells
of arcl1-1 were almost indistinguishable from those in guard
cells of the WT (Figure 4H). To verify this observation
quantitatively, we measured the morphological traits of guard
cell plastids in arcll using the same method as that used to
measure the guard cells of parc6 mutants (Figure 5). The
chloroplast number per stoma and per guard cell and guard

cell classification, based on the presence or absence of plastids
(Figure 5), reinforce our view that arcll-1 is almost
indistinguishable from the WT, at least with respect to the
guard cell plastid phenotype.

Ultrastructural Analysis of Guard Cell
Plastids in parc6

To reveal more detailed structural features of plastids in the leaf
epidermis of parc6, we performed TEM analysis. Previously, we
reported the TEM images of chloroplasts in mesophyll and
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TABLE 2 | Measurement of chloroplast length in leaf stomatal guard cells of WT
and parc6-1 seedlings’.

Chloroplast characteristics WT (FL6-4) parc6-1 (FL6-4)
Frequency of chloroplasts

Giant chloroplast 0 (0.0%) 30 (30.0%)
Normal-sized chloroplast 100 (100.0%) 69 (69.0%)
Mini-chloroplast 0 (0.0%) 1(1.0%)
Chloroplast length (um)

Mean + standard deviation 43+0.7 54+18
Maximum 5.6 10.9
Minimum 2.6 1.9

Total number of chloroplasts examined 100 100

"For details of the experiment, see Materials and Methods.

pavement cells of parc6 mutants (parc6-3 and parc6-5) (Itoh
et al., 2018). In the present study, we focused on the
ultrastructure of plastids in parc6 guard cells. Generally, guard
cells are smaller than mesophyll and pavement cells; therefore,
the chloroplast density is relatively higher in guard cells than in
mesophyll and pavement cells. We expected that this feature of
guard cells would be more advantageous for TEM analysis of the
whole structure of the variable and complexly shaped parc6
plastids (Figure 4), which had been a difficult task for mesophyll
and pavement cells (Itoh et al, 2018). We also compared the
plastid ultrastructures of different plant lines (WT and parc6 '~
backgrounds) with and without the transgene expressing the
stroma-targeted fluorescent protein. To the best of our
knowledge, no studies have reported a secondary effect of
stroma-localized fluorescent protein on plastid ultrastructures
in any plastid division mutants. In this experiment, we used
parc6-1 (Col background) and parc6-5 [a mutant obtained from
an EMS-mutagenized population of FL4-4 (Col background), in
which plastids and mitochondria are labeled with CFP and
YEP, respectively].

We examined guard cells in the adaxial surface of petioles of
the first and second leaves of 10-day-old seedlings of parc6-1 and
parc6-5 mutants and their respective parental strains, WT (Col)
and WT (FL4-4). All four lines showed the previously described
characteristics of cellular and subcellular structures of guard cells
(Zhao and Sack, 1999), except for plastids in parc6 mutants
(Figure 6A). The two symmetrical guard cells showed a large
central vacuole(s) occupying most of the cell volume, cell nucleus
located near the stomatal aperture, and mitochondria distributed
throughout the cytoplasm in all lines. Additionally, chloroplasts
in all lines showed well-developed starch grains in the stroma,
less organized thylakoid membranes with few grana stacks, and
plastoglobules (Figure 6B). Comparison between WT (Col) and
WT (FL4-4) lines showed no major difference in the size, shape,
and internal structure of chloroplasts. Similarly, both parc6-1
and parc6-5 mutant lines contained variably sized chloroplasts
(normal to giant), within a similar size range. Another
characteristic of the parc6 guard cell plastids was the frequent
formation of stromules, surrounded by two envelope membranes
(Figure 6B). The size and internal structure of mitochondria also
showed no major differences among the four lines examined
(Figure 6C), which was consistent with the fluorescence
microscopy images (Figure S3A).

Localization of PARC6-GFP in Petiole
Cells

Lastly, we investigated the subcellular localization of PARC6
using GFP as a reporter. Glynn et al. (2009) demonstrated the
complementation of the Arabidopsis parc6-1 mutant with
the WT PARCE6 transgene fused to GFP gene under the control
of the constitutive CaMV35S promoter and intraplastidic
localization of PARC6-GFP in young leaf epidermal cells in
this complementation line. Nonetheless, it remains elusive how
PARC6 behaves during the entire process of chloroplast division.
In the present study, we constructed a chimeric construct
consisting of the upstream region of the PARC6 gene, full-
length PARC6 cDNA, and GFP and introduced this construct
into Arabidopsis parc6-1 and parc6-4 mutants. This construct
was able to fully rescue the division defect in both parc6 mutants
(data not shown). Using these complementation lines, we
observed cortical and epidermal cells in leaf petioles, which
correspond to mesophyll and pavement cells in leaf
blades, respectively.

In the parc6-1 complementation line, PARC6-GFP was
localized at the constricting neck of dividing chloroplasts as a
filamentous or punctate pattern in cortex cells starting from the
initial to the final stages of chloroplast division (Figures 7A-E).
When we shifted the focal plane of the microscope from the top
to the bottom of dumbbell-shaped chloroplasts at the middle
stage of division, the GFP signal appeared as a filament over the
constricting neck in the top and bottom focal planes but as two
dots at opposite sides of the neck in the intermediate plane
(Figures 7F, G). At the final stage of chloroplast division, the
GFP signal was detected as a single focus (Figure 7E). These data
suggest that PARC6 forms a ring surrounding the constricting
neck of dividing chloroplasts. Moreover, at the early stage of
chloroplast division, the GFP signal appeared as short filaments
aligned discontinuously, like a dashed line, along the equatorial
division plane of chloroplasts (Figures 7H, I). On the contrary,
at later stages when chloroplasts were more deeply constricted,
the GFP signal was detected as a continuous filament at the same
position (Figures 7B-D). These observations imply that during
the early to middle stages of constriction formation in dividing
chloroplasts, PARC6 ring changes its configuration from a
discontinuous array of short fragments to a continuous ring,
possibly by gradual polymerization of PARC6 initiated at
multiple sites along the circumference of the constriction. We
further compared the signal intensities of the ring-like structures
of PARCEG at different stages of chloroplast division under the
same conditions of excitation and image acquisition
(Figures 7J, K). The GFP signal was faint at the early stage,
modest at the intermediate stage, and relatively strong at the late
and final stages. This suggests that as chloroplast division
proceeds, the PARC6 ring becomes denser by maintaining the
number of PARC6 proteins within it, despite the progressive
decrease in its diameter. Even after the complete separation of
chlorophyll autofluorescence derived from the thylakoids of
daughter chloroplasts, the PARC6 ring persisted at the original
neck region between them (Figure 7L). The PARC6 rings were
often detected between two attached but apparently separate
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FIGURE 6 | Ultrastructure of plastids and mitochondria in leaf stomatal guard cells of parc6 mutants. (A) Guard cells. (B) Plastids. (C) Mitochondria. Adaxial
epidermis of the first leaf of 10-day-old WT (Col), WT (FL4-4 line), parc6-1 (Col-derived), and parc6-5 (FL4-4-derived) seedlings. Arrowheads, arrows, and double
arrowheads indicate enlarged chloroplasts, stromules, and plastoglobules, respectively. Scale bars: 5 pm (A); 1 um (B, C).

chloroplasts, based on the bright field images. Figures 7M-O
show the localization of PARC6-GFP in chloroplasts of the
epidermal cells. Because the chloroplasts in the epidermis were
immature, detailed tracing of the behavior of PARC6 during
chloroplast division was difficult. Nevertheless, the results
(Figures 7M-0) were consistent with the abovementioned

results of the cortex cells and thus support the notion that the
localization pattern and behavior of PARC6 are largely
conserved between cortex and epidermal cells. Additionally,
the present results of epidermal cells were also consistent with
the earlier report (Glynn et al, 2009). We also examined the
parc6-4 complementation line in the same manner as the parc6-1
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FIGURE 7 | Analysis of PARC6-GFP localization in leaf cortex and pavement cells. (A-O) Images of chloroplasts in leaf petioles of 1-3-week-old seedlings of parc6-
1 complementation lines. Images of full-length PARCB-GFP, chlorophyll, or DIC in cortex (A-K) and pavement cells (M-0) are shown. Scale bars: 10 um (J);

complementation line and obtained similar results (Figure S5;
only a subset of data is shown). Taken together, these data
indicate that the ring-like structure of PARC6 changes its
configuration with the progression of chloroplast division.

DISCUSSION

Probable Causal Mutation in parc6-5/
suba2

In this study, we further characterized the parc6-5/suba2 mutant
(Itoh et al., 2018) and other parcé alleles of Arabidopsis, while
focusing on the role of PARC6 in morphology maintenance of
non-mesophyll plastids in the leaf epidermis. First, the effect of
G62R, one of two mutations in parc6-5, on the plastid protein
import efficiency was evaluated (Figure 1). In model plant
species such as Arabidopsis, transient expression of a reporter
gene, such as GUS and GFP, can be visually detected usually
within 2 to 4 days after plasmid delivery using biolistics (Ueki
etal., 2009). In our experiments, no difference was detected in the
spatial distribution of fluorescence signals in cells (particularly in

terms of the accumulation in plastids and staying in the
cytoplasm) between TP-GFP and TPgeyr-GFP, irrespective of
the types of bombarded cells, including tobacco pavement and
guard cells containing chloroplasts and onion bulb epidermal
cells containing leucoplasts, at the relatively early time points (6-
24 h post-bombardment) (Figures 1B, C, E, F). It is possible that
at later time points, saturated GFP signal from plastids would
mask the putative difference in the protein import rate. Our
results at 6-24 h indicate therefore that TPgqr functions as
efficiently as the WT TP. Thus, by a process of elimination, it is
likely that the W700stop nonsense mutation is responsible for
the phenotype of suba2/parc6-5. Accordingly, it was suggested
that the C-terminal 120-amino acid region (amino acids 700-
819) of PARCS is critical for its function. This conclusion is in
agreement with an earlier report that showed a chloroplast
division defect in another Arabidopsis parc6 mutant, arc6h
(Ottesen et al., 2010), harboring a frameshift mutation, causing
V697stop mutation and eventually a C-terminal truncation of
PARCS, quite similar to that in parc6-5. The C-terminal 223-
amino acid region (amino acids 597-819) of PARCG6 is exposed
in the intermembrane space, as shown by biochemical analysis,
which facilitates the interaction of PARC6 with PDV1, as shown
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by the yeast two-hybrid assay (Zhang et al., 2016). PDV1 and its
paralog PDV?2 are outer envelope membrane proteins of plastids,
which recruit a dynamin-related protein DRP5B (ARC5) from
the cytosol to the plastid surface (Miyagishima et al., 2006). Our
results suggest that C-terminal 120-amino acid region of PARC6
exposed within the intermembrane space is indispensable for its
function, probably because of its association with PDV1 and the
resultant recruitment of DRP5B, although precise functions of
PDV1 and DRP5B and their physical and functional association
with PARC6 are currently unknown in non-mesophyll plastids.

Significance of PARCG6 in Plastid
Replication and Morphology Maintenance
in the Leaf Epidermis

Building on our previous results (Itoh et al., 2018), but by
examining younger leaves of parc6 mutants, we obtained
additional insights into the involvement of PARC6 in
chloroplast morphology maintenance in pavement cells. The
most remarkable discovery was the occurrence of the grape-
like plastid clusters in pavement cells (Figures 2D-G, S1C).
Similarly, in trichome cells, the occurrence of the grape-like
clusters was the most striking cytological feature of parc6
mutants (Figures 3G-J, S2B-D). This is the first report of the
three-dimensional structure of plastid clusters (Supplementary
Movies 1, 2). Furthermore, to the best of our knowledge, this is
the first report describing the morphology and distribution
pattern of plastids (leucoplasts) in the trichomes of any
chloroplast division mutants. Overall, in parc6 mutants, the
phenotype of plastids in trichomes (Figure 3) was unique
compared with that of plastids in mesophyll cells, pavement
cells, and guard cells. We believe that the data reported in this
study offer a basis for probing the mechanisms of replication and
morphology maintenance (including stromule formation) in
non-mesophyll plastids and the change of mechanisms during
cell differentiation, which are largely unknown at present (Pyke,
20105 Pyke, 2013; Pyke, 2016). Since the developmental process
of trichomes in Arabidopsis is well understood and can be readily
traced because of their large size and unicellular nature
(Hulskamp, 2019), trichomes might be a potential
experimental system for resolving the above issues.

The present study showed a significant decrease in the
number of chloroplasts in guard cells of parc6 mutants
(Figures 5A, B). Previously, we performed similar analyses on
other chloroplast division mutants including arc5, arc6, and
atminEl (F, siblings derived from a cross between the original
mutant and FL6-4 or FL6-5) (Fujiwara et al., 2018) and presented
the results of guard cell chloroplast counting as integer values,
which makes the direct comparison with the present results of
parc6 mutants difficult. When compared in a unified manner, the
chloroplast numbers on a per guard cell basis were as follows:
WT, 4.6 + 1.0, max. 7, min. 3 [5 £ 1 in Fujiwara et al., 2018 (the
same hereafter)]; arc5-1, 3.9 + 1.3, max. 9, min. 0 (4 * 1); arc6-3,
2.5+ 1.6, max. 7, min. 0 (2 + 2); atminE1-1, 2.6 + 1.3, max. 6, min
0. (3 £ 1); parc6-1, 1.7 £ 0.7, max. 4, min. 0. This direct
comparison suggests that among the examined genes, PARC6
exhibits the most effective control of chloroplast number in

guard cells. By contrast, phenotypic analysis of these mutants,
based on the classification of guard cells by size and presence/
absence of chloroplasts in them (Figure 5C, Table 2), suggests
that the importance of PARCE6 is intermediate between that of
ARC6/AtMinEl (higher importance) and ARC5 (lower
importance) in terms of chloroplast morphology and
differentiation in guard cells.

During leaf development in WT Arabidopsis plants,
chloroplasts in pavement cells undergo symmetric binary
fission, as mediated by the FtsZ1 ring formation at the
equatorial plane (Fujiwara et al., 2015). By contrast,
chloroplasts in arcl1-1 pavement cells exhibited aberrant
assembly of the FtsZ1 ring(s) at a non-equatorial site or
multiple sites, which is consistent with our previous report
(Fujiwara et al., 2017). Nonetheless, chloroplasts that initiated
such asymmetric or multiple divisions were likely to complete
the division process, eventually assuming a morphology that was
largely indistinguishable from WT chloroplasts. Thus, the
“terminal” phenotype of pavement cells in mature arcll leaves
was slight heterogeneity in chloroplast size. Chloroplasts in both
trichomes and guard cells of arcl1 appeared similar to those in
their WT counterparts (Figures 3K, 4H, and 5), which further
underlines the difference in epidermal plastid phenotype between
arcll and parc6. Although AtMinD1 (ARC11) and PARC6
function in the same process of chloroplast division (namely,
division site placement) in mesophyll cells, our previous
(Fujiwara et al, 2017; Itoh et al, 2018) and present results
suggest that the known role and importance of both proteins
are modified and differentiated upon morphogenesis of leaf
epidermal plastids. AtMinD1 and PARC6 were previously
demonstrated to interact with each other in the yeast two-
hybrid system (Itoh et al., 2018). It remains uncertain,
however, whether they actually interact with each other in
vivo, i.e., in chloroplasts and other types of plastids. It is
possible that the mode and extent of AtMinD1-PARC6
interaction vary with the type of plastids, thereby giving rise to
a variety of mechanisms that control plastid division.

Although suba2/parc6-5 was originally identified as one of the
two stromule-overproducing mutants by fluorescence
microscopy-based screening of leaf epidermal tissues, we failed
to detect stromules in the leaf epidermis at the ultrastructural
level in our previous study (Itoh et al., 2018). Here, we presented
ultrastructural evidence for the active production of stromules in
parc6 guard cells (Figure 6B), substantiating the
abovementioned speculation that guard cells are suitable for
the ultrastructural analysis of complexly shaped plastids, often
accompanied by highly developed stromules, in chloroplast
division mutants. At the ultrastructural level, guard cell
plastids in parc6-5 were morphologically equivalent to those in
parc6-1, further supporting the results of fluorescence
microscopy (Figures 4 and 5A, B). Our TEM investigations of
WT and parc6 plants with and without the expression of stroma-
targeted CFP and matrix-targeted YFP (Figures 6B, C) also
address the question whether the accumulation of a fluorescent
protein in a particular organelle affects the internal and external
structures of that organelle. It is widely believed that GFP and its
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derivatives are not cytotoxic to plants (Stewart Jr, 2001),
although the possible effects of these reporter proteins on
organelles remain elusive in plants. Comparison of fluorescent
protein-expressing and non-expressing plants in an otherwise
identical genetic background (WT or parc6’~ in Col
background) unequivocally established that the accumulation
of fluorescent protein in the stroma and matrix does not affect
the structures of plastids and mitochondria, respectively, at least
at a detectable level (Figures 6B, C).

At present, it remains an open question how a defect in
PARCS6 leads to a variety of abnormal plastid morphologies in
leaf epidermal cells. One possibility is that PARC6 has an
epidermis-specific function in plastid morphogenesis, in
addition to its established function in the division of
mesophyll cell chloroplasts, as discussed in our previous
report (Itoh et al., 2018). Another possibility is that an arrest
of plastid division due to the lack of functional PARC6
secondarily causes abnormal plastid phenotypes during the
differentiation of epidermal cells, but in a different and more
complicated manner than in mesophyll cells, which
consistently show simple phenotypes (i.e., increase in
chloroplast size and decrease in chloroplast number). A
prerequisite for the latter possibility is that plastids divide at
least once during epidermis development. In flowering plants,
cells in the outermost cell layer of the shoot apical meristem,
namely, the L1 layer, undergo anticlinal cell division and
eventually differentiate into pavement, trichome, and stomatal
guard cells constituting the epidermis (Glover et al., 2016).
While cells in the shoot apical meristem contain
undifferentiated proplastids, pavement, trichome, and guard
cells contain poorly developed chloroplasts, leucoplasts
converted from chloroplasts, and well-developed chloroplasts,
respectively (Pyke, 2009; Barton et al., 2016; Barton et al., 2018).
In the pavement cells of Arabidopsis, we have previously shown
that peanut-shaped chloroplasts associated with the mid-
plastid FtsZ1 accumulation, implying that these chloroplasts
are in the process of FtsZ1 ring-mediated binary division
(Fujiwara et al., 2015). Leucoplasts in trichomes seemed to
increase in number during the development of trichome cells in
Arabidopsis, as inferred from a rough comparison between
early developing trichomes (containing ~30 leucoplasts;
Figures 3A, B) and mature trichomes (containing >100
leucoplasts; Figure 3F), although leucoplasts in trichomes
could not be accurately counted in this study because of the
difficulty imposed by the extremely large size of trichomes.
Supporting this notion, in our preliminary experiments, we
observed FtsZ1 ring-associated, constricted leucoplasts in
Arabidopsis trichomes (Fujiwara, unpublished data).
Similarly, in Arabidopsis guard cells, our data suggest FtsZ1
ring-mediated division of chloroplasts (Fujiwara et al., 2019).
We cannot, therefore, exclude the latter possibility mentioned
above. To determine how a mutation in PARC6 leads to
abnormal plastid morphology in leaf epidermal cells, further
investigation of the parc6 mutant is needed to understand the
processes during which the morphological phenotypes of
plastids become apparent along the lineage of each type of

epidermal cell and to determine the activity (evaluated by
plastid counting) and mode (e.g., symmetric vs. asymmetric,
binary vs. multiple) of plastid division in differentiating and
differentiated epidermal cells.

Dynamics of PARCG6 at the Plastid

Division Site

Previously, a functional PARC6-GFP fusion protein was shown
to localize to mid-plastid puncta in ovoid and partially
constricted chloroplasts, a mid-plastid spot in deeply
constricted chloroplasts, and a polar spot at the surface of
round, probably post-dividing chloroplasts, which appeared to
be the remnant of mid-plastid spots, in the epidermis of young
expanding leaves of 14-day-old transgenic Arabidopsis seedlings
(Glynn et al,, 2009). In the current study, we employed similar
methodology as that used by Glynn et al. (2009) but used both
cortical and epidermal tissues in the leaf petioles to provide more
detailed information on the subplastidic dynamics of PARCS6.
The PARC6-GFP proteins localized to the middle of pre-dividing
and dividing chloroplasts as well as to a single polar spot in post-
dividing chloroplasts (Figure 7), as described above. However,
we noted two aspects of PARC6 localization: 1) formation of a
PARCS6 ring surrounding the constricting neck of dividing
chloroplasts (Figures 7A-G), and 2) discontinuous nature of
the PARCES ring at the early stage of chloroplast division (Figures
7H, I). Although the formation of a PARC6 ring around the
dividing chloroplasts was formerly hinted at by Glynn et al.
(2009), direct evidence for this has been lacking to date. More
importantly, the discontinuous nature of the PARCS6 ring early
during chloroplast division observed in this study is in contrast
to the progressive concentration of PARCS in a single spot at the
isthmus of highly constricted chloroplasts at the final stage of
division [Glynn et al., 2009; this study (Figure 7E)]. To the best
of our knowledge, PARCS is the first protein reported to form an
array of short filaments at the chloroplast division site at the early
division stage. Among the known mid-plastid-localizing
proteins, DRP5B (ARC5) and PDVI1 clearly show a
discontinuous, “array-of-dot”-like localization pattern
surrounding the division site, as revealed by GFP tagging (for
DRP5B and PDVI1) and immunofluorescence microcopy (for
DRP5B) (Miyagishima et al., 2006; Okazaki et al., 2009;
Miyagishima et al., 2011). Components of the chloroplast
division site-determining Min system, including AtMinD1,
AtMinEl, and MCD1 (Osteryoung and Pyke, 2014), also
appear to exhibit a punctate pattern, as revealed by
immunofluorescence microcopy (Nakanishi et al., 2009;
Fujiwara et al., 2009a; Miyagishima et al., 2011; Chen et al.,
2018b). Nevertheless, the observed punctate signals of AtMinD],
AtMinE1, and MCD1 were generally smaller, more varied in size,
and more irregularly aligned along the division plane than those
of DRP5B and PDV1 (e.g., Figure 4.3 in Miyagishima et al,
2011). The discontinuous localization pattern of PARC6-GFP
(Figures 7H, I) seems to bear a greater resemblance to that of
GFP-DRP5B (see Figure 4G in Miyagishima et al., 2006) and
GFP-PDV1 (see Figures 4A, C in Miyagishima et al., 2006) in
unconstricted chloroplasts rather than to that of AtMinD1,
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AtMinEl, and MCD1. This might imply partial colocalization of
PARC6 with PDV1 and DRP5B in the early stage of chloroplast
division. In fact, regions of PARC6 and PDV1 in the
intermembrane space were shown to interact with each other in
yeast two-hybrid and pull-down assays (Zhang et al, 2016).
Additionally, DRP5B and the cytosolic region of PDV1 were also
demonstrated to interact with each other by both yeast two-hybrid
and bimolecular fluorescence complementation assays (Holtsmark
et al,, 2013), thereby enabling the recruitment of DRP5B from the
cytosol to the outer envelope surface of chloroplasts at the division
site (Miyagishima et al., 2006). This suggests that PARC6, PDV1,
and DRP5B might act together during a certain period of
chloroplast division initiation. However, at a later stage of
chloroplast division, when chloroplasts were clearly constricted,
GFP-PDV1 and GFP-DRP5B still showed an “array-of-dot”-like
localization (see Figures 4D, H in Miyagishima et al., 2006), whereas
PARC6-GFP appeared to form a continuous ring in similarly
constricted chloroplasts (Figure 7C). This highlights the
differential dynamics of PARC6 and PDV1/DRP5B upon the
constriction of chloroplasts.

In the PARCES localization experiment, the fluorescence signal
of PARC6-GFP in chloroplasts was detected only in young,
emerging leaves (shorter in length than several millimeters).
Thus, it remains unknown whether the above-described
PARC6 dynamics commonly exists in chloroplasts of
mesophyll and pavement cells at every developmental stage.
Moreover, because the fluorescence signal of PARC6-GFP was
quite faint, a long exposure time was needed to capture the GFP
signal, making it impossible to obtain GFP images in trichome
and guard cells in the current study (not shown). Despite such
technical difficulties, change in the expression and possibly
localization of PARC6 during leaf development deserves future
investigation because GFP-PDV1 (and GFP-PDV2) expressed by
their respective promoters were also detected in young, emerging
leaves but not in older, expanding leaves (Okazaki et al., 2009),
similar to PARCS6. Simultaneous labeling and imaging of PARC6
and PDV1 would be particularly important for the elucidation of
the assembly process of the plastid division machinery and its
possible dependency on the developmental stage and
differentiation state of the leaf cell.
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Flowering plants have evolved two distinct clades of chloroplast GrpE homologues
(CGEs), which are the nucleotide exchange factor for Hsp70. In Arabidopsis, they are
named AtCGE1 (Atsg17710) and AtCGE2 (At1g36390). Characterization of their
corresponding T-DNA insertion mutants revealed that there is no visible change in
phenotype except a defect in protein import in an AtCGE2-knockout mutant under
normal growth conditions. However, the embryo development of an AtCGET-knockout
mutant was arrested early at the globular stage. An AtCGET7-knockdown mutant,
harboring a T-DNA insertion in the 5’-UTR region, exhibited growth retardation and
protein import defect, and its mutant phenotypes became more severe when AtCGE2
was further knocked out. Sub-organellar distribution implied that AtCGE2 might be
important for membrane biology due to its preferential association with chloroplast
membranes. Biochemical studies and complementation tests showed that only
AtCGE1, but not AtCGE2, can effectively rescue the heat-sensitive phenotype of
Escherichia coli grpE mutant and robustly stimulate the refolding of denatured luciferase
by DnaK. Interestingly, AtCGE1 and AtCGE2 are tending to form heterocomplexes, which
exhibit comparable co-chaperone activity to AtCGE1 homocomplexes. Our data indicate
that AtCGE1 is the principle functional homologue of GrpE. The possibility that AtCGE2
has a subsidiary or regulatory function through homo- and/or hetero-oligomerization
is discussed.

Keywords: chloroplast GrpE homologue (CGE), embryo lethal, Hsp70, DnakK, luciferase refolding
assay, oligomerization

INTRODUCTION

Almost all living organisms have 70-kD heat shock proteins (Hsp70) in most cellular
compartments, including the cytoplasm, endoplasmic reticulum (ER), mitochondria, and
chloroplasts. In addition to the general function of assisting protein folding, emerging roles of
Hsp70 are being reported in animal cells, including gene regulation, protein translocation and
degradation, signal transduction, and cell apoptosis (Mayer and Bukau, 2005; Joly et al., 2010;
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Kampinga and Craig, 2010). However, experimental evidence to
support the biological functions of Hsp70 in the plant system is
still scarce. Sung and Guy (2003) showed that the cytosolic
Hsp70 overexpression can enhance the heat tolerance of
Arabidopsis under certain conditions. Leborgne-Castel et al.
(1999) reported that overexpressing ER-localized Hsp70 (Bip)
in tobacco plants alleviated ER stress and increased drought
tolerance, but no effect on heat tolerance was observed. In green
algae, it has been shown that chloroplast Hsp70 may be involved
in the protection of the photosystem and repair after
photoinhibition (Schroda et al, 1999; Yokthongwattana et al.,
2001). In Chlamydomonas, chloroplast Hsp70 mediates the
assembly of vesicle inducing protein in plastid 1 (VIPP1),
which may facilitate the biogenesis and maintenance of
thylakoid membrane (Liu et al., 2007). However, whether
chloroplast Hsp70 in flowering plants also exhibits similar
functions to its algal counterparts is still uncertain. Recently it
has been demonstrated that plastid Hsp70s are essential for
chloroplast and plant development and are important for seed
basal thermotolerance in Arabidopsis (Su and Li, 2008;
Latijnhouwers et al., 2010). Genetic and biochemical analyses
revealed that plastid Hsp70s function as the molecular motor
driving precursor proteins into chloroplasts in moss, pea, and
Arabidopsis (Shi and Theg, 2010; Su and Li, 2010; Liu
et al., 2014).

The chloroplast Hsp70 chaperone system is derived from the
cyanobacterial endosymbiotic ancestor. In general the system is
composed of three core members: Hsp70, DnaJ, and GrpE
homologues. In Arabidopsis, there are two chloroplast Hsp70s
(cpHsc70-1 and cpHsc70-2), two chloroplast GrpE homologues
(AtCGEl and AtCGE2), and 19 chloroplast DnaJ homologues
(Suand Li, 2008; Hu et al., 2012; Chiu et al., 2013). The functions
of individual co-chaperone family members are still largely
unknown. It has been shown that small ] proteins (AtJ8, AtJ11,
and AtJ20) may contribute to the optimization of photosynthesis
(Chen et al., 2010). In Chlamydomonas, CGE1 cooperates with
Hsp70 to mediate the assembly of VIPP1 protein complex (Liu
et al., 2007) and the formation of Hsp70/Hsp90 multichaperone
complex (Willmund et al., 2008). Physcomitrella CGE proteins
play a crucial role in protein import (Shi and Theg, 2010). In
recent, de Luna-Valdez et al. (2019) proposed that land plants
have evolved two independent groups of CGE proteins with
distinguishable variations in conserved short motifs. It is
suggested that AtCGE1 is involved in specific physiological
phenomena in Arabidopsis, such as the chloroplast response to
heat stress, and the correct oligomerization of photosynthesis-
related LHCII complex (de Luna-Valdez et al., 2019). However,
the physiological significance of AtCGE2 and the difference in
co-chaperone activities between AtCGEl and AtCGE2 are
still unknown.

From genomic survey and phylogenetic analysis, we revealed
that flowering plants have evolved two distinct clades of CGE
homologues prior to the divergence of monocot and dicot
lineages. To understand the functional differences between
these two clades of CGEs in flowering plants, we performed
genetic and biochemical analyses of the two Arabidopsis CGEs.

Our data show that two AtCGEs exhibit different co-chaperone
activities. AtCGE1 functions as a bona fide GrpE homologue
with an essential function in embryo development, and AtCGE2
seems to be subsidiary or have a regulatory function to diversify
the CGE co-chaperone activities.

MATERIALS AND METHODS
Data Mining and Phylogenetic Analysis

Genomic resources were obtained from National Center for
Biotechnology Information (NCBI), Ensembl_Plants, the DOE
Joint Genome Institute, and the Rice Genome Annotation
Project through the web sites listed in Table S1. Sequences
which were ambiguous due to poor sequencing data were not
used for further analysis. Finally, a total of 62 CGE protein
sequences from 34 sequenced genomes were adopted for the
construction of a phylogenetic tree by ClustalW alignment and
the neighbor-joining method in MEGA6 software (Tamura
et al,, 2013).

Plant Growth Conditions

For plate culture, Arabidopsis seeds were sterilized with 1.5%
sodium hyperchloride for 10 min, washed with sterile water 5
times, and plated on 0.3% gellan gum-solidified 1x Murashige
and Skoog (MS) medium containing 2% sucrose. After a 3-d cold
stratification, seeds were grown in a growth chamber under 16-h
photoperiod with a light intensity around 70 umol m™> s™' at
22°C. For soil culture, Arabidopsis seeds were imbibed and cold-
stratified for 3 d in a refrigerator and sowed on a 9:1:1 mixture of
peat, vermiculite, and perlite under a 16-h photoperiod with a
light intensity approximately 100 umol m™> s™" at 24°C.

Identification and Characterization of the
T-DNA Insertion Mutants of CGEs

The candidate T-DNA insertion mutants were searched by the
SIGnAL T-DNA Express platform (http://signal.salk.edu/cgi-
bin/tdnaexpress). Seeds of candidate lines, FLAG_136H03
(atcge2-1), FLAG_079G12 (atcgel-3), SALK_004126 (atcge2-2),
SALK_005391 (atcgel-2), and WiscDxLoxHs045_03B (atcgel-1)
were obtained from ABRC (Arabidopsis Biological Resource
Center) and INRA (French National Institute for Agricultural
Research) (Brunaud et al., 2002; Alonso et al., 2003; Woody et al.,
2007) and confirmed by genomic PCR with specific primers. For
amplifying the wild-type copy of AtCGE2, primer pairs of
CGE2P-S and CGE2t-AS were used. Primer pairs of CGE2P-S
and Tag5 were used for amplifying the atcge2-1 specific T-DNA
copy, and primer pairs of LBal-2 and CGE2t-AS were used for
identifying the atcge2-2. For amplifying the wild-type copy of
AtCGEI, primer pairs of CGE1P-S + CGE112-AS or CGE1E1-S +
CGE1t-AS were used. Primer pairs of CGE1P-S and pDs-LoxHs-
L4" were used for amplifying the atcgel-I specific T-DNA copy;
primer pairs of LBal-2 and CGE2t-AS were used for identifying
the atcgel-2; and primer pairs of CGE1P-S and Tag5 were used
for identifying the atcgel-3. The T-DNA insertion sites were
verified by sequencing the PCR products. Primers pairs used for
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checking AtCGE2 and AtCGEI transcripts by reverse
transcription-polymerase chain reaction (RT-PCR) were
CGE2-S + CGE2-AS and CGEI1E1-S + CGE1-AS, respectively.
Individual insertion mutants were back crossed to their relative
wild type to select their single insertion mutants for phenotype
characterization, crossing, and functional analyses. Total
chlorophyll was determined by the method described by
Lichtenthaler (Lichtenthaler, 1987). Sequences of
oligonucleotide primers are listed in Table S2.

In Vitro Translation and Protein

Import Assay

[>°S]-Methione-labeled prRBCS were in vitro transcribed/
translated with TNT® Coupled Wheat Germ Extract System
driven by SP6 promoter (Promega). Chloroplasts were isolated
from 24-d-old seedlings grown on MS medium containing 2%
sucrose. Import assays were conducted as described in Perry et al.
(1991), except the grinding buffer was modified to 50 mM
HEPES-KOH (pH 8.0), 330 mM sorbitol, 2 mM EDTA, and
0.5% bovine serum albumin. After import, intact chloroplasts
were re-isolated through 40% Percoll cushion for SDS-PAGE
analysis (NuPAGE 4-12% Bis-Tris gel, Invitrogen), and import
was visualized by radiography with intensifying screens or by
phosphor-imaging. Quantification of gel bands was performed
using the Typhoon Trio phosphor-imager and ImageQuant TL
software (GE Healthcare).

Sub-Organellar Fractionation

Intact Arabidopsis chloroplasts were isolated from 21-d-old
plate-grown seedlings of wild type, and suspended in import
buffer. Lysis of chloroplasts was performed by resuspending
pelleted intact chloroplasts in hypotonic buffer [50 mM
HEPES-KOH (pH 8.0), 50 mM NaCl, and 5 mM MgCl,], or in
alkaline extraction buffer containing 0.1 M Na,CO; (pH 11.5).
Lysis mixture was incubated at 4°C for 30 min with mild vortex
and then frozen overnight in —20°C freezer. Thereafter, the
thawed samples were separated into membranes and soluble
fractions by ultracentrifugation at 100,000 g for 45 min, and
repeated once to ensure a sufficient fractionation. Total
chloroplast protein, lysed supernatant, and pellet (membrane
fraction) were then resolved on PAGE, transferred onto
polyvinylidene fluoride (PVDF) membrane, and decorated with
Western blotting against AtCGE2 and AtCGE1 antibodies,
respectively. The CBR-stained LHCB and RBCS were used as
the controls of membrane and stromal fraction, respectively.

Expression of Recombinant CGE Proteins
and Antibody Preparation

Using proofreading Phusion DNA polymerase, the coding
sequences of mature regions of AtCGE2 and AtCGEl were
amplified by PCR with specific primer pairs, CGE2-Ndel-S +
CGE2-XholI-AS and CGE1-Ndel-S + CGE1-Xhol-AS,
respectively. The amplified DNA fragments were cut with Ndel
and Xhol, and subcloned onto pET22b (Novagen) expression
vectors trimmed with the same restriction enzymes to generate
the 6xHis-tagged recombinant constructs, designated as

pET22b-AtCGE2 and pET22b-AtCGEl, respectively. After
being confirmed by DNA sequencing, the recombinant
plasmids were transformed into Escherichia coli. BL21 (DE3)
for IPTG (Isopropyl B-D-1-thiogalactopyranoside) induced
overexpression. Recombinant AtCGE proteins were affinity-
purified by Talon beads (Clontech Laboratories) for chaperone
activity assay and customer antibody production (GeneTex). To
generate the V294A mutation of AtCGEl on pET22b, site-
directed mutagenesis was conducted with mutated primer
pairs, CGE1-V294A-S + CGE1-V294A-AS. To express
AtCGE1/2 heterodimer, the coding sequence of mature
AtCGE1 was amplified by PCR with primer pairs XhoI-CGE1-
S and Xhol-CGE1-AS, and then subcloned onto Xhol-cut
pET22b-Ptac-AtCGE2 plasmid (see below) to generate a
polycistronic cassette named as pET22b-Ptac-AtCGE2-CGEl,
in which AtCGE1 is tagged with 6xHis and AtCGE2 was tag-free.
Purification procedure of mutated AtCGEl1 and AtCGE1/2
heterodimer was was according to the user's manual of Talon
metal affinity resins (Clontech Laboratories).

Functional Complementation of E. coli
grpE Mutant

The heat-sensitive E. coli DA16 harbors a grpE280 mutation
(Johnson et al., 1989). Because DA16 lacks the ADE3 fragment
for inducible expression of T7 RNA polymerase, the expression
cassette driven by T7 promoter on the pET22b vector could not
be turned on by IPTG. Therefore, we replaced the T7 promoter
with tac promoter to generate the pET22b-Ptac vector, which
enables IPTG-induced overexpression in DA16. Then the coding
sequences of grpE and the mature regions of AtCGE2 and
AtCGE1 were subcloned onto this vector as described above.
The resulting plasmids were named as pET22b-Ptac-GrpE,
-AtCGE2, and -AtCGEl, respectively. For complementation
test, wild-type grpE construct tagged with 6xHis was used as a
positive control. After 2-h induction by a serial concentration of
IPTG at 30°C on solid agar plates, the transformed bacteria were
heat challenged at high temperature as indicated. The overnight
cultured plates were photographed by digital camera to record
the results of complementation. To co-express both AtCGEs in
DA16 mutant, the T7 promoter of pCOLA vector (Novagen) was
replaced by tac promoter to generate pCOLA-Ptac vector, then
the coding sequence of AtCGE2 was subcloned on this vector to
generate pCOLA-Ptac-AtCGE2 plasmid with S-tag in frame.
Finally, pCOLA-Ptac-AtCGE2 and pET22b-Ptac-AtCGE1 were
co-transformed into E. coli DA16.

Luciferase Refolding Assay

Using the pJKE7 plasmid (Takara Bio), which harbors dnaKk,
dna], and grpE genes, as template DNA, the protein-coding
sequences of dnak, dnaj, and grpE were amplified by PCR, and
were respectively subcloned onto the expression vectors of
pACYC-T7, pET21d, and pET22b-Ptac. Their resulting
plasmids were named pACYC-T7-DnaK, pET21d-DnaJ, and
pET22b-Ptac-GrpE and were transformed into E. coli for
overexpression. All recombinant proteins of DnaK, Dna],
GrpE, and AtCGEs were fused with a 6xHis tag and were
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affinity purified by Talon metal affinity beads according to the
user's manual (Clontech Laboratories). The E. coli BL21(DE3)
strain was used for IPTG-induced overexpression of DnaJ, GrpE,
and AtCGE proteins, and the KRX strain (Promega) was used for
rhamnose-controlled overexpression of DnaK. Purified proteins
underwent dialysis in common buffer [25 mM Hepes-KOH (pH
7.8), 5 mM MgCl,, and 5 mM DTT] containing 100 mM NaCl
and were quantified by BCA protein assay kit (Pierce), then
stored in —80°C deepfreezer at 100 UM concentration in small
aliquot. Refolding of denatured firefly luciferase was modified
from Sugimoto et al. (2007). Briefly, luciferase was chemically
denatured in 6 M guanidine hydrochloride for 30 min at 25°C.
Refolding was conducted by adding denatured luciferase into
common buffer containing 100 mM KClI, chaperone mixture,
and 3 mM ATP, mixing well, and incubating for 30 min at 25°C.
The protein concentrations used are DnaK (5 uM), Dna]J (1 uM),
and luciferase (100 nM). For GrpE and AtCGEs, serial
concentrations from 0.5 to 32 UM were used as indicated in
the figures. After reaction, 10 pl of refolding mixture was
sampled for luciferase activity assay in a final 125 pl common
buffer containing 1 mM ATP and 0.25 mM D-luciferin. The
luminescence was measured by a luminometer (Victor X2
multilabel plate reader, PerkinElmer). Activity of native
luciferase was assayed as a positive control.

Crosslinking of Purified AtCGEs by
Glutaraldehyde

Crosslinking experiment was modified from Wu et al. (1996).
Five micromolar proteins in common buffer were crosslinked
with glutaraldehyde at 0.05, 0.1, and 0.2% for 10 min. After
crosslinking, their oligomeric states were visualized by PAGE
analysis and CBR staining.

RESULTS

Phylogenetic Analysis Revealed That
Flowering Plants Have Evolved Two
Distinct Clades of CGEs

Survey of sequenced plant genomes revealed that most flowering
plants contain at least two copies of CGE homologues, instead of
a single genomic copy as found in cyanobacteria, algae, and
Selaginella. To understand their evolutionary relationship, a
phylogenetic tree was constructed with 62 CGE protein
sequences from 34 sequenced genomes using the MEGAG6
program (Tamura et al., 2013). As shown in Figure 1,
flowering plants have evolved two distinct clades of CGEs,
which were grouped into CGEl1 and CGE2 homologues,
respectively, with a bootstrap value (74% of 1,000 replicates). It
was shown that two CGEs of Amborella, which is an ancient
plant diverging near the base of flowering plant lineages, were
also grouped into CGE1 and CGE2 clades respectively, indicating
that these two CGE clades of flowering plants may have evolved
prior to the divergence of monocot and dicot lineages. There are
duplicated copies in the same clade in some species with more
recent whole genome duplication or polyploidy, such as Brassica

rapa, Triticum aestivum, and Zea mays. Notably, Physcomitrella
patens also has two CGEs, which seem to be derived from a more
recent duplication based on their high similarity with 85%
sequence identity in mature proteins, and are grouped into the
same clade. In Chlamydomonas, two CGE isoforms (namely
CGEla and CGE1b) with only a two-amino acid difference are
encoded by a single gene with an alternative splicing of mRNA
(Schroda et al., 2001).

Characterizations of Arabidopsis atcge1
and atcge2 Mutants

To understand the biological significance of having two clades of
CGE homologues, we conducted further studies using
Arabidopsis CGEs. Data mining of a microarray database
revealed that there is not a large difference in RNA expression
patterns and levels between AtCGE2 and AtCGEI (access
through Arabidopsis eFP browser at http://bar.utoronto.ca/efp_
arabidopsis/cgi-bin/efpWeb.cgi), implying possible functional
redundancy. AtCGE T-DNA insertion mutants were further
isolated for characterization (Figure 2 and Figure S1). The
actual T-DNA insertion sites after being re-confirmed by
genomic PCR and DNA sequencing are illustrated in Figure
2A. Knockout mutations of AtCGEI (atcgel-1 and atcgel-2)
caused an embryo lethal phenotype. During seed development,
approximately one quarter of the seeds produced from the
heterozygous atcgel-1 mutant showed bleaching color at the
torpedo stage and brown aborted seeds at the mature green stage
(Figure 2B). Differential interference contrast (DIC)
microscopic observation of developing seeds at the torpedo
stage revealed that embryogenesis of these bleaching seeds was
arrested at the early globular stage (Figure 2C). It is surprising
that AtCGE2 cannot compensate the defect of AtCGEI although
their RNA expression patterns and levels are quite similar,
suggesting that the two proteins may have different functions
or activities. We also isolated a viable AtCGEI-knockdown
mutant, atcgel-3, which has a T-DNA insertion in the 5'-UTR
region and produces almost no detectable AtCGEl protein
(Figure 2D). To avoid the uncertain effect caused by different
ecotypes, atcgel-3 and atcge2-1 (both are of WS4 ecotype) were
selected for further analysis. There was no visible mutant
phenotype in AtCGE2-knockout plants (atcge2-1) under
normal growth conditions (Figure 2E). The atcgel-3 mutant
exhibited a growth retardation phenotype (Figure 2E). In 21-d
soil-grown seedlings, the above-ground tissue fresh weight of
atcgel-3 only reached 60% of that of the wild type (Figure 2F).
When atcgel-3 was crossed to atcge2-1, their double mutant
progeny showed more severe growth retardation (Figures 2E, F).
The fresh weight and chlorophyll content of atcgel-3 atcge2-1
were reduced to 40% and 80% of that of the wild type,
respectively (Figures 2F, G). Taken together these results show
that AtCGEL1 is essential for embryogenesis, and important for
plant growth. In contrast, AtCGE2 is dispensable under normal
growth conditions, but becomes important when AtCGE1 is
knocked down. AtCGE2 may be partially functionally redundant
to AtCGEl or may mediate AtCGEl function under
some conditions.
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FIGURE 1 | A phylogenetic tree of species CGE proteins. The tree was constructed by using the neighbor-joining method in MEGAG (19) with 62 CGE proteins (see
aligned sequences in Data S1). Bootstrap Values are shown as a percentage of 1,000 replicates. The evolutionary distances were computed using the Dayhoff
matrix based method and are in the units of the number of amino acid substitutions per site. The rate variation among sites was modeled with a gamma distribution
(shape parameter = 2). All ambiguous positions were removed for each sequence pair. Al, Arabidopsis lyrata; At, Arabidopsis thaliana; Atr, Amborella trichopoda; Bd,
Brachypodium distachyon; Br, Brassica rapa; Ca, Cicer arietinum; Cm, Cucumis melo; Cr, Chlamydomonas reinhardltii; Cru, Capsella rubella; Cs, Cucumis sativus;
Cv, Chlorella variabilis; Es, Eutrema salsugineum; Fv, Fragaria vesca; Gm, Glycine max; Hv, Hordeum vulgare; Jc, Jatropha curcas; Mp, Micromonas pusilla; Mt,
Medlicago truncatula; Ob, Oryza brachyantha; OsJ, Oryza sativa Japonica Group; Ol, Ostreococcus lucimarinus; Ot, Ostreococcus tauri; Pp, Physcomitrella patens;
Ppe, Prunus persica; Pt, Populus trichocarpa; Pv, Phaseolus vulgaris; Sb, Sorghum bicolor; Si, Setaria italica; Sm, Selaginella moellendorffii; St, Solanum tuberosum;
Syn, Synechocystis; Ta, Triticum aestivum; V'c, Volvox carteri; Zm, Zea mays.

The atcge Mutants Defect in Chlorop|ast pea (Shi and Theg, 2010; Su and Li, 2010), and Physcomitrella
Protein Import CGEs are important for efficient protein import (Shi and Theg,

2010). To investigate whether flowering plant CGEs are also

It has been shown that chloroplast Hsp70 is engaged in -
involved in this essential process, in vitro protein import of [*~S]-

chloroplast protein import in Physcomitrella, Arabidopsis, and
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FIGURE 2 | Characterization of atcge mutants. (A) lllustration of T-DNA insertion sites in the genomic fragments of AtCGET (Atsg17710) and AtCGE2 (At1936390).
Both AtCGE1 and AtCGE2 contain three exons, designated as E1, E2, and E3. (B) Observing aborted seeds of atcge?-7 mutant in the siliques at the torpedo

and the mature green stages under dissecting microscopy. (C) Microscopic observation of embryogenesis in wild type and atcge mutants at the torpedo stage.

(D) Western blot of total chloroplast proteins isolated from wild type and atcge mutants. Samples were loaded with equal chlorophyll. Antibodies used are indicated
on the right sides of blots. (E) Photograph of 21-d-old soil-grown seedlings. Fresh weight (F) and chlorophyll content (G) of the above-ground part of wild type and
atcge mutants. Data are the means + SD of three replicates.
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methione-labeled precursor to the small subunit of Rubisco
(prRBCS) was assayed. The atcgel-3 chloroplasts showed a
severe import defect, and their imported RBCS only reached to
about a half of that of wild-type chloroplasts after a 16-min
import (Figure 3 and Figure S2). It was noticeable that atcge2-1
chloroplasts also exhibited a remarkable import defect, but to a
quite milder degree compared to atcgel-3 (Figure 3 and Figure
§2), although the atcge2-1 plant did not show visible mutant
appearance under normal growth conditions (Figure 2E). The
atcgel-3 atcge2-1 double mutant seemed to display a more severe
import defect than both single mutants (Figure 3 and Figure
§2). These results indicated that AtCGE2 might still be
important for plant vigor under normal conditions. It is noted
that the steady-state level of AtCGEl protein seems to be
increased in atcge2-1 mutant (Figure 2D), possibly implying
the loss of AtCGE2 may have a consequential effect on plant
physiology. In summary, both AtCGEs may contribute to
chloroplast protein import by mediating the action of
chloroplast Hsp70s.

Sub-Organellar Fractionation of AtCGEs
We next analyzed the sub-organellar fractionation of AtCGEs.
As shown in Figure 4, we found that AtCGEl is exclusively
located in the soluble part either fractionated by hypotonic buffer
or the alkaline extraction method. In comparison, a portion of
AtCGE2 did associate with chloroplast membranes fractionated
by hypotonic buffer, but not by alkaline extraction, indicating a
possible role of AtCGE2 by peripheral membrane association,
such as in protein import (Figure 3).

Functional Complementation of E. coli
grpE Mutant

E. coli DA16 (grpE280) is a heat-sensitive mutant carrying a
G122D missense mutation in GrpE, which impairs interaction of
GrpE with DnaK and the ADP/ATP-exchange activity of GrpE
(Ang et al., 1986; Grimshaw et al., 2005). For complementation
test, mature AtCGE1l and AtCGE2, in which transit peptides
were removed, were expressed in DA16 mutant to determine the
degree of thermotolerance. Chloroplast transit peptides (¢TP) of
AtCGEs were surveyed through the PPDB database (http://ppdb.
tc.cornell.edu) (Sun et al.,, 2009) and predicted by the ChloroP
program (Emanuelsson et al., 1999) (Figure 5A). Additionally
AtCGE]1 has a predicted lumen transit peptide (ITP) (the boxed
region in Figure 5A) annotated in the PPDB database. Therefore,
we also constructed an 1TP-deleted clone, named AtCGE1AITP.
Notably, the current proteomic study indicates that AtCGEL1 is a
stromal protein (Peltier et al., 2006), and AtCGEl was not
identified in the lumen proteome of Arabidopsis chloroplasts
(Schubert et al., 2002). It was found that AtCGEl (with or
without 1TP) can efficiently complement the heat-sensitive
phenotype of DA16 after IPTG induction. Although AtCGE2
was highly expressed in DA16, no obvious complementation
ability could be detected at either 40°C or 42°C (Figures 5B, C).
It was noted that, for unknown reason, there were two induced
protein bands in the AtCGE1AITP construct (Figure 5C), and
both of them can be recognized by an anti-AtCGEl antibody
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FIGURE 3 | The atcge mutants had defects in chloroplast protein import.
The prRBCS import into chloroplasts isolated from wild-type and mutant
seedlings grown on MS medium for 24 d. In vitro import assays were
conducted for 4 to 16 min with [*°S]Methionine-labeled prRBCS. After import,
intact chloroplasts were reisolated and analyzed by PAGE. The gels were
stained with Coomassie blue, scanned, and then dried for phosphoimaging.
The region of each stained gel between the endogenous large and small
subunits of Rubisco is shown below the phosphoimage. Two independent
experiments (EXP1 and EXP2) are shown. TR, in vitro—translated [*°S]Met-
prRBCS before the import reactions.
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FIGURE 4 | Sub-organellar distribution of AtCGEs. Total chloroplast proteins
were fractionated by ultracentrifugation after being lysed with hypotonic buffer
(H.B.) or alkaline extraction (A.E.). Samples were resolved by PAGE and
visualized by Western blot (WB). Coomassie Blue R-250 (CBR) stained light-
harvesting chlorophyll a/b binding (LHCB) proteins and the small subunit of
Rubisco (RBCS) were used as membrane and stromal protein control,
respectively. Samples were loaded with equal proportion.

(Figure S3). It is interesting that E. coli GrpE can complement
the DA16 mutant even before IPTG induction due to a leaky
expression and its complementation ability actually decreased
after a higher expression level was induced at a higher IPTG
concentration (Figures 5B, C). This observation supports the
notion that a proper GrpE/DnaK ratio is critical for adequate
chaperone activity as described in Sugimoto et al. (2008).
Therefore we cannot exclude the possibility that the inability of
AtCGE2 to complement the DA16 mutant may be due to its
excess expression.

In Vitro Luciferase Refolding Assay

Functional complementation assay revealed that only AtCGE1,
and not AtCGE2, can complement the heat-sensitive DA16
mutant. To further confirm whether the complementation
ability is really directly correlated with their co-chaperone
activity, their stimulation of luciferase refolding by DnaK/J was
analyzed. Recombinant DnaK, DnaJ, GrpE, AtCGE2, and
AtCGE1 with His-tag were purified with high purity as shown
in Figure 6A. Chemically denatured luciferase was refolded by 5
UM Dnak plus 1 uM DnaJ and stimulated by GrpE homologues
from 0.5 to 32 uM. Data was represented as percentage luciferase
activity recovery. It has been shown that a proper ratio of GrpE
to DnaK is critical for chaperone activity of DnaK system
(Sugimoto et al., 2008). Results of our GrpE control were
consistent with those previously reported. Refolding of

luciferase was stimulated at lower GrpE concentration and
inhibited by higher GrpE/DnaK ratio (Figure 6B). There was
no obvious stimulation by AtCGE2 at tested concentrations.
AtCGEl exhibited a concentration-dependent increase in
stimulation of luciferase refolding (Figure 6B). Even in higher
AtCGE1/DnaK ratio, there is no inhibitory effect on DnaK
refolding activity, implying that although AtCGEIl has a good
co-chaperone activity to DnaKk, it may harbor distinct regulatory
mechanism to GrpE. Further analyses of reciprocal exchange in
chaperone/co-chaperone pairs between DnaK/GrpE and Hsp70/
CGE may be needed to clarify this issue in the future. Next, to
clarify whether the detected co-chaperone activity of AtCGE1
really originated from our target protein, we tried to make loss-of
function mutations on two conserved Val residues of AtCGE1 by
site-directed mutagenesis. It is noted that a Val-Lys-Val tri-
residue motif is conserved in all plant CGE proteins. Instead,
E. coli GrpE has a Val-Thr-Val (residues 190-192) tri-residue
motif, which is located in the B-domain. Gelinas et al. (2004)
have shown that the V192A mutation of GrpE destabilizes the
GrpE B-domain and losses its ability to interact with DnaK. The
Val294 and Val296 of AtCGEI] are respectively corresponding to
the Val190 and Val192 of GrpE. Finally, we only got the V294A
mutation of AtCGEL. In vitro refolding assay revealed that the
co-chaperone activity of AtCGE1YV**** was almost totally
abolished (Figure 6C). In vivo complementation test also
showed that AtCGE1Y**** almost lost its complementation
ability (Figure 6D). It convinces the important role of the
Val294 residue on the co-chaperone activity of AtCGEl
proteins. Taken together, these results support the notion that
the detected activity is truly conferred by the co-chaperone
activity of AtCGE], and not caused by contamination of other
co-purified proteins with chaperone/co-chaperone activities
during purification. Therefore, we suggest that AtCGE1 is a
bona fide functional GrpE homologue based on its in vivo
complementation ability and in vitro co-chaperone activity,
although it may have evolved different co-chaperone properties
from GrpE to cope with the need of chloroplast Hsp70 system.
Furthermore, no detectable co-chaperone activity by AtCGE2
implies that its inability to complement the DA16 mutant is most
probably due to the lack of co-chaperone activity, and not caused
by its excess expression.

AtCGE1 and AtCGE2 Can

Form a Heterocomplex With
Co-Chaperone Activity

To test whether AtCGE1l and AtCGE2 can form a
heterocomplex, we co-expressed AtCGEl and AtCGE2 in E.
coli BL21(DE3). We tagged AtCGE1 with 6xHis. As shown in
Figure 7A, the crude protein extract (see the “input” lane)
contained a high AtCGE2/AtCGE1 ratio due to higher
expression level of AtCGE2 as observed previously (Figure
5C). Following Talon-bead binding, the flow-through sample
had no visible AtCGE1 band, implying most AtCGE1 was bound
to beads. After stringent wash, AtCGE2 was co-eluted with His-
tagged AtCGEI with a molar ratio approximately 1:1, indicating
a robust formation of heterocomplex between AtCGEl and
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(4 ul) was dropped on IPTG-free or -containing LB agar plates for 2 h pre-induction at 30°C, then challenged with different heat shock condition as indicated. DA15
is the wild counterpart of DA16 mutant. (C) Induction test of GrpE homologues. Arrows indicates the protein bands induced by IPTG. A dot in GrpE/IPTG-free lane
indicates the leaky-expressed GrpE.
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AtCGE2. In vitro luciferase refolding assays demonstrated that
AtCGE1/2 heterocomplex efficiently stimulated DnaK/]-
mediated luciferase refolding with comparable activity to that
of AtCGEl homocomplex (Figure 7B). Further, in vivo
complementation assays also showed that co-expressed
AtCGE1/2 functioned similarly to AtCGEl in rescuing the
DA16 heat-sensitive phenotype (Figures 7C, D).

AtCGE1 and AtCGE2 Undergo Homo-

and Hetero-Oligomerization

In bacteria, GrpE is known to form a functional homodimer and to
further oligomerize into tetramer, hexamer, and high molecular
mass oligomers upon the increase of concentration (Wu et al., 1996;
Harrison et al., 1997). It has been shown that Arabidopsis CGE1
and CGE2 can form homo- and hetero-dimers in vivo by BiFC
experiments (de Luna-Valdez et al, 2019). To determine the

oligomeric state of Arabidopsis CGE proteins, 5 UM each of
purified AtCGE1, AtCGE2, and AtCGE1/2 were crosslinked by
glutaraldehyde at 0.05 to 0.2% for 10 min. As shown in Figure 8,
AtCGE2 was prone to aggregate to form unusually high molecular
mass oligomers, with only a few dimers and tetramers. Monomers
were nearly undetectable. This tendency to aggregation may be one
of the reasons that AtCGE2 was inactive in co-chaperone activity
assays (Figures 6B, C). AtCGE1 was detected largely in a dimeric
homocomplex, with a small proportion in the monomeric form.
Interestingly, when AtCGE1 and 2 were co-expressed, they formed
dimers and tetramers. The size of the dimers was in between the
AtCGEl homodimer and the AtCGE2 homodimer (Figure 8),
suggesting that they were AtCGE1/2 heterodimers. The size of the
tetramers was also in between the AtCGE1 homotetramer and the
AtCGE2 homotetramer, and the aggregation of AtCGE2 at the high
molecular mass region was no longer observed. This result was in
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agreement with the result of AtCGE2 binding to AtCGE1 at a molar
ratio of approximately 1:1 (Figure 7A) and both results suggest that
AtCGE1l and AtCGE2 have a high propensity to form
heterocomplexes. To sum up, both in vivo BiFC (de Luna-Valdez
et al,, 2019) and our in vitro crosslinking analyses support that
AtCGEl and AtCGE2 can form homo- and hetero-oligomers,
although further fractionation of different homo- and hetero-
oligomers to correlate their biological activities and in
combination with a more precise way to determine their
oligomeric status (such as analytical ultracentrifuge) may be
needed to clarify every detail.

DISCUSSION

Gene and genome duplications are the major driving forces of
gene diversification and evolution (Lynch and Conery, 2000). de
Luna-Valdez et al. (2019) recently reported that the CGE protein
sequences from embryophytes form a monophyletic group that
further divides into two subgroups, naming type A and type B. The
two subgroups of CGEs can be distinguished from each other by
variations in short motifs conserved in CGE proteins. Our
phylogenetic analysis showed that flowering plants did evolved
two distinct clades of CGE homologues prior to the divergence of

40

—a—DnaK/J+CGE2
=a-DnaK/J+CGE1
~o~-DnaK/J+CGE1/2

Activity recovery (%)

10 15 20 25 30
GrpE homologue (uM)

DA16

A15
vector _vector AtCGE2 AtCGE1 AtCGE1/2
- + - *+ - + - + - + (PTQ)

S -

- «AtCGE2

FIGURE 7 | AtCGE1/2 heterocomplex exhibited a comparable cochaperone activity with AtCGET. (A) Affinity purification of AtCGE1/2 heterocomplex. The eluted
sample contained AtCGE1 and AtCGE2-6xHis with approximately 1:1 ratio. (B) A dosage response of ACGEs on stimulating the luciferase refolding by Dnak/J
machinery. DnaK and DnaJ concentrations are 5 and 1 uM, respectively. For AtCGE1/2 heterocomplex, 1 uM protein concentration equals to approximately 0.5 uM
each. (C) Complementation of £. coli DA16 mutant by AtCGEs. (D) Induction of AtCGEs by IPTG. Protein bands corresponding to AtCGE1 and AtCGE?2 are indicated.

monocot and dicot lineages, and functional characterizations
suggest that two Arabidopsis CGE proteins have gained
diversified activities during evolution. Although the early
diverging land plant, Physcomitrella patens, also has two copies
of CGE proteins, these two CGEs are highly similar with 85%
sequence identity in their mature protein regions, and are grouped
into the same clade. Shi and Theg (Shi and Theg, 2010) reported
that single Physcomitrella cgel and cge2 mutants are viable on
phototrophic media but displayed similar slow growth phenotypes
and are delayed in development of leafy shoots compared with the
wild type. Their further characterizations revealed that cgel cge2
double-knockout mutant is lethal, indicating the functional
redundancy between these two CGE proteins in moss. These
two moss CGE proteins might have originated from a large-
scale gene duplication event, possibly involving the whole genome,
occurring in Physcomitrella patents (Rensing et al., 2008). But
green algae and the lycophyte Selaginella moellendorffii generally
have fewer genes per shared gene family when compared to
angiosperm species. It is interesting that most flowering plants
have also evolved at least two mitochondrial GrpE homologues
(MGEs), for which duplication occurred independently after the
divergence of many distantly related plant species. In Arabidopsis,
it has been demonstrated that the two MGE homologues
(AtMGE1 and AtMGE2) are derived from a recent gene
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FIGURE 8 | Oligomeric states of AtCGEs. (A) 5 uM proteins in common
buffer were crosslinked with glutaraldehyde (GA) at 0.05, 0.1, and 0.2% for
10 min. After crosslinking, their oligomeric states were visualized by 4-12%
SDS-PAGE analysis and CBR staining. (B) Purified AtCGE proteins were
mock incubation in common buffer, and were resolved on SDS-PAGE as
uncrosslinked controls. For each lane, 1 pg protein was loaded. Asterisk (*)
indicates high molecular mass oligomers.

duplication and AtMGE2 is sub-functionalized to confer
thermotolerance to chronic heat shock (Hu et al, 2012). In
comparison to the nature of the single GrpE homologue in
bacteria and yeast mitochondria, we suggest that there is a
convergent trend in gene duplication and functional/activity
diversification both in mitochondria and chloroplasts of
flowering plants, which should be beneficial to accommodate the
changing environment on the land; although two CGE clades are
derived from an ancient duplication, two MGE homologues were
duplicated more recently.

GrpE homologues are nucleotide exchange factors, which
stimulate the exchange of Hsp70/DnaK-bound ADP with ATP to
complete the ATP-dependent binding and release of polypeptides
(Young, 2010). Unlike DnaJ homologues, which can broaden the
functions of the Hsp70 machinery by presenting the machinery
with different client proteins (Kampinga and Craig, 2010), there is
no substrate specificity mediated by GrpE homologues. It is unclear

how a duplicated GrpE homologue confers diversified biological
functions and co-chaperone activities in the organelles of flowering
plants. One of the likely means is through different spatial or
temporal expression patterns of the duplicated homologue. This
might happen in plant mitochondrial MGEs, which are
differentially induced by heat shock and UV-B irradiation (Hu
et al,, 2012). However, two CGEs are expressed in a similar pattern
without large differences during development or upon abiotic
stress, except in dry seeds and in recovering heated roots (see
microarray database by Arabidopsis eFP browser at http://bar.
utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi). Our biochemical
analyses suggested that the two distinct clades of plant CGEs may
modulate Hsp70 machinery by diversified co-chaperone activity
and membrane association. According to grpE complementation
and luciferase refolding assays, we showed that only AtCGE1, but
not AtCGE2, can complement the heat-sensitive phenotype of a
grpE mutant, and significantly stimulate the luciferase refolding
mediated by the DnaK/] machinery. These results indicate that
AtCGE1 functions as the principle GrpE homologue. Although
AtCGE2 homocomplex shows no obvious co-chaperone activity, its
hetero-oligomers complexed with AtCGEl exhibit a comparable
co-chaperone activity to the AtCGEl homocomplex. For this
reason AtCGE2 is dispensable under normal growth conditions,
but becomes more important when AtCGEI is knocked down.
Furthermore the unique properties of AtCGE2 may offer a way to
fine-tune the balance of ATP/ADP-bound state of Hsp70. Indeed, it
has been shown that a proper ratio of GrpE to DnaK is important
for the chaperone activity both in vitro and in vivo (Sugimoto et al.,
2008). Overexpression of DnaK or GrpE alone will disturb the
balance between the ATP-bound (low affinity to substrate) and the
ADP-bound state (high affinity to substrate) of Dnak, leading to
inefficient chaperone activity (Blum et al., 1992; Sugimoto et al.,
2008). To avoid the negative effect caused by a high dosage of GrpE
homologues, flowering plants may have evolved a fine-tuned
mediator of CGE homologues. It is possible that AtCGE1
homocomplex takes charge of the principle role in stimulating
the ATP cycles of chloroplast Hsp70, and inactive AtCGE2 may
become active through hetero-oligomerization with AtCGEL1 in a
certain conditions.

Recently it has been shown that chloroplast Hsp70 is
important for protein import into chloroplasts (Shi and Theg,
2010; Su and Li, 2010), and Physcomitrella CGE proteins are
involved in the process possibly by mediating the release of
precursor proteins from Hsp70 (Shi and Theg, 2010). Our in
vitro import assays showed that AtCGEL1 is required for protein
import into chloroplasts, and AtCGE2 could have a similar
function at a quite lower level. Furthermore, our sub-organellar
fractionations found that AtCGE2, but not AtCGE1, can associate
with chloroplast membranes to some degree. Although the
mechanism for membrane association of AtCGE2 is still not
known, it can be imagined that AtCGE2 may have a more
important role in chloroplast membrane biology. Considering
the nature of protein import, in which Hsp70 may hold the newly
imported precursors near the inner envelope membrane for a
longer time to avoid their sliding back to the cytosol, membrane
associated AtCGE2 with a low ADP/ATP exchange activity may
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be beneficial for keeping chloroplast Hsp70 in a high-affinity
ADP-bound state. Once the precursor proteins reach the stroma,
AtCGEI1 may efficiently promote their release from Hsp70s by its
highly-active co-chaperone activity. However, the detailed
mechanism will require further investigation, especially in
providing a direct in vivo evidence for Hsp70/CGE interaction.

Our mutant studies showed that embryo development of
atcgel was arrested at an early globular stage, indicating the
essential role of AtCGEL. Our result is consistent with the data in
the SeedGenes database (http://www.seedgenes.org) based on the
study of essential genes in Arabidopsis conducted by Meinke
et al. (2008), in which AtCGEl mutant was designated as
embl241. This again emphasizes the pivotal function of
chloroplast Hsp70 machinery. Our previous report showed
that chloroplast Hsp70 is essential for plant development, and
cphsc70-1 cphsc70-2 double mutation is lethal to embryos (Su
and Li, 2008). It is of interest why chloroplast Hsp70 machinery
is vital at such an early stage of development. Recently, non-
randomly distributed chloroplast-containing cells were found as
early as the globular stage of embryogenesis in Arabidopsis by
the observation of chlorophyll fluorescence (Tejos et al., 2010),
and well-developed chloroplasts with grana stacks were seen in
the peripheral endosperm of developing seeds (Belmonte et al.,
2013). Through data mining of transcriptomic profiles of
Arabidopsis developing seeds generated by Belmonte et al.
(2013), we found that AtfCGEI was highly expressed from the
preglobular to the heart stage, particularly in the peripheral
endosperm of developing embryos (Figure S4). In addition, the
embryogenesis of the chloroplast protein import mutants, tic110
and toc75-1II, cannot proceed beyond the globular stage
(Baldwin et al., 2005; Kovacheva et al., 2005), suggesting that
the cessation of embryo development caused by atcgel mutation
may also mainly be due to the defect of protein import, leading to
hindrance of plastid/chloroplast biogenesis. A further proteomic
study on identify the client proteins chaperoned by Hsp70/CGE
machinery will be helpful to screen the putative molecules related
to the embryo lethality of atcgel mutant.
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As a light-harvesting organelle, the chloroplast inevitably produces a substantial amount of
reactive oxygen species (ROS) primarily through the photosystems. These ROS, such as
superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet oxygen, are potent
oxidizing agents, thereby damaging the photosynthetic apparatus. On the other hand, it
became increasingly clear that ROS act as beneficial tools under photo-oxidative stress
conditions by stimulating chloroplast-nucleus communication, a process called
retrograde signaling (RS). These ROS-mediated RS cascades appear to participate in a
broad spectrum of plant physiology, such as acclimation, resistance, programmed cell
death (PCD), and growth. Recent reports imply that ROS-driven oxidation of RS-
associated components is essential in sensing and responding to an increase in ROS
contents. ROS appear to activate RS pathways via reversible or irreversible oxidation of
sensor molecules. This review provides an overview of the emerging perspective on the
topic of “oxidative modification-associated retrograde signaling.”

Keywords: reactive oxygen species, retrograde signalling, chloroplast, photosystem, oxidative modification

The post-translational modifications (PTMs) are essential in initiating intra- and inter-cellular
signaling cascades. Such PTMs, including acetylation, phosphorylation/de-phosphorylation,
ubiquitination, sumoylation, and redox-related protein modifications, are ubiquitous cellular
events dynamically deployed in signaling network under various developmental and stress
conditions (Schweppe et al., 2003; Apel and Hirt, 2004; Jensen, 2004; Buchanan and Balmer,
2005; Stulemeijer and Joosten, 2008). Unlike extraplastidic signaling cascades where the protein
modifications have been extensively investigated, the current understanding of the potential impact
of PTMs in triggering chloroplast-to-nucleus retrograde signaling pathways is mostly limited in the
context of the reversible redox modifications (Tikkanen et al., 2012; Dietz et al., 2016). Even though
chloroplasts are prime subcellular organelles producing reactive oxygen species (ROS), reactive
electrophile species (RES) mainly through lipid peroxidation (Girotti and Kriska, 2004; Mueller
et al,, 2008), and stress hormones under both biotic and abiotic stress, the converging PTM events in
stress-related proteins are mostly unexplored. In particular, oxidative PTMs by ROS and its
interconnection with other PTMs, which may function in protein turnover, signaling, and
metabolism, are poorly understood. Given that chloroplasts produce harmful reactive species, in
this review paper, the current understanding of oxidative PTMs and its associated retrograde
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Photosystem-Associated Retrograde Signaling Cascades

signaling pathways are mainly discussed, which may provide a
new prospect in the field of chloroplast-to-nucleus retrograde
signaling research.

TWO SINGLET OXYGEN SENSORS
UNDERGO OXIDATIVE MODIFICATION

The first breakthrough which has changed the classical view of
ROS from toxic to signaling-associated agents arose from the
identification of fluorescent (flu) mutant of Arabidopsis thaliana
(Meskauskiene et al., 2001). Given that the FLU protein
negatively regulates the Mg-branch of tetrapyrrole synthesis,
overaccumulation of protochlorophyllide (Pchlide, end product
in the dark) in the absence of light is inevitable in the flu mutant
plants. The increase of free Pchlide, a photosensitizer, results in
the generation of singlet oxygen ('O,) upon illumination, leading
to rapid cell death in young seedlings and growth inhibition in
mature plants (op den Camp et al., 2003). 'O,-associated global
transcriptome analyses reveal that a substantial number of
nuclear genes (mostly related to stress responses) become
upregulated upon 'O, release in chloroplasts. The gene
expression changes precede the onset of cell death (op den
Camp et al,, 2003; Kim et al., 2012). At first glance, the rapid
expression of nuclear-encoded stress-related genes was thought
of as a consequence of 'O, cytotoxicity. However, the subsequent
forward genetic screen has provided a clue that the 'O,-
associated transcriptome, as well as the cell death in young
seedlings (or grown inhibition in mature plants) are likely to

be mediated via activation of chloroplast-to-nucleus retrograde
signaling (hereafter RS) (Wagner et al., 2004; Kim et al., 2008).
The nuclear-encoded plastid protein EXECUTER (EX) 1 and its
close homolog EX2 appear to mediate the stress responses in
both young seedlings and mature plants of flu (Lee et al., 2007).
Therefore, the genetic inactivation of EX1 and EX2 nearly
abrogates 'O,-triggered stress responses, including nuclear
gene expression changes (Lee et al.,, 2007). This indicates that
chloroplasts lacking both EX1 and EX2 become insensitive to
'0, generated in the flu mutant plants upon a dark-to-light shift.
While EX1 plays a significant role in 'O, signaling, EX2 acts as a
modulator. The loss of EX2 in flu only alters the 'O,-associated
nuclear transcriptome, but neither cell death nor growth
inhibition (Kim et al., 2012). Besides, the absence of
developmental defects in exlex2 mutant plants (Kim et al,
2012) suggests that EXs are essentially functioning under
photo-oxidative stress conditions in which chloroplasts
enhance the level of 'O,.

Mostly based on the genetic and transcriptome studies, EX1
has long been considered as a putative 10, sensor (Figure 1A).
The first mechanistic insight on how EX1 mediates 'O, signaling
was only recently attained (Wang et al,, 2016; Dogra et al,
2019b). Interestingly, membrane-bound FtsH2 protease
participates in 'O, signaling by promoting EX1 degradation
upon release of 0, (Wang et al, 2016). FtsH2 is a major
subunit of the hetero-hexameric FtsH complex, which
functions in the proteolysis of damaged photosystem II (PSII)
reaction center (RC) proteins. Inactivation of FtsH2 thus
substantially attenuates 'O, signaling and its related stress
responses in flu, like in the flu exI mutant (Dogra et al., 2017).

PSlI PSII PSI
‘0, 0, H,0,
2 N ! :
. oxi
B-carotene  EXECUTER1  Impaired SAL1 (Cys®™)
1 l proteostasis Disulfide
bridges
B8-CC EX1 (Trped) l RS Inactivation
| | FtsH DPR |
RS EX1 proteolysis PAP accumulation
EX1-independent l l
RS RS
R-CC-independent
FIGURE 1 | Photosystems-driven ROS trigger distinct RS pathways. (A) PSli-associated 'O, sensors beta-carotene and EX1 mediate RS in the grana core (GC)
and grana margins (GMs), respectively. 'O, oxidizes B-carotene and EX1, resulting in the generation of B-CC and EX1(Trp643). While B-CC serves as a volatile RS
molecule, it is unclear how EX1(Trp643°*) degradation alters the expression of 1Oz—responsive nuclear genes. (B) 0, constantly damages PSII core proteins, which
leads to the accumulation of damaged proteins in the chloroplasts of the var2 mutant. The impaired proteostasis triggers a DPR via an EX1-independent pathway.
(C) PSI-driven ROS (such as H,0O,) inactivate the SAL1 enzyme via intra- and/or inter-disulfide bond formation, leading to the accumulation of its substrate PAP. PAP
then mediates RS.
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This finding also suggested that EX1 might undergo post-
translational modification, thereby promoting EX1
degradation. Consistent with the notion, it appears that the
tryptophan-643 residue (Trp643) undergoes 'O,-dependent
oxidation (Dogra et al., 2019b). Oxidation of the indole side
chain of Trp leads to the production of different Trp variants,
such as keto-amino-hydroxy derivative oxindolylalanine (Oia),
dihydro-hydroxy derivative N-formylkynurenine (NFK), and
kynurenine with the corresponding mass shifts of + 16, + 32,
and + 4 Da, respectively (Anderson et al,, 2002; Dogra et al.,
2019b). A substitution of Trp643 with 'O,-insensitive amino
acid residues, such as Alanine and Leucine, completely
inactivates EX1. However, the modified EX1 proteins appear to
be unexpectedly unstable and fail to accumulate despite the
abundance of the cognate mRNA transcripts. Presumably, they
failed to localize in the grana margin or become misfolded,
facilitating their degradation. Because of this instability, it is
unclear which of the assumptions, or even both, are responsible
for the impaired 'O, signaling. However, this finding suggests
that the accumulation of EX1 in the grana margins, wherein it
associates with various proteins, and its FtsH-dependent
proteolysis upon 'O, burst, are pivotal in initiating 'O,
signaling (Figure 1A).

The deletion of DUF3506 (the domain of unknown function
3506; now dubbed singlet oxygen sensor [SOS] domain)
containing Trp643 also impairs 'O, signaling with remaining
EX1 stability in response to 'O,. In 2004, Klaus Apel and his
coworkers reported two independent exI alleles, each of which
contains a missense mutation in the SOS domain resulting in
Phenylalanine-528-Cysteine and Glycine-646-Aspartic acid,
respectively. It turned out that these mutated EX1 proteins
cannot undergo Trp643 oxidation, underpinning the essential
role of Trp643 in sensing 'O, and initiating cognate signaling
(Dogra et al., 2019b). In fact, earlier studies found that amongst
the 'O,-sensitive amino acid residues, only Trp can scavenge 'O,
via both physical quenching and chemical reactions. Thus, Trp is
highly susceptible and reacts rapidly with 'O, (Davies, 2003;
Pattison et al., 2012).

Another 'O, sensor, -carotene, also undergoes oxidation via
10, under light stress conditions (Figure 1A). EX1 mediates 0,
signaling in the grana margin (non-appressed), while f3-carotene
functions in the grana core (appressed) (Dogra et al., 2018).
These two signaling cascades are distinct, as evident in the
substantial difference of downstream target genes (Dogra et al.,
2017; Dogra et al., 2018). Excess light-generated 'O, oxidizes 83
carotene, which leads to the production of its volatile compounds
such as $3-cyclocitral (8-CC) which belongs to the RES. 3-CC
then induces numerous nuclear-encoded genes independently of
EX1 and EX2 (Ramel et al., 2012; Ramel et al., 2013b; Ramel
et al., 2013a). Given that excess light results in the generation of
8-CC in PSII RC where f3-carotene acts as a 'O, scavenger, it is
tempting to suggest that there might be a certain threshold level
of 8-CC required for initiating RS. While the source of 'O, for §3-
carotene oxidation is evident, the source of EX1 oxidation is yet
unclear. Considering the exclusive localization of EX1 in the
grana margin and the extremely short lifespan of 'O, (Apel and

Hirt, 2004; Asada, 2006), it is difficult to suggest that 'O,
generated in PSII in the grana core moves to the grana margin
wherein EX1 senses it. Perhaps, as suggested recently (Dogra
etal,, 2018), the impaired reassembly process of PSII in the grana
margin may cause the generation of 'O, under photo-oxidative
stress conditions. In the grana margin, EX1 is associated with
PSII RC proteins, FtsH protease, chlorophyll synthesis enzymes,
and proteins of the chloroplast translation apparatus (Wang
etal., 2016). These proteins are all implicated in PSII reassembly.
Since PSII reassembly requires newly synthesized chlorophyll
molecules, it is possible that, by any chance, free chlorophyll or
its precursors released under stress generate 'O,. EX1 may sense
such 'O, generated in the grana margin. However, at present, we
cannot exclude a possibility that any oxidized products
(including RES) by '0, oxidizes EX1 protein (Dogra et al.,
2018; Dogra et al, 2019b). Therefore, finding the source of
EX1 oxidation would shed light on the underlying mechanism
of EX1 oxidation further.

DAMAGED/UNFOLDED/MISFOLDED
PROTEIN RESPONSES VIA RS

'0, is a prime ROS causing photodamage in PSIT RC proteins
(Apel and Hirt, 2004; Yamamoto et al., 2013). Especially the D1
protein has been implicated as a major target of 'O, because of its
proximity to the chlorophyll a molecule (called P680) in PSII RC.
It is known that the excited triplet state of P680 serves as a
photosensitizer. Earlier studies demonstrated that high light
stress results in Trp oxidation in the D1 protein, not in all but
certain Trp residues (Dreaden et al., 2011; Dreaden Kasson et al.,
2012). Dogra etal., (2019b) also confirmed that these Trp residues
in D1 undergo oxidation, resulting in the generation of oxidized
Trp variants, including NFK. Nonetheless, photodamage in PSII
RC proteins facilitates a process called PSII repair, which
involves a series of steps: 1) migration of damaged PSII RC
from the grana core to the grana margin; 2) degradation via the
FtsH protease; 3) reassembly via protein de novo synthesis; and
4) re-migration from the grana margin to the grana core (Kato
and Sakamoto, 2018). The hetero-hexameric FtsH protease
comprises four subunits, FtsH1, 2, 5, and 8. Among them,
FtsH2 and FtsH5 are pivotal for establishing a functional FtsH
protease, as evident in the emergence of leaf variegation in the
cognate mutant plants (Yu et al., 2005). Besides, the loss of FtsH2
results in the accumulation of damaged PSII proteins relative to
wild-type plants and in the failure of survival under very mild
light stress conditions wherein wild-type plants can rapidly
acclimate (Duan et al., 2019).

Not only PSII proteins but also other chloroplast proteins
appear to accumulate in the chloroplasts of var2 mutant lacking
FtsH2. Interestingly, a substantial number of proteins, which are
known to function in protein quality control (PQC), are
accumulating in var2 (Dogra et al, 2019a). These proteins
include heat shock proteins and heat shock transcription
factors as well as a suite of proteases (such as the ATP-
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dependent caseinolytic protease Clp). Besides, detoxification-
and redox-related proteins were found to accumulate in var2,
coinciding with an increase in ROS in the chloroplasts
(Kato et al., 2009). The resulting global transcriptome analysis
of var2 versus wild-type plants revealed that the accumulation of
PQC-related proteins seems to be transcriptionally controlled via
RS (Dogra et al., 2019a). This molecular phenotype
(upregulation of a suite of proteins involved in PQC)
resembles one so-called unfolded/misfolded protein response,
namely UPR (Walter and Ron, 2011). Considering the plausible
interrelation between the accumulation of damaged chloroplast
proteins and the induction of PQC/detoxification/redox-related
nuclear genes, we dubbed this UPR-like response as a damaged
protein response (DPR) (Figure 1B).

The UPR was first characterized in the endoplasmic reticulum
(ER) and is an ubiquitously conserved cellular system
eliminating misfolded/unfolded proteins, thereby maintaining
proteostasis (Kozutsumi et al., 1988). A presence of chloroplast-
mediated UPR (cpUPR) was first reported in the green
unicellular alga Chlamydomonas reinhardtii lacking ClpP, a
plastid-encoded catalytic subunit of the Clp complex
(Ramundo and Rochaix, 2014; Ramundo et al.,, 2014). Like the
chloroplasts of var2, the ClpP-deficient chloroplasts of C.
reinhardtii accumulate PQC-related proteins. Even though
chloroplast proteome changes induced by the loss of Clp and
FtsH2 are largely comparable, there is also an apparent
difference. For instance, while chloroplast-encoded proteins
remain almost unchanged in clp, loss of FtsH2 affects their
abundances relative to wild-type plants (Zybailov et al., 2009;
Dogra et al., 2019a). At present, it is unclear whether cpUPR has
resulted from the general defect in chloroplast proteostasis or if
the inactivation of the independent protease triggers a unique
RS pathway.

Intriguingly, one var2 allele, var2-9, was found to upregulate
not only a suite of genes involved in PQC but also salicylic acid-
responsive genes (SRGs) (Duan et al., 2019). var2-9 mutant
plants express dysfunctional FtsH2, which specifically impairs
the substrate unfolding activity. This defect leads to a higher
accumulation of damaged/oxidized PSII core proteins, including
D1, D2, CP43, and CP47 as compared to those in var2 null
mutant plants. In addition to genes involved in PQC, var2-9
mutant plants exhibit a significant upregulation of SRGs. It
turned out that SA accumulation in var2-9 depends on the
chloroplast-established isochorismate (ICS) pathway in the
absence of transcriptional upregulation of ICS-associated
genes. This result suggests that the impaired proteostasis
leading to the accumulation of damaged proteins may directly
activate ICS enzymes to accumulate SA without transcriptional
regulation. This also indicates that impaired ROS homeostasis
may stimulate the ICS pathway, perhaps by altering chloroplast
redox status and that the slightly accumulated SA may facilitate
appropriate stress responses. Collectively, it is reasonable to
propose that the ROS- (or redox)-and SA-mediated RS
pathways may coordinate stress responses in response to cold,
high light, and pathogen attack in which ROS and/or SA are
known to accumulate.

EITHER OXIDATIVE MODIFICATION OR
PROTEOLYSIS INVOLVES RS PATHWAYS

Besides EX1, another chloroplastic oxidative stress sensor,
namely 3’-phosphoadenosine 5’'-phosphate (PAP) phosphatase
SALL1, undergoes oxidation at specific Cysteine (Cys) residues in
response to the increased level of hydrogen peroxide (H,0,)
(Estavillo et al., 2011; Chan et al., 2016). In contrast to 'O,
mainly generated in PSII, H,O, is released via PSI. This fact
suggests that while 3-carotene and EX1 are PSII-associated ROS
sensors, SALI is a PSI-associated ROS sensor. The Cys residue is
a target of ROS since it contains a reactive thiol group, which also
plays an essential role in structural modification of proteins via
intra- and/or inter-disulfide bond formation in response to redox
changes. It appears that under photo-oxidative stress conditions,
specific Cys residues form inter- and intra-disulfide bonds,
leading to the inactivation of SAL1 and an increase of its
substrate PAP (Figure 1C). The PAP migrates from the
chloroplasts to the nucleus to modulate the expression of a
group of stress-related genes.

In contrast to EX1, Genomes Uncoupled 1 (GUN1), an
integrator of multiple retrograde signals, is being stabilized
under specific conditions wherein GUN1 is required to
mediate RS (Wu et al., 2018; Wu et al,, 2019). Given the
considerable amount of GUNI transcripts but nearly
undetectable levels of this protein, chloroplasts seem to avoid
the accumulation of GUNI, perhaps because of its negative
impact on chloroplast integrity under normal growth
conditions (Wu et al., 2018). On the contrary, GUNI is crucial
to mediate chloroplasts-nucleus communication under certain
stress conditions. As suggested for EX1, GUNI may also facilitate
RS by affecting its associated components involved in RS.
Therefore, finding GUN1-associated proteins and
distinguishing their molecular function seem to be essential to
elucidate the mode of action of GUNI. It is important to note
that it is better to reveal the GUNI interactome under a
condition where the gunl mutant exhibits a distinct phenotype
relative to wild-type plants. This concern also can be applied for
EX1 protein.

CONCLUSIONS AND REMARKS

The past years of studies on chloroplast-mediated RS have
unveiled different oxidative stress sensors mediating distinct RS
pathways. These signaling molecules include the 'O, sensors f-
carotene and EX1 (perhaps also EX2), and the moonlighting
protein SAL1. The oxidative modifications of these sensor
molecules are a prerequisite to initiating the RS pathways.
Such modifications directly result from an increase in ROS
levels and changes in redox status in chloroplasts. Indeed, it
became apparent that chloroplasts rapidly accumulate ROS in
response to various stress factors. Most likely, these sensor
molecules reside close to the site of ROS production, thereby
efficiently sensing the degree of stress and responding
appropriately via RS. Even though a genuine signaling
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molecule acting in EX1-mediated RS remains elusive, it is
rational to assume that EX1-associated proteins or EX1 per se
(e.g., EXI fragments) may release signaling molecules upon EX1
proteolysis. Besides, it is unclear: (i) how many chloroplast
proteins act as ROS/redox sensors under ROS-generating stress
conditions; (ii) which different stress factors activate which
different ROS/redox sensor; and (iii) if ROS activate RS
pathways via inactivation or activation of chloroplast
metabolism? Resolving these questions may provide real
insights for understanding the role of chloroplasts as
environmental sensors in land plants.
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Chloroplastic glutamine phosphoribosylpyrophosphate amidotransferase (GPRATase)
catalyzes the first committed step of de novo purine biosynthesis in Arabidopsis
thaliana, and DAS734 is a direct and specific inhibitor of AtGPRAT, with phytotoxic
effects similar to the leaf beaching phenotypes of known AtGPRAT genetic mutants,
especially cia? and atd2. However, the structure of AtGPRAT and the inhibition mode of
DAS734 still remain poorly understood. In this study, we solved the structure of
AtGPRAT2, which revealed structural differences between AtGPRAT2 and bacterial
enzymes. Kinetics assay demonstrated that DAS734 behaves as a competitive inhibitor
for the substrate phosphoribosyl pyrophosphate (PRPP) of AtGPRAT2. Docking studies
showed that DAS734 forms electrostatic interactions with R264 and hydrophobic
interactions with several residues, which was verified by binding assays. Collectively,
our study provides important insights into the inhibition mechanism of DAS734 to
AtGPRAT2 and sheds light on future studies into further development of more potent
herbicides targeting Arabidopsis GPRATases.

Keywords: chloroplastic glutamine phosphoribosylpyrophosphate amidotransferase, herbicide, X-ray
crystallography, competitive inhibition, Arabidopsis thaliana, DAS734

INTRODUCTION

De novo purine nucleotide biosynthesis is important for plant growth and development. This
essential pathway in plant metabolism plays series of key roles, including providing purine
precursors for DNA and RNA, B-class vitamins, and plant hormones (Senecoff et al., 1996; Herz
et al,, 2000; Moffatt and Ashihara, 2002). In addition, several vital coenzymes, such as NAD, FAD,
and FMN, are derived from this pathway and phosphoribosylpyrophosphate (PRPP) is utilized in
the biosynthesis of all these coenzymes. (Hanson and Gregory, 2002; Boldt and Zrenner, 2003;
Zrenner et al.,, 2006; Hove-Jensen et al.,, 2017). As the key regulatory enzyme in the pathway,
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researches into the glutamine phosphoribosylpyrophosphate
amidotransferase (GPRATase) of Arabidopsis thaliana have
shown the important role of de novo purine biosynthesis in
chloroplast development or function as well as cell division
(Hung et al., 2004; Yang et al., 2015).

GPRATase catalyzes the first committed step of purine
biosynthesis (Smith et al., 1994; Smith and Atkins, 2002),
transforming phosphoribosylpyrophosphate (PRPP) to
phosphoribosylamine (PRA) with amide group of glutamine as
nitrogen source. The entire catalytic reaction is shown in Figure
S1 (Walsh et al., 2007). Ten enzymatic reactions are required in
the purine biosynthesis pathway to generate inosine
monophosphate (IMP). Out of these ten enzymatic
transformations, six enzymes including GPRATase are
common, and four steps could be catalyzed by different
enzymes in various organisms (Zhang et al., 2008). Two
aminotransferases are involved in this pathway, GPRATase
with an N-terminal nucleophile-glutaminase and PurLQS with
a triad glutaminase activity, respectively (Zhang et al., 2008).
GPRATase is also subjected to feed-back inhibition by purine
nucleotides and thus forms the important control over de novo
purine biosynthesis (Walsh et al., 2007). Genes encoding
GPRATase have been found in bacteria, Eukarya, and Archaea.
However, only the enzymes from Escherichia coli (E. coli) and
Bacillus subtilis (B. subtilis) have been characterized through
structural and biochemical studies (Smith, 1998). The two
enzymes are both homo-tetramers and are representative of
two classes of GPRATases. The B. subtilis GPRATase
(BsGPRAT) is synthesized with an N-terminal propeptide and
an Fe-S center, whereas the E. coli GPRATase (EcGPRAT) has
neither of them. Three homologs of GPRATases (AtGPRAT1-3)
exist in the Arabidopsis genome with differentially expression
pattern in various plant tissues (Ito et al., 1994; Boldt and
Zrenner, 2003; Hung et al., 2004; van der Graaff et al., 2004;
Woo et al., 2011), which is quite different from most of the other
enzymes in purine biosynthesis present with a single isoform
(Boldt and Zrenner, 2003). Previous biochemical and genetic
studies have confirmed that AtGPRAT2 (At4g34740) is the
major isoform expressing in leaves (Hung et al., 2004).

AtGPRAT2 was localized in the stroma of chloroplasts in
Arabidopsis leaf cells (Hung et al., 2004), and recently was further
confirmed in the nucleoid of chloroplasts (Yang et al., 2015). The
AtGPRAT2-deficient mutants cial (chloroplast import
apparatusl), dovI (differential development of vascular
associated cells 1), dgl69 (delayed greening 169), alx13 (altered
APX2 expression 13), and knock out mutant atd2
(amidotransferase-deficient2) showed growth retardation and
bleached seedling phenotype which was also regarded as leaf
chlorosis, but could survive under low light condition (Hung
et al., 2004; van der Graaff et al., 2004; Woo et al.,, 2011; Rosar
et al,, 2012; Yang et al, 2015). The bleached new leaves imply
damage by photooxidative effects or harmful effects on
chloroplast biogenesis. The phenotype could be restored to
wild-type by the addition of AMP or IMP, but not cytokinin
or nicotinamide adenine dinucleotide (NADH), to the medium
(Hung et al., 2004; van der Graaff et al., 2004). The leave number

of cial mutant is only half of wild-type plants, while with slightly
smaller cell size. In addition, the protein-import efficiency of the
chloroplasts isolated from cial mutant is only less than 50%
compared with wild-type chloroplasts, but the import efficiency
cannot be rescued by adding ATP and GTP. These phenotypes
suggested that de novo purine biosynthesis is also vital for cell
division and chloroplast biogenesis. A recent research into dgl69
mutant indicated AtGPRAT?2 featured in early chloroplast
development through maintaining PEP (plastid-encoded RNA
polymerases) function, thus sustaining normal transcription and
translation (Yang et al.,, 2015).

Currently, very few small molecules have been known to act
directly and specifically on the important purine biosynthetic
pathway, especially in the initial reactions of the pathway, while
the novel phenyltriazole acetic acid [5-(4-chlorophenyl)-1-
isopropyl-1H-[1,2,4]triazol-3-yl]-acetic acid (DAS734)
compound is an exception in contrast to nonspecific inhibitors
such as azaserine, acivicin, and 6-diazo-5-oxo-L-norleucine
(Lyons et al., 1990). DAS734 shows herbicidal activity on the
seedlings of a variety of dicotyledonous weeds, producing
bleaching of newly emerged leaves and root inhibition,
phenocopying AtGPRAT2 mutants with variegated bleached-
white appearance (Hung et al, 2004; van der Graaff et al,
2004). However, the phenotype it induced is different from
many other herbicidal inhibitors of primary metabolism. It is
lethal when Arabidopsis seedlings were treated with more than 5
UM DAS734. In particular, DAS734 is effective on Arabidopsis,
but with no inhibitory activity on E. coli, cyanobacteria, green
algae, or yeasts. The phytotoxic effects of DAS734 can be
alleviated only by the end product adenine and its derivatives
(Walsh et al., 2007), similar to the phenotypes of GPRATase
mutants. The combination of genetic and biochemical study has
confirmed that the phytotoxicity of DAS734 results from direct
inhibition of AtGPRATases. Therefore, treatment by DAS734 is
equal to knockout mutants lacking AtGPRAT2 and AtGPRAT3
or even all GPRAT activity, thus overcoming GPRAT genetic
redundancy. Therefore, DAS734 has been established as a
specific biochemical probe for plant purine biosynthesis and
especially useful in analyzing how the disrupted GPRATases
impose influences on impaired chloroplast biogenesis and new
leaf bleaching. In addition, DAS734 could also be used as a novel
bleaching herbicide (Walsh et al., 2007). Despite the importance
of plant GPRATases and its inhibitor DAS734, studies into the
structure of plant GPRATases and inhibition mechanism of
DAS734 have been enigmatic.

Here, we report the crystal structure of AtGPRAT2 and
investigate the binding mode of DAS734 through molecular
biochemical and docking studies. Our results indicated that
AtGPRAT? folds more like BsGPRAT than EcGPRAT. Compared
with bacterial enzymes, AtGPRAT?2 also exhibits different features in
the conformations of active site loops. Molecular docking and
kinetics studies suggested that DAS734 inhibits AtGPRAT2
through a competitive manner with respect to PRPP. Together,
our study offers insights into the inhibition mechanism of DAS734
on AtGPRAT2 and will facilitate further development of more
potent herbicides targeting Arabidopsis GPRATases.
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MATERIALS AND METHODS

Materials

The pfu polymerase, the two restriction enzymes Nde I and Xho I
and T4 DNA ligase were all purchased from Thermo Fisher. Ni-
NTA beads were purchased from QIAGEN and the Superdex-
200 column was purchased from GE Healthcare. DAS734 was
synthesized as described in Walsh et al. (2007).

Cloning, Expression, and Purification

The gene of AtGPRAT2 was amplified from the complementary
DNA (cDNA) of Arabidopsis thaliana and sub-cloned into the
bacterial expression vector pET22b, to produce a C-terminal
His-tagged fusion protein. The AtGPRAT2 mutants were
generated by two-step PCR and were subcloned, overexpressed
and purified in the same way as wild-type protein. The protein
was expressed in E. coli strain BL21 and induced by 0.2 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) when the cell
density reached an ODgoonm of 1.0. After growth at 16°C for
18 h, the cells were harvested, re-suspended in lysis bufter (50
mM Tris pH 8.0, 10 mM imidazole, and 300 mM NaCl) and
lysed by sonication. Recombinant His-tagged protein was
purified by Ni-affinity column chromatography and was
further subjected to gel filtration chromatography (Superdex-
200 column) in buffer containing 10 mM Tris-HCI pH 8.0, 200
mM NaCl, 5 mM dithiothreitol (DTT). The purified protein was
analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The fractions containing the
target protein were pooled and concentrated to 20 mg/ml.

Crystallization, Data Collection,
Processing, and Structure Determination
Crystallization screening was performed by the sitting-drop vapor-
diffusion method at 291 K. 1 pl protein solution (20 mg/ml) was
mixed with an equal volume of reservoir solution in 48-well plates
and the drops were equilibrated against 80 ul reservoir solution.
Crystals appeared from several conditions, out of which HR2-110
No. 11 from Hampton Research was further taken to do crystal
optimization. Crystals of the best diffraction quality appeared in
about 1 week, which were used for data collection. The final
optimized condition was 0.1 M Sodium citrate tribasic pH 5.6, 1.5
M ammonium phosphate monobasic, and 0.1 M citric acid pH 3.4.

All the data were collected at SSRF beamline BL17U1 and
BL19U1, integrated and scaled using the HKL2000 package
(Otwinowski, 1997). The initial model was solved by molecular
replacement by the PHASER program from the CCP4 suite
(Collaborative Computational Project, 1994) and refined
manually using COOT (Emsley and Cowtan, 2004). The
structure was further refined with PHENIX (Adams et al., 2002)
using non-crystallographic symmetry and stereochemistry
information as restraints. The final structure was obtained
through several rounds of refinement.

Docking Studies

The inhibitor DAS734 was docked onto AtGPRAT2 using UCSF
DOCK 3.7 (Coleman et al., 2013). The binding site was defined
as the set of protein residues which have at least one heavy atom

within 10 A of the residue R264. A flexible-receptor docking
protocol was applied to treat binding-site side-chain flexibility
(Li et al., 2019). Multiple poses were generated for structural
filtering and conformational clustering (Peng et al., 2013). All the
survived poses were then submitted for MM-GB/SA refining and
rescoring with OPLS all-atom force field (Banks et al., 2005)
using UCSF PLOP (Jacobson et al., 2004). The conformation of
472-477 loop was rebuilt and minimized along with the ligand
considering its ambiguous electron density.

AtGPRAT2 Enzymatic Activity Assay

Purified wild-type and mutant AtGPRAT2s were desalted to a
buffer containing 10 mM Tris pH 7.8, 200 mM NaCl, 5 mM
MgCl,, and 10 mM DTT. AtGPRAT?2 activity was assayed by
measuring the production of Glu from Gln. Glu production was
determined by coupling the glutamate dehydrogenase (GDH)
reaction (Messenger and Zalkin, 1979), in which Glu was
oxidized and NAD" was simultaneously reduced to NADH.
Then, we continuously monitored NADH produced at 340 nm
every 1 second, using a UV-VIS SPECTROPHOTOMETER UV-
2450 (SHIMADZU). The standard assay for enzymatic activity
measurement contained 37.5 mM NAD", 10 mM Gln, 2.5 mM
PRPP, 247.5 units/ml GDH, 110 mM potassium phosphate
buffer pH 8.0, and about 0.125 mg/ml AtGPRAT2 in a total
volume of 300 pl. The reaction was initiated by the addition of
AtGPRAT2 and the enzymatic activities were determined
utilizing extinction coefficient for NADH of 6,220 cm™' M ™" at
340 nm. For calculating the kinetic constants K, and V,.x, we
held the Gln concentration constant at 10 mM, and fitted the
data to the appropriate equations using GraphPad Prism
software with mixed inhibition model. Effects of inhibition by
DAS734 were determined by the standard assay in which
DAS734 at concentration of 0, 10, 20, and 40 uM was added
respectively. Then we calculated the Ki using the GraphPad
Prism software with mixed inhibition model.

Isothermal Titration Calorimetry Binding
Assay

The dissociation constants of binding reactions of wild-type and
mutants of AtGPRAT2 with DAS734 were determined by
isothermal titration calorimetry (ITC) using a MicroCal
ITC200 calorimeter. Proteins were desalted into the working
buffer [20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.5, 200 mM NaCl]. The titration was
carried out with 19 successive injections of 2 ul DAS734 at the
0.3 mM concentration, spaced 125 s apart, into the sample cell
containing AtGPRAT?2 at the 0.04 mM concentration at 25°C.
The Origin software was used for baseline correction,
integration, and curve fitting to a single site binding model.

RESULTS

Overall Structure of AtGPRAT2
We solved the crystal structure of a recombinant AtGPRAT27>
! without the predicted chloroplast transit peptide at 3.07 A
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resolution (Figure 1A and Table S1). This recombinant protein
exhibited high GPRATase activity which was measured by the
enzymatic assay (Figure 2C and Table S2). The crystal belonged
to the P3121 space group and two AtGPRAT2 molecules were
found in the asymmetric unit, each with a 4Fe-4S cofactor.
However, the PISA (Proteins, Interfaces, Structures and
Assemblies) server (Krissinel and Henrick, 2007) indicated that
AtGPRAT?2 exists as a homo-tetramer in crystal as other
members of this family (Figure 1B). It was known that all
eukaryotic and many microbial GPRATSs harbor a short N-
terminal propeptide, which is autocatalytically cleaved to yield
a conserved N-terminal Cys. Walsh et al. also showed that in
recombinant AtGPRAT2 expressed in E. coli, the propeptide was
removed to expose the N-terminal catalytic Cys87 (Walsh et al.,
2007). Consistent with this, in the AtGPRAT2 structure, the first
residue with interpretable electron density was the predicted N-
terminal Cys87, the mutation of which abolished the activity of
the enzyme (Figure 2C). Moreover, the visible electron density
corresponded to the AtGPRAT2 fragment spanning residues
from 87 to 546. Similar to members of this family, the overall
structure of AtGPRAT2 folds into an N-terminal glutaminase
(Glnase) domain (residues 87-320) and a C-terminal

phosphoribosyltransferase (PRTase) domain (residues 321-546)
(Figures 1A, C). Structural comparison indicated that
AtGPRAT2 adopts an inactive, open conformation as
compared to the structures of the ECGPRAT in the presence or
absence of the PRPP analog carboxylic PRPP (cPRPP), which
represent the active and inactive state, respectively (Figure S2).

Structural Comparison With Other
GPRATases

The reaction catalyzed by GPRATases is carried out as two half-
reactions by two separate domains, in tight allosteric
communication between each other (Smith, 1998; Bera et al,,
2000). One is the Glnase domain where Gln is hydrolyzed to
yield ammonia. And then, the ammonia is transferred through a
~20-A hydrophobic channel to a distal PRTase domain, in
which PRA is synthesized from PRPP and ammonia.
Formation of the ammonia channel is a characteristic of the
glutamine amidotransferases, which catalyze the synthesis of
different aminated products (Mouilleron and Golinelli-
Pimpaneau, 2007). Unlike the carbamoyl-phosphate
synthetase (CPS) and asparagine synthetase B (AsnB), in
which the channel forms in the absence of an acceptor, the

A AtGPRAT?2
1 87

NH, Transit/Propeptide PRTase -COOH
I—— Construct for crystallization ————————

FIGURE 1 | Overview of AtGPRAT2. (A) The domain architecture of AtGPRAT2, and the construct for crystallization is indicated in the bottom. (B) Cartoon model of
the tetramer conformation of AtGPRAT2. The protomers are shown in different colors and the 4Fe-4S cofactor is shown in sticks. Two views are shown. (C) Cartoon
model of one protomer of AtGPRAT2. The Ginase domain and PRTase domain are colored in green and cyan, respectively. Two views are shown.
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independent experiments.

formation of the channel in AtGPRAT?2 requires the binding of
acceptor and closing of the PRTase flexible loop, similar as
EcGPRAT and BsGPRAT (Figure S2). Whereas the exact shape
of the channel still awaits the structure of AtGPRAT2
complexed with PRPP or cPRPP, one can get information
from that of ECGPRAT based on the high identity of the
channel-lining residues between the two proteins (Bera et al.,
2000) (Figure S3). Then we compared the structures of the
essential catalytic motifs of the two domains between
AtGPRAT?2 and bacterial enzymes (Figure 2A). In the Glnase
domain, a conserved glutamine loop binds glutamine during the
first half reaction. In contrary to the glutamine loop of
EcGPRAT, which is in a closed conformation no matter
glutamine binds or not, the glutamine loop of AtGPRAT2
exhibits an open conformation more similar to that of
BsGPRAT (Figure 2A). Nevertheless, the glutamine loop of
AtGPRAT?2 opens to an extent larger than that of BsGPRAT,
and forms a 31, helix (Figure 2A). In the PRTase domain, three
loops in core fold are important for PRPP binding and catalysis
(Figure S3). The “PRPP loop” binds the ribose-5-phosphate
group of PRPP and the adjacent “PPi loop” interacts with the
pyrophosphate of PRPP. The PRTase flexible loop undergoes
remarkable conformational change during the catalysis, which
closes over the active site as a helix when PRPP binds and is
generally open when the substrate binding site is free. Structural
superimposition indicated that both PRPP and PPi loops exhibit
highly conserved folds, and single mutations of three residues
Asp432, Asp433 and S434 within the PRPP loop all markedly
decreased the activities of AtGPRAT2 (Figure 2C). The PRTase
flexible loops of AtGPRAT and bacterial enzymes display
different open conformations, consistent with the disordered
feature of this loop. This is also confirmed by the high B-factors
of the PRTase flexible loop region of AtGPRAT?2 (Figure S4A).
The C-terminal helix (residues 471-492 in EcGPRAT) is also an

Asp432

Ser434
SP433 5er370
A s l et
> ﬁ,,

CPRPP J_

) DON ¢
J '\ { Cys87
Glutamine loop

FIGURE 2 | Active site of AtGPRAT2. (A) Structural superimposition of AtGPRAT2, ECGPRAT in the active [Protein Data Bank (PDB): 1ECC] and inactive (PDB:
1ECF) conformation, and Bacillus subtilis glutamine phosphoribosylpyrophosphate amidotransferase (BsGPRAT) in the inactive conformation (PDB: 1GPH). Only the
indicated loop regions are shown in cartoon models. The ligands in TECC are shown as sticks. cPRPP, carbocyclic phosphoribosyl pyrophosphate (PRPP). DON, 6-
diazo-5-oxo-L-nor-leucine, is an analog of substrate glutamine. The conserved loop regions are marked. (B) An enlarged view of the active site of AtGPRAT2.
Several active site residues (green) and the substrate analogs cPRPP and DON in the aligned structure of ECGPRAT in the active conformation (PDB: 1ECC) are
shown in sticks. (C) Activity assay with the wildtype and several active site mutants of AtGPRAT2. Error bars are standard error of the mean (SEM) values of three
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important feature of ECGPRAT (Figure S2) (Smith, 1998).
However, similar as BsGPRAT, AtGPRAT2 does not contain
the helix and the corresponding region folds as a flexible loop
(Figures S2 and $4).

DAS734 Inhibits AtGPRAT2 in a
Competitive Manner With Respect to
Phosphoribosyl Pyrophosphate

Studies into GPRATases from bacteria and eukaryotes found that
the enzyme undergoes feedback inhibition by the end products of
the purine biosynthetic pathway, such as AMP, GMP, ADP, and
GDP (Chen et al., 1997). Recently, the growth regulator, guanosine
tetraphosphate (ppGpp) was also shown to inhibit ECGPRAT in a
competitive manner (Wang et al., 2019). DAS734 has been shown
to be a slow, tight-binding inhibitor for both AtGPRAT2 and
AtGPRAT3 (Walsh et al,, 2007). To characterize the inhibition
mode of DAS734, we performed in vitro enzymatic kinetics assay
of AtGPRAT?2. In the study of Walsh et al. they determined the
Km for glutamine as 1.34 mM. Here in this study, we set up a
coupled-enzyme reaction with AtGPRAT2 and glutamate
dehydrogenase to monitor the production of glutamate by
AtGPRAT2 continuously. Using this system, we determined the
K., of AtGPRAT?2 for PRPP as 0.35 mM (Figure S5). And then,
the kinetics of AtGPRAT2 was tested under different
concentrations of DAS734. The inhibition kinetics (Figure 3A
and Table S3) showed that DAS734 behaves like a competitive
inhibitor with respect to PRPP with a Ki of 5.293 pM.

The Binding Site of DAS734

Two inhibitor binding sites are located in the PRTase domain, an
A (allosteric) site and a C (catalytic) site (Figure 3B) (Chen et al.,
1997). The A site overlaps the site for the pyrophosphate of
PRPP, and the C site overlaps the site for the ribose-5-phosphate
part of PRPP. Synergistic inhibition of GPRATases was also

Frontiers in Plant Science | www.frontiersin.org

170

February 2020 | Volume 11 | Article 157


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Cao et al.

Crystal Structure of AtGPRAT2

2.0
oum
15
@ 10 uM
s
1.0
2 20 yMm ")
> AN
05 40 M .
~
0.0 1 \

0?5 1?0
[PRPP] (mM)

15

FIGURE 3 | The inhibition mode of DAS734 on AtGPRAT2. (A) Inhibition kinetics showing that DAS734 is a competitive AtGPRATZ inhibitor with respect to
phosphoribosyl pyrophosphate (PRPP). The labels indicate different DAS734 concentrations. The data was fitted to the mixed inhibition model in GraphPad Prism
software, and the alpha value of 12.56 calculated by this model indicated a competitive inhibition. Error bars are standard error of the mean (SEM) values of three
independent experiments. (B) Structural superimposition of AtGPRAT2 with docked DAS734, ECGPRAT in the active [Protein Data Bank (PDB): 1ECC] and
BsGPRAT in the inactive conformation (PDB: 1GPH). The cPRPP and 6-diazo-5-oxo-L-nor-leucine (DON) in the structure of 1ECC are shown as cyan sticks. The
two AMP molecules in the A and C sites are shown as slate sticks. The docked DAS734 is shown in yellow sticks with the chlorine atom colored in gray.

observed by a combination of adenine and guanine nucleotides
(Chen et al., 1997; Smith, 1998). However, ppGpp was found to
bind at the interface between the Glnase domains of two
protomers within the tetramer in a ratio of 1:2 (ppGpp to
EcGPRAT), a position totally different from the known A and
C sites (Wang et al., 2019).

To get insights into the binding site of DAS734 within
AtGPRAT?2, we attempted to get the complex structure of
AtGPRAT?2 with DAS734 but still failed. Therefore, we turned
to docking assays to analyze the binding sites of DAS734.
Previous studies have shown that the R264K mutation of
AtGPRAT2 will render the enzyme highly insensitive to
DAS734 (Walsh et al, 2007). Therefore, the docking region
was set around R264 of AtGPRAT2. The results showed that

the binding site of DAS734 partially overlaps with the known C
site in the PRTase domain (Figure 3B).

The binding of DAS734 to AtGPRAT?2 was found to involve
both hydrophilic and hydrophobic interactions (Figure 4A).
The guanidyl group of R264 forms electrostatic interactions
with the carboxyl group of the acetate moiety. Moreover, the
oxygen atom of the carboxyl group also forms a hydrogen bond
with the amide nitrogen atom of V473. In addition, the
sidechains of F325, Y329, F330, and 1465 form hydrophobic
interactions with DAS734 (Figure 4A). To validate the docking
results, we performed the isothermal titration calorimetry (ITC)
assay with wildtype, R264K and Y329A mutants of AtGPRAT?2.
The results showed that the R264K mutation abolished the
binding of DAS734 to AtGPRAT2, but the Y329A mutation
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FIGURE 4 | The binding site of DAS734. (A) Structural superimposition of AtGPRAT2 with docked DAS734 and ECGPRAT in the active [Protein Data Bank (PDB):
1ECC] conformation. The AtGPRAT?2 residues involved in DAS734 binding are shown as sticks. The carbocyclic phosphoribosyl pyrophosphate (cPRPP) and 6-
diazo-5-oxo-L-nor-leucine (DON) molecules in ECGPRAT are colored as in Figure 3B. Electrostatic interactions and hydrogen bonds are shown as red dashed lines.
(B) Interaction of AtGPRAT2 mutants and DAS734 as detected by isothermal titration calorimetry (ITC). The ITC curves are shown. The calculated K4 mean + SE
values are indicated. The top plots represent time, and the bottom plots represent molar ratio. These experiments were performed twice with equivalent results.
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only slightly decreased DAS734 binding (Figure 4B). This
suggested that the electrostatic interactions from R264
contribute much to the binding of DAS734, while the
hydrophobic interaction from Y329 may play a minor role. In
the previous study, P476S, P265S, and G371S mutations could
also confer resistance to DAS734 at levels of around 60, 6, and 5-
fold, respectively. We also analyzed these three sites in the
structure of AtGPRAT?2 docked with DAS734 (Figure S6). P476
is adjacent to the binding pocket of DAS734 and on the same
loop with V473, whose amide nitrogen atom forms a hydrogen
bond with the carboxyl group of the acetate moiety of DAS734.
P265S mutation may affect the location of R264, thus interfering
with DAS734 binding. G371 is in the PRTase domain and away
from the binding pocket of DAS734. The G371S mutation may
confer resistance to DAS734 through allosteric communications
between the two domains.

DISCUSSION

GPRATase catalyzes the first committed step of de novo purine
biosynthesis. Although genes encoding GPRATase have been
found in bacteria, Eukarya, and Archaea, only the GPRATase
from E. coli and B. subtilis have been characterized through
structural and biochemical studies. AtGPRAT2 is the primary
isoform among the three homologs of GPRATases (AtGPRAT1-
3) in Arabidopsis thaliana. To our knowledge, the 3.07 A crystal
structure of AtGPRAT? in this study offered the first description
of the structure of GPRATases in plants, with several structural
differences, especially in the catalytic motifs, when compared
with bacterial enzymes.

Combined with GPRATase kinetic assay, ITC and molecular
docking, we showed that DAS734 behaved as a competitive
inhibitor for PRPP and proposed the binding site of DAS734.
Notably, the binding site of DAS734 does not interfere with the
interface between each monomer in the tetrameric structure
(Figure S7). Interestingly, the docking site of DAS734 does not
directly overlaps the binding site of PRPP (Figure 3B), raising
the question of how DAS734 behaves its competitive function
with respect to PRPP. We proposed that the binding of DAS734
might induce conformational changes surrounding it, thus
influencing the binding of PRPP. Supporting this notion, Y329
is a highly conserved residue among GPRATases and its
counterpart in EcGPRAT, Y258, interacts with the
pyrophosphate group of PRPP (Krahn et al., 1997).
Consistently, the Y329A mutation almost abolished the activity
of AtGPRAT2 (Figure 2C). In contrast, the EcGPRAT
counterparts of the interacting residues of DAS734 do not
contribute to glutamine binding (data not shown). Walsh et al.
also showed that DAS734 is a noncompetitive inhibitor with
respect to glutamine (Walsh et al., 2007). Therefore, the binding
of DAS734 to AtGPRAT2 might cause movements of its
surrounding residues, especially Y329, thus preventing PRPP
binding. However, this still needs to be tested in the
future studies.

DAS734 could be used not only as a specific biochemical
probe to help analyze how disruption of GPRATases damage the
chloroplast development or function and lead to the leaf
bleaching, but also as a novel bleaching herbicide(Walsh et al.,
2007). In the future, more efforts should be made in the
development of more potent herbicides targeting Arabidopsis
GPRATases according to the inhibition mechanism of DAS734
to AtGPRAT?2.
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Calcium has long been known to regulate the metabolism of chloroplasts, concerning
both light and carbon reactions of photosynthesis, as well as additional non
photosynthesis-related processes. In addition to undergo Ca* regulation, chloroplasts
can also influence the overall Ca®" signaling pathways of the plant cell. Compelling
evidence indicate that chloroplasts can generate specific stromal Ca®* signals and
contribute to the fine tuning of cytoplasmic Ca®* signaling in response to different
environmental stimuli. The recent set up of a toolkit of genetically encoded Ca*
indicators, targeted to different chloroplast subcompartments (envelope, stroma,
thylakoids) has helped to unravel the participation of chloroplasts in intracellular Ca®*
handling in resting conditions and during signal transduction. Intra-chloroplast Ca®*
signals have been demonstrated to occur in response to specific environmental stimuli,
suggesting a role for these plant-unique organelles in transducing Ca®*-mediated stress
signals. In this mini-review we present current knowledge of stimulus-specific intra-
chloroplast Ca* transients, as well as recent advances in the identification and
characterization of Ca®*-permeable channels/transporters localized at chloroplast
membranes. In particular, the potential role played by cMCU, a chloroplast-localized
member of the mitochondrial calcium uniporter (MCU) family, as component of plant
environmental sensing is discussed in detail, taking into account some specific structural
features of cMCU. In summary, the recent molecular identification of some players of
chloroplast Ca®* signaling has opened new avenues in this rapidly developing field and will
hopefully allow a deeper understanding of the role of chloroplasts in shaping physiological
responses in plants.

Keywords: chloroplasts, organellar calcium signaling, calcium-permeable channels, calcium transporters, calcium
binding proteins, genetically encoded calcium indicators, chloroplast calcium uniporter

INTRODUCTION

Calcium is a fundamental intracellular messenger involved in a wide range of different signaling
pathways in all eukaryotes. In plants, Ca®" has been shown to participate in the transduction of a
large variety of environmental stimuli of both abiotic and biotic nature (Dodd et al., 2010). A
complex Ca®* homeostatic and signaling machinery allows for a tight regulation of the intracellular
concentration of the ion ([Ca**]) and its variations during signal transduction (Kudla et al., 2018).
Plant organellar Ca** signaling is a rapidly expanding field of investigation, also thanks to the
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increasing availability of novel genetically encoded Ca®*
indicators, specifically targeted to different intracellular
compartments (Costa et al., 2018). In addition to the vacuole,
considered as the main stimulus-releasable Ca** store in the
plant cell, other organelles, i.e. chloroplasts, have recently come
to the fore. The detection of stimulus-specific intra-chloroplast
Ca®" signals in response to different environmental cues has
highlighted the contribution of chloroplasts to shaping cytosolic
Ca®" signatures. In this mini-review we present the most recent
research works dealing with the monitoring of chloroplast Ca**
concentration and its changes during signal transduction events.
Moreover, we focus on the recently reported identification and
biochemical characterization of some molecular players involved
in chloroplast Ca** handling. Current evidence for a crucial role
of chloroplasts as stress sensors and future avenues of
investigation in this promising field are also discussed.

THE EMERGING ROLE OF CHLOROPLAST
CALCIUM SIGNALING IN THE
TRANSDUCTION OF BIOTIC AND ABIOTIC
STRESS SIGNALS

Chloroplasts have long been known to be involved in
intracellular Ca®" homeostasis and signaling. The regulatory
role played by these organelles on intracellular Ca®* handling
is two-fold: i) a tight control of intra-organellar [Ca®'] is essential
for the proper functioning of the chloroplast physiology, e.g. the
regulation of photosynthesis, as well as other chloroplast-
localized processes (Stael et al., 2012b; Rocha and Vothknecht,
2012; Nomura and Shiina, 2014; Hochmal et al., 2015); ii)
transient changes in stromal [Ca®'] ([Ca®']y,), evoked in
response to different stress stimuli, in turn can shape
intracellular Ca®* signals, thereby affecting Ca**-mediated
signaling circuits.

After the pioneering work conducted by Johnson et al.
(Johnson et al., 1995) and Sai and Johnson (Sai and Johnson,
2002), who monitored [Ca®*] in the chloroplast stroma by means
of a chloroplast-targeted aequorin chimera, precise
measurements of Ca®" levels inside the different chloroplast
subcompartments have been lacking for a long time. However,
in the last few years the increasing availability of specifically
targeted Ca®" reporters has rapidly expanded the possibility of
accurately monitoring organellar Ca** dynamics. The set up of a
toolkit of aequorin-based probes targeted to the different
subcompartments of chloroplasts (outer and inner envelope
membranes, stroma, thylakoids) has allowed for the
elucidation of stimulus-specific intra-organellar Ca®" signals
and their contribution to fine-tuning cytosolic Ca®" signatures
(Mehlmer et al., 2012; Sello et al., 2016; Sello et al., 2018). A
complementary approach based on the design of a cameleon
probe directed to the chloroplast stroma further permitted Ca**
imaging in single chloroplasts, highlighting organelle-
autonomous Ca®* transients (Loro et al., 2016). The

establishment of aequorin reporters targeted to the thylakoid
lumen and thylakoid membrane highlighted the ability of
thylakoids to store 3- to 5-fold higher [Ca**] with respect to
the stroma (about 500 nM in the thylakoid lumen versus
100+150 nM in the stroma, in resting conditions in the dark),
as well as their contribution to the modulation of intra-
chloroplast Ca** signals (Sello et al., 2018).

Chloroplast Ca®" signals have been shown to be triggered by a
large number of different stimuli of both biotic and abiotic
nature. Elicitors of plant defence responses, such as the fungal-
derived protein cryptogein and the plant cell wall-derived pectin
fragments oligogalacturonides, were found to evoke transient
Ca®" elevations in the chloroplast stroma of Nicotiana tabacum
and Arabidopsis thaliana plant cell suspension cultures
(Manzoor et al., 2012; Sello et al.,, 2018). Moreover, the
bacterial flagellin peptide flg22 was demonstrated to trigger a
chloroplast Ca®" response in the chloroplast stroma of
Arabidopsis rosette leaves, peaking later than the cytosolic
Ca’* elevation (Nomura et al., 2012; Nomura and Shiina,
2014). In this latter work, a striking chloroplast-mediated
transcriptional reprogramming during plant immune responses
was demonstrated, uncovering an unanticipated link between
chloroplast and nuclear plant innate immunity via ROS and Ca**
signaling (Stael et al., 2015). The calcium-sensing receptor CAS,
a thylakoid-localized protein of not yet well-defined function,
was found to be involved in the generation of the flg22-induced
stromal Ca®" transient and chloroplast-mediated activation of
defence gene expression (Nomura et al., 2012).

Different abiotic cues, such as cold, oxidative, salt and osmotic
stresses were found to evoke stimulus-specific Ca** signals in the
chloroplast stroma (Nomura et al., 2012; Sello et al.,, 2016; Sello
et al,, 2018; Teardo et al, 2019). Whereas these stimuli were
shown to activate Ca** responses in both chloroplasts and non-
green plastids (Sello et al., 2016), the light-to-dark transition was
found to elicit a chloroplast-specific response (Sello et al., 2016;
Loro et al,, 2016). Although the precise mechanisms underlying
dark-induced chloroplast Ca®" fluxes remain to be unravelled,
the circadian gating of dark-induced chloroplast and cytosolic
Ca®" elevations has recently been demonstrated (Marti Ruiz
et al,, 2020), uncovering an intriguing link between eukaryotic
circadian clocks and chloroplasts.

In contrast to the above-mentioned stimuli, that have been
demonstrated to trigger Ca*" transients in both chloroplasts and
the cytosol, increases in absolute temperature were found to
evoke Ca’' responses specific to chloroplasts, as no
corresponding elevations were detected in the cytosol (Lenzoni
and Knight, 2019). Interestingly, also in this case the chloroplast
Ca®* response was found to be partially dependent on CAS
(Lenzoni and Knight, 2019).

Taken together, the above findings strongly highlight the
ability of chloroplasts to perceive and transduce environmental
signals in a Ca®*-dependent manner. However, compared to the
large amount of information progressively cumulating on the
generation of chloroplast Ca®" signals, information about Ca®'-
permeable channels/transporters localized at chloroplast
membranes has long lagged behind.
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CURRENT KNOWLEDGE OF THE
MOLECULAR PLAYERS INVOLVED IN
Ca®* HANDLING IN CHLOROPLASTS

The extent, duration and frequency (i.e. signature) of free Ca**
elevation in the cytosol ([Ca2+]cyt) acts as a signal to be implemented
in the transducing machinery of the cell. Different stimuli are
followed by different Ca®" signatures, leading in turn to different
specific responses, in terms of gene expression, protein activity and
localization. The Ca®" signature is shaped by the activity of Ca**-
permeable channels and transporters regulating the ion entry into
and exit from the cytosol, respectively. Ca**-permeable channels are
grouped in five families: cyclic nucleotide-gated channels (CNGCs),
glutamate receptors-like channels (GLRs), two-pore channels
(TPCs), mechanosensitive channels (MCAs), hyperosmolality
gated channels (OSCAs) (Demidchik et al., 2018). Ca** transport
off the cytosol to restore the resting [Ca**],, is mediated by energy-
driven pumps/transporters belonging to the P-type ATPases, such as
P1B-type calcium/heavy metal cation-transporting ATPase
(AtHMAL), P2A-type calcium cation-transporting ATPase (ECAs)
and P2B-type calcium cation-transporting ATPase (ACAs) (Garcia
Bossi et al., 2020). Other Ca®" transporters are grouped in the CaCA
family (CAX-type proton:calcium cation exchanger, CCX-type
cation:calcium cation exchanger, MHX-type proton:magnesium
cation exchanger, NCL/EF-CAX-type cation exchanger, EF-CAX-
type cation exchanger) (Pittman and Hirschi, 2016) and CaCA2
family (PAM71-type manganese/calcium cation transporter).

The transduction of the Ca®" signal is mediated by Ca®"
-dependent/binding proteins. The Arabidopsis genome encodes
for 250 proteins harbouring at least one Ca** binding domain
(EF-hand), hence acting as putative Ca>* sensors [e.g. (Ranty
et al,, 2016)]. Calmodulins (CaMs), calmodulin-like (CaMLs),
calcineurin B-like proteins (CBLs) and Ca2+—dependent protein
kinases (CPKs) all harbour EF hand motifs. Ca** sensors
directly (CPKs) or indirectly (CaMs, CaMLs, CBLs) [e.g.
(Sanyal et al, 2015; Kudla et al, 2018)] modulate protein
activity (e.g. ion channels, metabolic enzymes) and/or protein
subcellular localization (e.g. transcription factors). The
redundancy of sensor isoforms allows the discrimination
between different signals and carry the specificity of the
message brought by the Ca®" signature.

To our knowledge, Ca>*-binding proteins acting as buffers in
the chloroplast have not yet been identified. Nevertheless,
organellar Ca** buffering mechanisms are likely to play an
essential role, generating heterogeneity in local Ca®*
concentrations inside chloroplasts. How Ca** is stored in the
chloroplast remains an open question for future investigations,
aimed to unravel whether Ca®' interacts with specific Ca*"
binding proteins or with the thylakoid surface, which harbours
a significant amount of phosphorylated proteins that have been
suggested to bind calcium ions (Rocha and Vothknecht, 2012;
Stael et al., 2012a; Stael et al., 2012b).

The major part of research carried out so far has focused on
the analysis of the cytosolic Ca®" signature, but the possibility to
study Ca** dynamics in organelles by targeting Ca** probes to
plastids has recently allowed the understanding of the existence

of organellar Ca>" transients in response to external stimuli.
These findings pose the question of the identity of players
involved in shaping and transducing the Ca®* signal coming
from organelles. The existence of peculiar and dedicated
pathways for Ca** handling in organelles can be a possibility,
and/or the machinery may comprise some already known
players that may localize to chloroplasts as well (Finazzi et al.,
2015; Pottosin and Shabala, 2015; Carraretto et al., 2016).

Recently, two proteins belonging to the family of the
mitochondrial calcium uniporter (MCU) have been found to
mediate Ca** transport across the mitochondria and chloroplast
membranes, respectively AtMCU1 (Teardo et al, 2017) and
AtMCUG6 (later renamed AtcMCU (Teardo et al., 2019). In
animal cells the only isoform, MCU (De Stefani et al., 2011;
Baughman, 2011) is responsible for Ca®* loading into
mitochondria, thus helping recovery of resting [Ca2+]cyt. New
evidence supports the involvement of MCU isoforms in shaping
the organellar Ca** signatures in plants as well (Wagner et al,,
2015; Teardo et al., 2017; Selles et al., 2018; Teardo et al., 2019).
In particular, cMCU is involved in the generation of the stromal
Ca®" transient specific for the osmotic stress and mutants lacking
c¢cMCU showed an improved drought tolerance (Stael, 2019;
Teardo et al., 2019).

It is now commonly acknowledged that a protein can localize
to different cell compartments (Karniely and Pines, 2005), as it
has been proven also for proteins involved in Ca** handling
(Table 1). AtGLR3.4 and AtGLR3.5, two Ca®" -permeable
channels belonging to the GLR family, have a dual localization,
at the plasma membrane and chloroplasts the former (Teardo
et al., 2010; Teardo et al., 2011), in mitochondria and
chloroplasts the latter (Teardo et al., 2015). Both seem to play
a role in ABA signaling under abiotic stress (Cheng et al., 2018;
Ju et al,, 2020), although their direct involvement in organellar
Ca®" signaling under abiotic stress has to be investigated more
in depth.

Querying the protein databases Uniprot (The UniProt
Consortium, 2019), SUBA4 (Hooper et al.,, 2017) and
Aramemnon (Schwacke et al., 2003) for A. thaliana records
with plastidial localization and using “calcium” as keyword, 682
hits can be found in SUBA4, only 43 in Aramemnon and 42 in
Uniprot. Table 1 shows all those proteins belonging to the
above-mentioned classes of channels/transporters, sensors and
kinases involved in Ca** signature formation and signaling,
whose plastidial localization has been predicted or
demonstrated by MS/MS or by fusion to fluorescent
proteins (FP).

23 out of 47 proteins belong to Ca®" channels/transporters: 6
are confirmed to be located in plastid membranes either by
biochemical and cell biology methods or by mass spectrometry.
Among them, for AtctMCU, AtGLR3.4 and AtGLR3.5 a role in
stress response was suggested. Altogether, these channels/
transporters can be involved in the formation of the plastidial
Ca’" transients, along with the putative calcium-transporting
protein PAM71/BICAT (Frank et al., 2019). However, this latter
protein seems to play a prevalent role in manganese homeostasis
rather than in calcium homeostasis (Schneider et al., 2016;
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TABLE 1 | List of proteins involved in Ca?* handling predicted to be located in plastids.

Gene ID Protein Description Protein family Predicted Experimental involved in references
Name Localization Localization
(Aramemnon or (FP, MS/MS)
SUBA4)
Ca®* sensors
At1g18890 AtCPK10 Calcium- Calcium plastid, mitochondrion, nucleus drought, ABA, Zou et al., 2010; Liu et al., 2017
dependent protein  Dependent cytosol, nucleus stomatal closure
kinase 10 Protein Kinase
At1g35670 AtCPK11 Calcium- Calcium plastid, mitochondrion,  nucleus, pollen tube growth,  Urao et al., 1994; Rodriguez Milla
dependent protein  Dependent cytosol, nucleus cytosol, PM salt and drought et al., 2006; Zhu et al., 2007;
kinase 11 Protein Kinase induced, salt and Benschop et al., 2007; Ito et al.,
ABA signaling 2011; Zhao et al., 2013
At2g17890 AtCPK16 Calcium- Calcium plastid, mitochondrion, PM Dammann et al., 2003; Stael et al.,
dependent protein  Dependent cytosol 2011
kinase 16 Protein Kinase
At2g31500 AtCPK24 Calcium- Calcium plastid, mitochondrion, nucleus, PM pollen tube growth ~ Gutermuth et al., 2013; Zhao et al.,
dependent protein  Dependent cytosol, nucleus 2013
kinase 24 Protein Kinase
At2g38910 AtCPK20 Calcium- Calcium plastid, nucleus, plastid, PM Dammann et al., 2003; Behrens
dependent protein  Dependent membrane et al., 2013; Gutermuth et al., 2013
kinase 20 Protein Kinase
At3g10660 AtCPK2 Calcium- Calcium plastid, nucleus, PM Gutermuth et al., 2013
dependent protein  Dependent mitochondrion, cytosol
kinase 2 Protein Kinase
At4g04695 AtCPK31 Calcium- Calcium nucleus, plastid, plastid, PM arsenite uptake Helm et al., 2014; Jiet al., 2017
dependent protein  Dependent cytosol, mitochondrion
kinase 31 Protein Kinase
At4g04720 AtCPK21 Calcium- Calcium PM, cytosol, PM interacts with Dammann et al., 2003;
dependent protein  Dependent mitochondrion, plastid, SLAC1, ABIT, Alexandersson et al., 2004; Nelson
kinase 21 Protein Kinase  nucleus SLAH3, GORK et al., 2006; Benschop et al., 2007;
Marmagne et al., 2007; Mitra et al.,
2009; Keinath et al., 2010; Geiger
et al., 2010; Zhang and Peck, 2011;
Elmore et al., 2012; Nikolovski et al.,
2012; Bernfur et al., 2013; Demir
et al., 2013; Zargar et al., 2015; De
Michele et al., 2016; van Kleeff et al.,
2018
At4909570 AtCPK4 Calcium- Calcium cytosol, nucleus, PM, cytosol, ABA and salt Dammann et al., 2003; Zhu et al.,
dependent protein  Dependent mitochondrion, plastid  nucleus response; interacts  2007; Mitra et al., 2009; Uno et al.,
kinase 4 Protein Kinase with plastid proteins  2009; lto et al., 2011; Li et al., 2018
At4g21940 AtCPK15 Calcium- Calcium cytosol, plastid, PM Li et al., 2012; Bernfur et al., 2013
dependent protein  Dependent nucleus, mitochondrion
kinase 15 Protein Kinase
At4g23650 AtCPK3 Calcium- Calcium plastid, mitochondrion,  cytosol, stomatal closure Dammann et al., 2003;
dependent protein  Dependent cytosol, nucleus nucleus, PM, Alexandersson et al., 2004; Dunkley
kinase 3 Protein Kinase Golgi, tonoplast et al., 2006; Mori et al., 2006;
Nelson et al., 2006; Benschop et al.,
2007; Mitra et al., 2009; Keinath
et al., 2010; Ito et al., 2011; Elmore
et al., 2012; Li et al., 2012;
Nikolovski et al., 2012; Latz et al.,
2013; Zargar et al., 2015; Heard
et al., 2015; De Michele et al., 2016
At4g36070 AtCPK18 Calcium- Calcium plastid, mitochondrion,
dependent protein  Dependent peroxisome, PM
kinase 18 Protein Kinase
Atbg04870 AtCPK1/ Calcium- Calcium plastid, nucleus, peroxisome, salt and drought Dammann et al., 2003; Chen et al.,
AtAK1 dependent protein  Dependent cytosol, mitochondrion  MVB, cytosol, 2010; Drakakaki et al., 2012; De
kinase 1 Protein Kinase PM Michele et al., 2016; Huang et al.,
2018
At5g12180 AtCPK17 Calcium- Calcium cytosol, nucleus, PM pollen tube tip Myers et al., 2009; Gutermuth et al.,
dependent protein  Dependent mitochondrion, plastid growth 2013; Bernfur et al., 2013
kinase 17 Protein Kinase
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TABLE 1 | Continued

Gene ID Protein Description Protein family Predicted Experimental involved in references
Name Localization Localization
(Aramemnon or (FP, MS/MS)
SUBA4)

At5g12480 AtCPK7 Calcium- Calcium plastid, mitochondrion, PM, Golgi root hydraulic Dammann et al., 2003; Marmagne
dependent protein  Dependent cytosol, nucleus conductivity et al., 2007; Benschop et al., 2007;
kinase 7 Protein Kinase Elmore et al., 2012; Heard et al.,

2015; Li et al.,, 2015

At5g19360 AtCPK34 Calcium- Calcium cytosol, nucleus, PM pollen tube tip Myers et al., 2009; Gutermuth et al.,
dependent protein  Dependent mitochondrion, plastid growth 2013; Bernfur et al., 2013
kinase 34 Protein Kinase

At5g19450 AtCPKS8 Calcium- Calcium cytosol, nucleus, PM ABA signaling and  Dammann et al., 2003; Nuhse et al.,
dependent protein  Dependent mitochondrion, plastid HoO, homeostasis ~ 2003; Nihse et al., 2004; Benschop
kinase 8 Protein Kinase in guard cells et al., 2007; Chen et al., 2010;

Keinath et al., 2010; Zhang and
Peck, 2011; Elmore et al., 2012;
Zargar et al., 2015; Zou et al., 2015

At5g24430 AtCRK4 Calcium- Calcium plastid, nucleus, PM Benschop et al., 2007; Marmagne
dependent protein  Dependent cytosol, mitochondrion et al., 2007; Chen et al., 2010;
kinase 4 Protein Kinase Keinath et al., 2010; Zhang and

Peck, 2011; Li et al., 2012;
Szymanski et al., 2015; De Michele
etal, 2016

At5g66210 AtCPK28 Calcium- Calcium cytosol, plastid, PM plant immunity Dammann et al., 2003; Benschop
dependent protein  Dependent mitochondrion, nucleus et al., 2007; EImore et al., 2012;
kinase 28 Protein Kinase Monaghan et al., 2014; Monaghan

et al., 2015; Matschi et al., 2015; De
Michele et al., 2016

At2g15680 AtCML30 Calmodulin-like Calmodulin-like  plastid, mitochondrion, mitochondrion Chigri et al., 2012
protein 30 protein cytosol, PM

At2g41410 AtCML35 Probable calcium- Calmodulin-like  plastid, mitochondrion, PM, vacuole dark induced Lee et al., 2005; Benschop et al.,
binding protein protein nucleus, cytosol, PM 2007; Whiteman et al., 2008; EImore
CML35 et al., 2012; Li et al., 2012; De

Michele et al., 2016

At2g43290 AtCML5 Calmodulin-like Calmodulin-like  plastid, mitochondrion, ER, Golgi dark and touch Lee et al., 2005; Ruge et al., 2016

protein 5 protein nucleus, cytosol, PM, induced
ER, extracellular

At3g10190 AtCML36 Calmodulin-like Calmodulin-like  plastid, nucleus, PM ACAB8 activation Benschop et al., 2007; Astegno
protein 36 protein mitochondrion, cytosol etal., 2017

At3g29000 AtCML45 Calmodulin-like Calmodulin-like  plastid, mitochondrion,
protein 45 protein Golgi, cytosol, PM, ER

At3g50770  AtCML41 Probable calcium- Calmodulin-like  plastid, mitochondrion,
binding protein protein cytosol
CML41

At4g26470 AtCML21 Calmodulin-like cytosol, PM, cell wall Nguyen-Kim et al., 2016
protein 21 mitochondrion,

nucleus, plastid

At5g04170  AtCML50 Probable calcium-  Calmodulin-like  plastid, extracellular cell wall Nguyen-Kim et al., 2016
binding protein protein space, ER,

CML50 mitochondrion, PM,
nucleus

At5g39670 AtCML46 Calmodulin-like Calmodulin-like  cytosol, plastid,
protein 46 protein mitochondrion, ER,

Golgi, nucleus,
extraellular

Atbg42380 AtCML37 Calcium-binding Calmodulin-like  plastid, nucleus, cytosol, drought, wounding  Vanderbeld and Snedden, 2007;
protein CML37 protein cytosol, PM, nucleus Inzé et al., 2012; Scholz et al., 2014;

mitochondrion Scholz et al., 2015

At4g32060 AtMICU Calcium uptake PM, mitochondrion, mitochondrion  regulation of Ca®*  Wagner et al., 2015; Teardo et al.,
protein, plastid uniporters (MCUs) 2017
mitochondrial

At4983000 AtCBL10 Calcineurin B-like  Calcineurin B-  plastid, mitochondrion, PM, tonoplast  salt tolerance Mitra et al., 2009; Ma et al., 2019;
protein 10 like protein PM, ER Yang et al., 2019

(Continued)
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TABLE 1 | Continued

Gene ID Protein Description Protein family Predicted Experimental involved in references
Name Localization Localization
(Aramemnon or (FP, MS/MS)
SUBA4)
At5g23060 AtCAS Calcium sensing  Calcium plastid, mitochondrion  plastid, high light, stomatal ~ Vainonen et al., 2008; Weinl et al.,
receptor sensing thylakoid, regulation, drought  2008; Behrens et al., 2013; Helm
receptor Golgi, tolerance et al., 2014; Tomizioli et al., 2014;
mitochondrion, Wang et al., 2014; Heard et al.,
nucleus 2015; Fakih et al., 2016; Fromm

et al., 2016; Melonek et al., 2016;
Senkler et al., 2017; Cutolo et al.,

2019
Ca?* transporters/channels
At1953210 AINCL Sodium/calcium NCL/EF-CAX-  plastid, mitochondrion, PM, tonoplast  flowering time, Nikolovski et al., 2012; Elmore et al.,
exchanger type cation Golgi, cytosol, PM, ER auxin signaling, salt  2012; Li et al., 2016; Wang et al.,
exchanger stress 2012; Yoshida et al., 2013;

Szymanski et al., 2015; Zargar et al.,
2015; Li et al., 2016

At2934020 Putative EF-CAX-  EF-CAX-type PM, plastid,
type cation cation mitochondrion, ER,
exchanger exchanger Golgi
At2g38170 AtCAX1 High-affinity CAX-type plastid, mitochondrion, tonoplast Cd?* tolerance; pH  Cheng et al., 2003; Conn et al.,
calcium/proton proton:calcium  Golgi, PM, tonoplast regulation; hormone 2011; Cho et al., 2012; Baliardini
cation exchanger  cation signaling; guard cell et al., 2015; Hocking et al., 2017
exchanger dynamics; stress
response
At3g14070 AtCCX3/ Cation/calcium CCX-type plastid, mitochondrion, endomembrane Morris et al., 2008
CAX9 exchanger 3 cation:calcium  Golgi, PM, ER
cation
exchanger
At3g51860 AtCAX3 High-affinity CAX-type plastid, mitochondrion,  tonoplast pH regulation; Manohar et al., 2011; Cho et al.,
calcium/proton proton:calcium  Golgi, PM, tonoplast hormone signaling;  2012; Hocking et al., 2017
cation exchanger  cation guard cell dynamics
exchanger
At5g01490 AtCAX4 High-affinity CAX-type plastid, ER, PM, tonoplast Cd?* accumulation  Cheng et al., 2002; Mei et al., 2009
calcium/proton proton:calcium  tonoplast
cation exchanger  cation
exchanger
At2g23790 AtMCU3 Putative channel ~ Component of  plastid, mitochondrion, tonoplast Yoshida et al., 2013
component of MCU calcium nucleus
MCUC calcium uniporter
uniporter complex complex
At4g36820 AtMCU4 Putative channel Component of  mitochondrion, mitochondrion Teardo et al., 2017
component of MCU calcium chloroplast, nucleus
MCUC calcium uniporter
uniporter complex complex
At5g66650 AtMCU6/ Putative channel ~ Component of  plastid, mitochondrion  plastid, drought, hypoxia Teardo et al., 2019; Lee and Bailey-
AtcMCU component of MCU calcium mitochondrion Serres, 2019
MCUC calcium uniporter
uniporter complex complex
At1g05200 AtGLR3.4 Putative GLR-type GLR-type PM, plastid, ER, Golgi, plastid, PM Ca?* transport; salt  Meyerhoff et al., 2005; Stephens
amino acid-gated  ligand-gated mitochondrion and cold stress; et al., 2008; Teardo et al., 2011,
calcium cation cation channel ABA signaling; seed Vincill et al., 2013; Cheng et al.,
channel germination; lateral 2018
root development
At2g17260 AtGLRS3.1 Putative GLR-type GLR-type PM, plastid, ER, Golgi  endomembrane stomatal closure Cho et al., 2009; Kong et al., 2016;
calcium cation- ligand-gated Nguyen et al., 2018a
permeable cation channel
channel
At2g32390 AtGLR3.5 Putative GLR-type GLR-type PM, plastid, mitochondrion, ~ Ca®* transport; Teardo et al., 2015; Kong et al.,
calcium cation- ligand-gated mitochondrion, nucleus plastid ABA signaling; seed 2016; Ju et al., 2020
permeable cation channel germination;
channel stomatal closure

(Continued)

Frontiers in Plant Science | www.frontiersin.org 179 March 2020 | Volume 11 | Article 186


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Navazio et al.

Chloroplast Calcium Signaling

TABLE 1 | Continued

Gene ID Protein Description Protein family Predicted Experimental involved in references
Name Localization Localization
(Aramemnon or (FP, MS/MS)
SUBA4)
At5g11210 AtGLR2.5 Putative GLR-type GLR-type plastid, mitochondrion, PM Mitra et al., 2009
calcium cation- ligand-gated PM
permeable cation channel
channel
At1g69450 AtOSCA2.4  Early-responsive  OSCA1/2/3-type chloroplast, PM Yuan et al., 2014
to dehydration Ca®*-permeable  mitochondrion, PM,
stress protein hyperosmolality- ~ Golgi
(ERD4) gated channel
At3g54510 AtOSCA2.5 Hyperosmolality-  OSCA1/2/3- mitochondrion, plastid, ER, Lee et al., 2011
gated calcium- type Ca*- nucleus, Golgi,ER, PM  mitochondrion,
permeable permeable plastid
channel hyperosmolality-
gated channel
At4g02900 AtOSCA1.7  Hyperosmolality-  OSCA1/2/3-type mitochondrion, plastid,
gated calcium- Ca*-permeable  nucleus, Golgi,ER, PM
permeable hyperosmolality-
channel gated channel
At4g35870 AtOSCA4.1/ Calcium- OSCA4-type chloroplast, Golgi Heard et al., 2015
AtGFS10 permeable unspecified mitochondrion, PM,
channel-like channel Golgi, nucleus
protein
At4g37270 AtHMA1 Thapsigargin- P1B-type plastid, mitochondrion,  chloroplast photosynthesis Seigneurin-Berny et al., 2006;
sensitive calcium/  heavy metal PM envelope Higuchi et al., 2009; Ferro et al.,
heavy metal cation- 2010; Nikolovski et al., 2012;
cation- transporting Tomizioli et al., 2014
transporting P1B-  ATPase
type ATPase
At1g27770 AtACA1 Calcium- P2B-type plasma membrane, plastid, ER, Huang et al., 1993; Dunkley et al.,
transporting calcium cation-  plastid, cytosol, ER, PM, tonoplast, 2006; Benschop et al., 2007; Mitra
ATPase transporting mitochondrion, nucleus microtubule et al., 2009; Zhang and Peck, 2011;
ATPase Yoshida et al., 2013; Hamada et al.,
2013
At3g21180 AtACA9 Calcium- P2B-type plasma membrane, plasma pollen Schiott et al., 2004; Tomizioli et al.,
transporting calcium cation-  plastid, cytosol, ER, membrane, development, 2014
ATPase transporting mitochondrion, nucleus  plastid, cytosol
ATPase
At4g37640 AtACA2 Calcium- P2B-type PM, ER, plastid, Golgi, ER, PM  salt tolerance in Dunkley et al., 2006; Benschop
transporting calcium cation-  mitochondrion, vacuole yeast et al., 2007; Anil et al., 2008; Zhang
ATPase transporting and Peck, 2011; Nikolovski et al.,
ATPase 2012; Heard et al., 2015
At5¢g53010 Calcium- P2B-type mitochondrion, PM, ER  plastid Tomizioli et al., 2014
transporting calcium cation-
ATPase, putative  transporting
ATPase
At1g64150 AtBICAT1/  Putative calcium/  PAM71-type plastid, mitochondrion  thylakoid Mn?* homeostasis, Wang et al., 2016; Schneider et al.,
AtPAM71/  manganese cation manganese/ membrane phototropic growth, 2016; Frank et al., 2019
AtCCHA1 transporter calcium cation chloroplast Ca®*
transporter homeostasis,
photosynthesis
At4g13590 AtBICAT2/  Putative calcium/  PAM71-type plastid, mitochondrion  chloroplast Mn?* homeostasis,  Ferro et al., 2010; Zybailov et al.,
AtCMT1 manganese cation manganese/ envelope phototropic growth, 2008; Ferro et al., 2010; Tomizioli
transporter calcium cation chloroplast Ca®* et al., 2014; Eisenhut et al., 2018;
transporter homeostasis, Zhang et al., 2018; Frank et al.,
photosynthesis 2019
Others
At1g64850 Calcium- vacuole, plastid, Reumann et al., 2009; Ferro et al.,
binding EF mitochondrion, plastid, peroxisome 2010; Nikolovski et al., 2012
hand family nucleus, vacuole
protein

(Continued)
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TABLE 1 | Continued

Gene ID Protein Description Protein family Predicted Experimental involved in references
Name Localization Localization
(Aramemnon or (FP, MS/MS)
SUBA4)
At2g42590 AtGRF9 14-3-3-like 14-3-3 protein  nucleus, cytosol, cytosol, plastid, root growth in Mayfield et al., 2012; He et al., 2015;

protein GF14 mu

Calcium
binding protein

At4g08810  AtSUB1
Golgi,

mitochondrion, PM

plastid, nucleus, ER,

vacuole, water stress, leaf Liu et al., 2017; Omidbakhshfard
nucleus, PM, development,cold etal., 2018
peroxisome, stress
Golgi
Golgi cryptochrome and  Guo et al., 2001; Parsons et al.,
phytochrome 2012
coaction

At4g34070 Calcium- plastid, mitochondrion,
binding EF- Golgi, ER, cytosol,
hand family extracellular
protein

At4g38810 Calcium- plastid, nucleus,
binding EF- mitochondrion, cytosol
hand family
protein

The experimental determined localization comes from MS/MS analyses or fluorescent protein fusion (FP). Articles referring to the original data are reported. In bold proteins proved to be
located in chloroplasts. In italics genes involved in stress response. PM, plasma membrane; ER, endoplasmic reticulum.

Zhang et al., 2018). In addition to Ca** channels and transporters,
Ca”" sensors, namely 21 proteins, are predicted to be located in
plastids. However, only three have been confirmed so far:
AtCPK20, AtCPK31, and AtCAS. It is worth to mention that
CPK20, besides the plastidial localization that was confirmed by
MS/MS approaches (Behrens et al,, 2013), showed a plasma
membrane localization when fused to reporter genes or co-
expressed with other CPK members (Gutermuth et al, 2013).
CPK31 has also been shown to localize at the plasma membrane
when interacting with the arsenite transporter NIP1;1 (Ji et al.,
2017). In addition, localization of many CPKs with chloroplast-
targeting sequence can be affected by N-acylation. For example,
AtCPK20 and 31 are located in the chloroplast, only if its N-
acylation is prevented (Stael et al., 2011). Interestingly, AtGRF9, a
Ca®"-regulated 14-3-3 protein, although not predicted to be
located in chloroplasts, has been demonstrated to be present in
many compartments, including plastids. This regulatory protein is
involved in root and leaf development under water stress (He et al.,
2015) and leaf development in general (Omidbakhshfard et al,
2018), but its role in chloroplasts has not yet been explored.

The presence of members of protein families involved in Ca**
transport/sensing supports the idea of a core-machinery determining
the observed Ca®' transients in the chloroplast stroma, and
putatively in the thylakoid lumen as well. Ca>* sensors are indeed
present in plastids, although their activity in deciphering organellar
Ca®" signatures has not been fully demonstrated so far. Nevertheless,
a recent work points to CAS as mediator of light response and
photoacclimation (Cutolo et al., 2019).

The multiple localizations shown by some proteins in Table 1
awaits further investigation. Recent evidence is pointing to the
hypothesis of an inter-connection between organelles and nucleus
for material exchanging or signal propagation (Kmiecik et al.,
2016). The presence of the Ca** handling machinery in multiple
positions can be part of the retrograde signaling in response to
adverse environmental conditions (Pornsiriwong et al., 2017).

STRUCTURAL AND FUNCTIONAL
COMPARISON BETWEEN MCU
ISOFORMS FROM DIFFERENT
ORGANISMS AND THE CHLOROPLAST-
LOCALIZED HOMOLOGUE IN PLANTS

As mentioned above, AtcMCU is one of the very few molecular
entities among the plastidial Ca** channels/transporters shown to
work as a Ca**-permeable ion channel, to mediate indeed Ca**
flux across chloroplast envelope and to participate in the drought
stress response in Arabidopsis. While many organisms have only
one MCU isoform (Bick et al., 2012), Arabidopsis harbours 6
different isoforms: 5 with clear predicted subcellular localization to
mitochondria, whereas AtMCU6/At5g66650 has a predicted
localization to either chloroplasts and/or to mitochondria.
Localization prediction was confirmed for AtMCU1/At1g09575
(Teardo et al,, 2017), AtMCU2/At1g57610 (Wagner et al., 2015;
Selles et al.,, 2018), AtMCU3/At2g23790 (Carraretto et al.,, 2016).
For AtMCU6 an interesting situation was observed: in tissues
harbouring mature chloroplasts, AtMCU6 was efficiently targeted
to these photosynthetic organelles, whereas in roots the protein
was found in mitochondria (Teardo et al, 2019). Thus, either
plastid-specific partners promote targeting of AtMCU6/AtcMCU
or targeting depends on the metabolic state of a given cell.
However, among the possible partners (https://string-db.org/
network/3702.AT5G66650.1) no proteins with unique
localization to chloroplasts are present. Thus, the mechanism by
which dual localization occurs awaits clarification.

The N-terminal domain (NTD) of AtcMCU harbours motifs
rich in acidic residues, one of which (107-118) playing a role in
Ca’" uptake by cMCU, as demonstrated by mutagenesis studies
(D107A/E118K mutant) and Ca** uptake assays in an aequorin-
based E. coli system (Teardo et al., 2019). Two groups
independently set up the same system to study MCU activity,
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namely that exploiting E. coli stably expressing aequorin
(Teardo et al., 2019) or the fluorescent Ca>* reporter GCaMP2
(Fan et al., 2018). This valuable tool allows a quick screening of
the effect of MCU residues' mutations and of chemical
modulators on the Ca®" flux-mediating activity and may
become a method of choice for further structure-function studies.

One common feature of MCU homologs from fungi and
Arabidopsis is that they can function as Ca**-permeable
channels on their own in contrast to vertebrates, where the
uniporter is a complex (MCUC) consisting of multiple subunits,
including: 1) the channel forming unit (MCU) with two
transmembrane segments and a conserved DXXE sequence
forming the Ca®" selectivity filter (see Figure 1); 2) regulatory
EF-hand proteins MICU1-3; 3) a small, single-pass
transmembrane protein, EMRE (Essential MCU REgulator)
[for review see e.g.(Wagner et al, 2016)]. The structure of
MCU homologs from various organisms has been recently
solved: 1) from Fusarium graminearum and Metarhizium
acridum revealing a dimer assembly of MCU (Fan et al., 2018);
2) from Neurospora crassa (Yoo et al, 2018); 3) from
Neosartorya fischeri (Nguyen et al., 2018b); and from 4)
zebrafish and Cyphellophora europaea (Baradaran et al., 2018).
All these homologues share high sequence similarity in their
transmembrane domains, show a similar pore architecture and a
high structural similarity of the NTDs (despite relatively low
sequence homology). The amino acid sequence is more similar
between Arabidopsis and Dictyostelium discoideum than
between AtMCUs and human MCU (Teardo et al., 2017). This

similarity apparently translates also to the tertiary structure of
the two proteins, at least regarding the N-terminal domain,
whose structure has been recently resolved for Dictyostelium
MCU, proving its divergent evolution (doi: https://doi.org/10.
1101/848002) (see Figure 1).

In plants and fungi, the pore-forming unit MCU alone is able
to allow Ca** flux, without the need of EMRE, as confirmed by
different groups (Tsai et al., 2016; Teardo et al., 2017; Fan et al,,
2018; Teardo et al.,, 2019). In fact, homologs of EMRE are not
present in these organisms. The cryo-EM structure of the human
MCU-EMRE complex (Wang et al,, 2019) suggests that NTD
mediates the dimerization of two human MCU tetramers,
thereby modulating the function of the channel [although
deletion of NTD does not affect Ca>" flux (Lee et al., 2015)]. In
contrast to other MCUs, an (R/K)/Q/(R/K/D)/K/L motif is found
in the L2 (Oxenoid et al., 2016) (now called CC2a for coiled-
coiled domain 2a) (Wang et al., 2019) region of Arabidopsis,
Dictyostelium and NfMCU (Teardo et al,, 2017; Wang et al,
2019), all being able to form functional MCU without EMRE. It
has been proposed that the extended side chain of HsMCU R297
(missing in the above MCUs) on CC2a connects the gate-
forming juxtamembrane loop (JML) of MCU to EMRE by
forming hydrogen bonds with the hydroxyl group of highly
conserved T285 (on the JML of MCU) and a valine residue of
EMRE. Interaction between CC2a and EMRE has been proposed
as a crucial factor determining the conductivity of the channel
formed by MCU tetramers. On the other hand, in the EMRE-
independent Dictyostelium MCU, deletion of either CC1 or CC2

A Selectivity
= filter =)

N-terminal
Domain

Transmembrane
Domain

FIGURE 1 | Structural features of chloroplast MCU from Arabidopsis thaliana, modelled by Phyre V 2.0. From the left to the right: (panel A) cartoon view of the
superposition of MCU structure from Neurospora crassa (cryoEM, 3.7 A resolution, PDB:6DTO, grey), used as a reference, and predicted A. thaliana cMCU
transmembrane tetrameric assembly (coloured chains); (panel B, C) details of the transmembrane (TM) and coiled-coil domain (CCD) tetrameric assembly and
selectivity filter (panel C), where the four chains are shown in yellow, orange, pale violet and green. The key acidic residues within the highly conserved motif
(WDXXEP, where X is any hydrophobic residue) of cMCU are highlighted in sticks, as well as the coordinated calcium ion, shown as dark grey sphere; (panel D)
superposition of the model of one monomer of A. thaliana cMCU channel (orange and red) and N. crassa MCU tetramers (light grey); cMCU model shown here
includes the transmembrane domain (TM), part of the coil-coiled region and the N-terminal domain (NTD), the last predicted according to our previous homology
searches and its similarity toward Dictyostelium discoideum NTD (PDB:5Z2H, doi: https:/doi.org/10.1101/848002). The superposition underlines the divergence from
metazoan NTDs and other structure-known fungal homologues such as NcMCU, CeMCU, MaMCU, and NfMCU.
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caused the loss of function of MCU (Yamamoto et al., 2019),
suggesting that these two domains are crucial for MCU function
independently of their ability to bind EMRE. Altogether,
determination of structural differences among various MCUs
accounting for the requirement of EMRE for channel function
requires further work.

CONCLUSIONS AND PERSPECTIVES

In these last few years there has been a surge of papers on Ca**
signaling in chloroplasts, witnessing the crucial role
increasingly attributed to these plant-unique organelles in the
orchestration of the complex Ca®" signaling network of the
plant cell. We foresee that the newly available experimental
tools to investigate the role of thylakoids in Ca**-mediated
signal transduction, the molecular identification of Ca*"
channels/transporters in chloroplast membranes and the
determination of the structure of transmembrane proteins by
cryo-EM will lead to a rapid development of this exciting field
of plant research. Future plant organellar Ca>* signaling studies
should also focus on non-photosynthetic plastids, which have
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Thylakoid membranes, the site of photochemical and electron transport reactions of
oxygenic photosynthesis, are composed of a myriad of proteins, cofactors including
pigments, and glycerolipids. In the non-diazotrophic cyanobacterium Synechocystis sp.
PCC 68083, the size and function of thylakoid membranes are reduced under nitrogen (N)
starvation but are quickly recovered after N addition to the starved cells. To understand
how the functionality of thylakoid membranes is adjusted in response to N status in
Synechocystis sp. PCC 6803, we examined changes in thylakoid components and the
photosynthetic activity during the N starvation and recovery processes. In N-starved
cells, phycobilisome content, photosystem Il protein levels and the photosynthetic
activity substantially decreased as compared with those in N-sufficient cells. Although
the content of chlorophyll (Chl) a, total protein and total glycerolipid also decreased
under the N-starved condition based on OD7gq reflecting cell density, when based
on culture volume, the Chl a and total protein content remained almost constant and
total glycerolipid content even increased during N starvation, suggesting that cellular
levels of these components decrease under the N-starved condition mainly through
dilution due to cell growth. With N addition, the photosynthetic activity quickly recovered,
followed by full restoration of photosynthetic pigment and protein levels. The content
of phosphatidylglycerol (PG), an essential lipid constituent of both photosystems,
increased faster than that of Chl a, whereas the content of glycolipids, the main
constituents of the thylakoid lipid bilayer, gradually recovered after N addition. The
data indicate differential regulation of PG and glycolipids during the construction of the
photosynthetic machinery and regeneration of thylakoid membranes. Of note, addition
of PG to the growth medium slightly accelerated the Chl a accumulation in wild-type
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Kobayashi et al.

Nitrogen-Induced Thylakoid Reorganization

cells during the recovery process. Because PG is required for the biosynthesis of Chl
a and the formation of functional photosystem complexes, rapid PG biosynthesis in
response to N acquisition may be required for the rapid formation of the photosynthetic
machinery during thylakoid regeneration.

Keywords: cyanobacterium, nitrogen starvation, phosphatidylglycerol, photosystem, pulse amplitude modulation
fluorometry (PAM), thylakoid membrane

INTRODUCTION

A typical cyanobacterial cell contains the thylakoid membrane
in addition to the plasma membrane and the outer membrane.
In the thylakoid membrane, photosystem II (PSII), cytochrome
bef and photosystem I (PSI) are embedded in a lipid bilayer with
ATP synthase and form photosynthetic electron transport chain,
which, by harnessing light energy, creates an electrochemical
proton gradient for ATP synthesis and a strong reductant capable
of reducing NADP" (Lea-Smith et al.,, 2016; Liu, 2016). On
the surface of the thylakoid membrane, phycobilisomes (PBSs)
associate with PSII and PSI as the light-harvesting antenna and
transfer absorbed light energy to chlorophyll (Chl) a in the
photosystem complexes.

Proteins are the most abundant component of the thylakoid
membrane and account for 50-70% of total thylakoid
components by weight (Murata et al., 1981; Chapman et al,
1983; Omata and Murata, 1983). Nitrogen (N) starvation
strongly affects protein homeostasis and thus thylakoid functions
including the photosynthetic electron transport (Forchhammer
and Schwarz, 2019). The most prominent alteration in proteome
with N starvation is extensive degradation of PBSs, which
are composed of phycobiliproteins with covalently bound
phycobilins and non-pigmented linker proteins. The degradation
of PBSs leads to chlorosis of the N-starved cell in combination
with decreased Chl a content. Proteins in PBSs constitute up
to 50% of total protein in the cyanobacterial cell under optimal
growth conditions and thus can provide massive nutrients
with degradation in response to N starvation (Collier and
Grossman, 1992; Gorl et al.,, 1998). Another objective of the
active degradation of PBSs may be avoidance of photodamage
caused by over reduction of photosynthetic electron carriers due
to the low metabolic activity during N starvation (Forchhammer
and Schwarz, 2019). The levels of photosystem proteins also
decrease under N-starved conditions, with PSII subunits more
strongly degraded than PSI subunits (Spit et al., 2018). Thylakoid
membranes become almost absent after long-term N starvation,
and instead, granules of glycogen and other storage compounds
accumulate in the cytosol. However, in Synechocystis sp. PCC
6803 (hereafter Synechocystis), addition of nitrate to N-starved
cells induces gradual re-formation of thylakoid membranes
(Klotz et al., 2016). Chlorotic Synechocystis cells re-green and
almost completely re-establish thylakoid membranes after 48 h
of recovery from N starvation.

In addition to proteins and photosynthetic pigments,
glycerolipids are major and essential constituents of the
thylakoid membrane. The lipid composition of the thylakoid
membrane is highly conserved among cyanobacteria
and chloroplasts of algae and plants, with four major

glycerolipids, monogalacto-syldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDQG), sulfoquinovosyl-
diacylglycerol (SQDG), and phosphatidylglycerol (PG) (Janero
and Barrnett, 1981; Murata et al., 1981; Dorne et al., 1990).
MGDG, which contains one galactose residue bound to
diacylglycerol, is the most abundant lipid class in the thylakoid
membrane, followed by DGDG formed from MGDG. Together
with SQDG containing a sulfoquinovose in the polar head group,
these glycolipids account for ~90 mol% of total thylakoid lipids.
The rest ~10 mol% is composed of PG, the only phospholipid
in cyanobacteria. These glycerolipids form a lipid bilayer of the
thylakoid membrane, which avoids free diffusion of ions and
allows for generating an electrochemical potential difference
across the membrane for ATP synthesis. Besides providing a
matrix embedded with protein-pigment complexes and ATP
synthase, glycerolipids in thylakoids play essential roles in
photosynthesis as structural and functional components of
PSII, cytochrome bgf and PSI (Kobayashi et al., 2016). Thus,
biogenesis of the thylakoid membrane with the functional
photosynthetic machinery needs coordinated synthesis and
assembly of proteins, cofactors including Chls, and glycerolipids,
as represented by essential roles of galactolipids in the thylakoid
membrane organization during chloroplast development in
Arabidopsis thaliana (Fujii et al., 2019b).

In Synechocystis, the size and function of thylakoid membranes
are reduced under N starvation but are rapidly recovered after N
addition (Klotz et al., 2016). However, during this process, how
the amounts of glycerolipids and other thylakoid components
are organized with the thylakoid functionality remains unknown.
To understand the relationship between the membrane lipid
metabolism and other thylakoid-associated processes during
N starvation and recovery in Synechocystis, we investigated
changes in the content of membrane lipids and other thylakoid
components and the photosynthetic activity before and after N
addition to the N-starved cells.

MATERIALS AND METHODS
Growth Conditions

Synechocystis cells were cultured in 1,000 ml Erlenmeyer flasks
containing 500 ml of the BG11 medium (Stanier et al.,, 1971)
for photoautotrophic growth at 30°C under continuous light
(15 wmol photons m~2 s~1) with rotary shaking at 100 rpm.
For the N-starved growth, cells were first grown in BG11
medium for 7 days and collected by centrifugation (1,840 x
g 10 min). After a wash of the cell precipitates with N-free
medium (BG11y: BG11 without nitrate), cells were resuspended
in BG11j to set OD73p = 0.4. For the recovery growth from
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N starvation, cells grown in BG11y for 7 days were harvested
(1,840 x g 10 min) and resuspended in the BGI1 medium
to set OD73p = 0.6. The cell density was measured using a
spectrophotometer (UV-2600, Shimadzu, Japan or V730BIO,
JASCO, Japan). For PG supplementation, 40 mM dioleoyl-PG
(Sigma-Aldrich) dissolved in 100% ethanol was added to growth
media at a final concentration of 20 WM PG and 0.05% (v/v)
ethanol. As the negative control of PG supplementation, 100%
ethanol was added to growth media at a final concentration
0f 0.05% (v/v).

Determination of Absorption Spectra and
Content of Chl a and Phycocyanin

For measurement of absorbance spectra of intact cells, an
integrating sphere (ISR-2600, Shimadzu) was attached to the
UV-2600 spectrophotometer (Shimadzu, Japan). Chl a and
phycocyanin content was estimated from the absorbance of intact
cells at 620 nm and 678 nm as described (Arnon et al., 1974). For
accurate determination of Chl a content, pigments were extracted
from cells with 100% methanol. Concentration of Chl a in the
methanol extracts was calculated from the absorbance at 665
nm (Grimme and Boardman, 1972) or from the fluorescence
emission at 670 nm under 435 nm excitation measured by
a spectrofluorometer (RT-5300PC, Shimadzu, Japan). The Chl
a standard sample of known concentration was used for the
fluorometric determination of the Chl a content.

Determination of Oxygen Evolution
Rates and PSI Activity

The oxygen consumption rate and evolution rate were measured
in cell suspensions at OD739 of 0.6 with a Clark-type oxygen
electrode (Hansatech Instruments Ltd., United Kingdom) and a
LED lamp (CCS Inc., Japan). Oxygen consumption was measured
in the absence of light and net oxygen evolution was measured
with illumination of growth light (48 jumol photons m=2 s=1).
The data were normalized with the OD73¢ value. To determine
the maximal photosynthetic activity, the oxygen evolution rate
was measured under saturating light (1995 pmol photons
m~2 s7!) and the oxygen consumption rate in the dark was
subtracted from the data. The gross oxygen evolution rates were
normalized with Chl a content of each cell suspension sample.
The oxidation kinetics of the PSI reaction center Chl (P700) was
measured by a Dual-PAM system (Heinz Walz GmbH, Germany)
in cell suspensions at OD73( of 0.5. The quantum yields of the PSI
photochemistry [Y(I)], non-photochemical energy dissipation
due to the acceptor-side limitation [Y(NA)], and that due to
the donor-side limitation [Y(ND)] were measured after 2-min
illumination of either low (34 pwmol photons m~2 s~!) or
high actinic light condition (212 pmol photons m~2 s~!). The
maximum level of P700 (Pm) was measured with saturating light
irradiation before the actinic light treatment.

Protein Extraction, SDS-PAGE, and

Western Blot Analysis
For protein extraction, 20 ml of culture (OD73p = 0.5) was
centrifuged at 1,840 x g, and the precipitated cells were frozen

with liquid nitrogen. These cells were lysed six times by a
homogenizer (Micro Smash MS-100R, TOMY, Japan) at 4,500
rpm for 20 s at 2°C. Then the powdered cells were suspended
in 100 1 of the resuspend solution [1 mM phenylmethylsulfonyl
fluoride and 5 mM 6-aminocaproic acid] (Barthel et al., 2013).
For protein content analysis, aliquots of the suspended cells were
mixed with the same volume of detergent solution [60 mM
Tris-HCI (pH6.8), 2% SDS (w/v)]. A BCA Protein Assay Kit
(Thermo Fisher Scientific, United States) was used with bovine
serum albumin as a standard. For SDS-PAGE and Western
blot analysis, 70 pl of the resuspended cell solution was
mixed with the same volume of loading buffer [0.5 M Tris-
HCl (pH6.8), 60% (w/v) glycerol, 10% (w/v) SDS, 350 mM
dithiothreitol, 1 mg/ml bromophenol blue] and incubated at
37°C for 2 h to solubilize proteins with avoiding aggregation
of membrane proteins. Then 10 pl of the resulted protein
solution was loaded on polyacrylamide gels containing 10%
(w/v) acrylamide to perform Laemmli SDS-PAGE (Laemmli,
1970). For visualization of protein bands, the gels were stained
with Coomassie Brilliant Blue R-250 (CBB). Pre-stained Protein
Markers (Broad Range) for SDS-PAGE (Nacalai Tesque, Japan)
were used to calibrate the gels.

For immunodetection, rabbit antibodies against PsaA
(AS06172), PsaB (AS10695), PsbC (AS111787, CP43), and RbcL
(AS03037) (Agrisera, Sweden) were used at a 1:3,000 dilution.
A polyclonal antibody against spinach PsbA/D (a gift from
Dr. Masahiko Ikeuchi at The University of Tokyo) was used
at the same dilution. These antibodies were detected with an
anti-rabbit horseradish peroxidase-coupled antibody (ab97051,
Abcam plc, United Kingdom) at a dilution of 1:10,000 followed
by development with Western Lightning Plus-ECL (Perkin
Elmer, United States).

Lipid Analysis

Lipids were extracted as described (Bligh and Dyer, 1959) and
separated by TLC. For membrane lipid analysis, a solvent system
of chloroform: methanol: 25% ammonium (65: 35: 5, v/v) (Sato
and Murata, 1988) was used for separation. For quantitative
analysis of fatty acids attached to lipids, each separated spot was
scraped off and fatty acid methyl esters (FAMEs) were prepared.
FAMEs were then analyzed by gas chromatography equipped
with a flame ionization detector as described (Awai et al., 2014).
From the FAME data, fatty acid composition and the amount of
each lipid class were calculated by using pentadecanoic acid as
internal standard.

Transmission Electron Microscopy

A 30 ml culture of Symechocystis cells (OD739 = 0.5) was
harvested and fixed in 2% (w/v) glutaraldehyde/BG11 medium
for 30 min at room temperature. Cells were centrifuged (1,840
X g 20 min) and resuspended in the fixing buffer [2.5%
(w/v) glutaraldehyde, 0.1 M sodium phosphate (pH7.2)] for
20 min at room temperature. Then the cells were harvested
again (1,840 x g 20 min), resuspended in the fixing buffer
for 100 min at room temperature, and then stored at 4°C.
Samples were then washed five times in the fixing buffer for
5 min each at room temperature, and post-fixed with 1%
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(w/v) osmium tetroxide in 0.1 M sodium phosphate buffer
(pH7.2) for 2 h at room temperature. The fixed samples were
dehydrated in a graded ethanol series and embedded in epoxy
resin mixture (Epon812 mixture: TAAB, EM Japan, Japan).
Ultrathin 70 nm sections were cut on a diamond knife with an
ultramicrotome (Leica EM UC7, Leica, Germany) and placed on
copper grids. The sections were first stained with EM stainer
(Nissin EM, Japan) for 60 min and then with lead citrate for
9 min. Samples were observed under a transmission electron
microscope (JEM-1400Plus, JEOL, Japan) with accelerating
voltage at 100 kV.

Quantification of total thylakoid length and total area of high
electron-dense inclusions in a cross-section of a Synechocystis cell
was carried out on the transmission micrographs with Image]J
software. Small spots with the area <1,000 nm? were eliminated
from the analysis of the high electron-dense inclusions.

RESULTS

Rapid Changes in Pigment Content in

Response to N Conditions

The availability of nitrogen strongly affects growth of non-
diazotrophic  cyanobacteria including  Symechocystis. In
Synechocystis, cell density represented by ODy3p only slowly
increased under the N-starved condition (Figure 1A), which
agreed with a similar increase in cell number of Synechocystis
during N starvation (Krasikov et al., 2012). After the growth
in the absence of N source for 7 days, Synechocystis cells were
transferred to the fresh BG11 medium containing nitrate as N
source. The ODy3 values slightly decreased at the early stage
of recovery but began to increase after 18 h of N addition
(Figure 1B). These data are consistent with the previous report
in Synechocystis by Klotz et al. (2016), in which cells were starved
for N for the longer term (>1 month). Then we analyzed changes
of pigment content based on OD73p during N starvation and
recovery. Previous studies reported that PBSs are subject to
rapid degradation in response to N starvation (Collier and
Grossman, 1992; Gorl et al, 1998; Deschoenmacker et al,
2014; Spat et al.,, 2018). In fact, our spectroscopic analysis of
intact cells using an integrating sphere demonstrated that N
starvation induced a rapid decrease in the absorbance around
626 nm mainly by PBSs (Figure 1C). The absorbance around
680 and 440 nm mainly by Chl a also decreased during N
starvation, but to a lesser extent than that by PBSs, consistent
with the gradual decrease of Chl a content during N starvation
determined by the methanol extraction method (Figure 1D).
Spectroscopic estimation of phycocyanin and Chl a content in
intact cells further supported the rapid and moderate decrease in
phycocyanin and Chl a content, respectively, at the early stage
of N starvation (Supplementary Figure S1A). Phycocyanin
began to accumulate from 6 h after transfer to the N-sufficient
condition and the content rapidly increased between 12 and 24
h (Figure 1E). Chl a showed an accumulation pattern similar to
phycocyanin, but with a lower increase rate than phycocyanin
(Figure 1F and Supplementary Figure S1B).

Changes in Protein Content During the

Recovery Process From N Starvation

To compare the changes of protein content with those of
PBSs and Chl a in response to N status, we performed
a time-course analysis of total protein content during N
starvation and recovery. As did the Chl a content, the total
protein content based on ODy3¢ gradually decreased during N
starvation (Figure 2A). The protein content increased during
first 6 h after N addition to the starved cells, followed by
a stationary phase between 6 and 12 h and then a rapid
increase until 24 h (Figure 2B). SDS-PAGE analysis with CBB
staining, in which loaded protein content was normalized to
ODy3, revealed that the amounts of phycocyanin o (17.5
kDa) and phycocyanin B (21 kDa) substantially decreased
with N starvation but rapidly increased between 6 and 24
h after transfer to the N-sufficient condition (Figure 2C),
consistent with the spectroscopic data from intact cells. We also
performed immunoblot analysis of photosynthesis-associated
proteins during the recovery from N starvation (Figure 2D).
The levels of reaction center proteins of PSII, PsbA, and PsbC
(also called D1 and CP43, respectively), strongly decreased by
N starvation, but with a small portion of them remained. By
contrast, the levels of PSI reaction center proteins, PsaA and
PsaB, only moderately changed in response to N starvation
and recovery. The Rubisco large subunit (RbcL) also slightly
decreased with N starvation and gradually increased during the
recovery process, contrasting with the substantial loss of PBSs in
N-starved cells and their dynamic accumulation during recovery
from N starvation.

Oxygen Metabolism During the Recovery

Process From N Starvation

To examine the energy metabolism during recovery from N
starvation, we analyzed O, consumption and evolution rates in
intact cells. First, O, consumption by respiration was examined
in the dark (Figure 3A). The O, consumption rate in N-starved
cells increased 1.8 times at 6 h after N addition. The high
O, consumption continued until 18 h after N addition, and
then rapidly decreased. After the transient increase, the O;
consumption rate was maintained at lower levels similar to that
in the N-starved cells.

Next we examined net O evolution under the growth light
condition during the recovery process (Figure 3B). Until 15
h after N addition, net O, evolution levels were <0, so the
respiratory O, consumption was higher than the photosynthetic
O, evolution. After 15 h, the net O, evolution rate was
maintained at levels above the compensation point. To examine
the functionality of the photosynthetic machinery during the
recovery process, we measured gross O, evolution rates on a
Chl a basis under saturating light (1995 wmol photons m~2
s~ 1), in which O, consumption rates in the dark was subtracted
(Figure 3C). The photosynthetic activity measured as the gross
O, evolution rate was at the low level in N-starved cells and
rapidly increased in response to N addition, with peaking at 18
h after N addition and maintaining high levels afterward.
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FIGURE 1 | Cell growth and pigment content during N starvation and the recovery after N addition. Synechocystis cells were grown in the N-free medium for 7 days
and then were transferred to the N-containing medium and grown for 48 h. (A,B) Changes of OD73p values of the cell culture during (A) N starvation and (B)
recovery. Data are means + SE from three independent experiments. (C) Absorption spectra and (D) chlorophyll (Chl) a content of the cells grown under the
N-starved condition for indicated times. (E) Absorption spectra and (F) Chl a content of the cells during recovery from N starvation. Data are means from two
independent experiments for (C,E) and means + SE from six independent experiments for (D,F). Black arrows and gray arrowheads in (C,E) indicate absorption
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Changes in Photosynthetic Activity
During the Recovery Process From N

Starvation

To analyze the photosynthetic electron transport activity during
recovery from N starvation, we examined the oxidation kinetics
of P700. The Pm levels, which suggest the size of functional
PSI reaction centers, gradually increased until 36 h after
N addition, with a particular increase between 12 and 18
h (Figure 4A). In N-starved cells, Y(I) representing the
quantum yield of the PSI photochemistry was substantially
low under the low actinic light (34 pmol photons m~2 s,

whereas Y(ND) reflecting the donor-side limitation of PSI was
high (Figure 4B). After N addition, Y(I) rapidly increased
until 15 h, with Y(ND) inversely decreased. Y(NA) reflecting
the acceptor-side limitation of PSI was maintained at the
low level during the early recovery stage and then slightly
increased at later stages. The contribution of Y(ND) was further
enhanced under higher actinic light intensity (212 pmol photons
m~2 s!) (Figure 4C). By contrast, under high actinic light,
Y(I) was undetectable in N-starved cells and was maintained
at low levels even after N addition for 9 h. However, Y(I)
rapidly increased between 9 and 12 h and then gradually
moved closer to a stationary level, with Y(ND) inversely
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decreased. Even under high actinic light, Y(NA) was maintained
at lower levels.

Changes in Lipid and Fatty Acid
Compositions During the Recovery
Process From N Starvation

To assess whether the abundance of glycerolipids was changed in
response to N conditions, we performed a time-course analysis
of glycerolipid content during recovery from N starvation.
In N-starved cells, total glycerolipid content based on OD73q
decreased by half as compared with that in N-sufficient control
(Figure 5A). The content gradually increased during the recovery
process and reached to a steady-state level at 36 or 48 h after
N addition. Of the four glycerolipids, PG showed the strongest
increase in response to N addition, with its increasing kinetics
being similar to or slightly faster than that of PBSs, Chl a and total
proteins (Figure 5B). Other three lipids showed more gradual
increases during the recovery process.

We also analyzed fatty acid compositions of glycerolipids
in N-starved and recovered cells. In total glycerolipids from
N-starved cells, proportions of 16:0 and 18:1 slightly increased

and those of 18:2 and 18:3 decreased compared with those from
N-sufficient control cells (Figure 5C). However, the fatty acid
composition altered under N starvation reverted to the control
level during the recovery process from N starvation. Changes
in the fatty acid composition during the recovery process
differed among glycerolipid classes; MGDG, SQDG, and PG
showed transient modifications of their fatty acid compositions
between 6 and 24 h after N addition with distinct patterns
specific to each lipid class. Meanwhile, the fatty acid composition
of DGDG was constant during recovery from N starvation
(Supplementary Figure S2).

Changes in the Amounts of Thylakoid

Components in Cell Culture

Our data showed that pigments (Figure 1), proteins (Figure 2),
and glycerolipids (Figure 5) were all decreased in N-starved
Synechocystis cells based on OD73p. To assess whether these
components are actively degraded in response to N starvation
or merely diluted due to cell growth, we calculated the
amounts of these components based on culture volume.
Whereas the amount of phycocyanin per milliliter of culture
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FIGURE 3 | Changes in respiratory and photosynthetic activities during
recovery from N starvation. (A) Oo consumption rate based on OD7gp in the
dark in Synechocystis cells grown in the N-containing medium for indicated
times after N starvation for 7 days. (B) Net O, evolution rate based on OD73p
under growth light (48 wmol photon m=2 s~1) during the recovery process
from N starvation. (C) Photosynthetic activity based on Chl a content, which
was measured as gross Op evolution rate under saturating light (1995 pmol
photon m~—2 s~1). Data are means =+ SE from three independent experiments.

substantially decreased during N starvation (Supplementary
Figure S3), those of Chl a (Figure 6A) and total protein
(Figure 6B) were almost constant and total lipid content
(Figure 6C) even increased. Of four lipid classes in Synechocystis,
MGDG, and DGDG particularly showed increased content
during N starvation based on culture volume, whereas PG
content per culture volume was unchanged after N starvation
for 7 days.
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FIGURE 4 | Changes in the photosynthetic quantum yield of PSI during the
recovery from N starvation. (A) The maximum level (Pm) of the oxidized PSI
reaction center chlorophyll. (B,C) Photochemical [Y(l)] and non-photochemical
quantum yields [Y(ND) and Y(NA)] of PSI under (B) low (34 wmol photon m~2
s~ 1) and (C) high actinic light (212 umol photon m=2 s~ 7). Y(ND) and Y(NA)
reflect limitations of PSI photochemistry at the donor side and the acceptor
side, respectively. Synechocystis cells were grown under the N-starved
condition for 7 days and then grown in the N-containing medium for indicated
times. Data are means + SE from six independent experiments.

Changes in Thylakoid Membrane
Morphology During the Recovery

Process From N Starvation

To examine the effect of N status on the thylakoid morphology,
we compared the ultrastructure of Synechocystis cells grown
under different N conditions (Figure 7). The cells grown under
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the continuous N-sufficient condition developed thylakoids
as parallel stacks of two to four membranes along the
contour of the cell membrane. In addition, some parallel
sheets of thylakoid membranes formed convergence zones in
close contact with the plasma membrane (Rast et al., 2019).
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for Chl a, Figure 2A for total proteins, and Figure 5A for glycerolipids were
recalculated with the OD73p data in Figure 1A. In (C), lipid content in cells
grown under the continuous N-sufficient (+ N) condition or the N-starved (—N)

condition for 7 days was shown. Asterisks indicate significant differences from

the + N control (P < 0.05, Welch'’s t-test).

By contrast, cells grown under the N-starved condition for
7 days had fewer thylakoid membranes and rarely formed
convergence zones. In addition, N-starved cells accumulated
many high electron-dense inclusions presumably lipid inclusions,
cyanophycin granules, and/or polyphosphate granules. These
observations were confirmed by the quantification of electron
micrographs (Figures 7B-D). At 24 h after N addition, thylakoid
morphology was heterogeneous: some cells showed largely or
partially recovered thylakoid membranes and some severely
lacked the membrane network. Two or three convergence zones
were observed in cells with recovered thylakoid membranes.
Many cells also contained high electron-dense inclusions.
At 48 h after N addition, thylakoid membranes were fully
developed in most cells. The total area of high electron-dense
inclusions decreased.
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Effect of PG Supplementation to

N-Starved Synechocystis Cells

The biosynthesis of PG, which is required for Chl a biosynthesis
in Synechocystis (Kopecnd et al., 2015), occurred faster than that
of Chl a after N addition (Figures 1F, 5B). Because Synechocystis
increases intracellular PG content by taking up external PG in
the growth medium (Hagio et al, 2000), we tested whether
external PG affects the Chl a metabolism during N starvation and
recovery. We grew wild-type Synechocystis cells in the presence
(+) or absence (—) of 20 uM PG and measured OD73y and
Chl a content during N starvation and recovery. During N
starvation, cell density represented by OD73g of +PG cells was
comparable with that of —PG control (Figure 8A). In both +PG
and —PG cells, Chl a content in culture was constant (Figure 8B),
consistent with the data in Figure 6A. The data show that the
presence of PG in growth media does not affect cell growth
and Chl a metabolism during N starvation. After transfer to the

N-sufficient medium, OD73¢ of —PG cells first slightly decreased
and then increased (Figure 8C), as observed in Figure 1B.
However, this initial decrease in OD739 was suppressed in +PG
cells. Total Chl a content in culture began to increase after 9 h of
N addition in —PG cells (Figure 8D). In +PG cells, Chl a content
was higher than that in —PG cells at 9 and 18 h after N addition,
but became similar to that in —PG cells at 27 h.

DISCUSSION

Disorganization of the Thylakoid
Membrane Components by N Starvation

The rapid decrease in phycocyanin content per culture during
N starvation (Supplementary Figure S3) suggests active
degradation of PBSs, which would contribute to N recycling
from the phycobiliproteins and also reducing the antenna size of
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PSII. Meanwhile, total protein content per culture was unchanged
during N starvation (Figure 6B). Thus, amino acids derived from
degraded phycobiliproteins may be reused for the synthesis of
other proteins or polypeptides in N-starved cells. Chl a content
per culture was also constant during N starvation (Figure 6A),
although the amounts of Chl a and total protein decreased
when normalized by ODy73¢ (Figures 1D, 2A). The OD73( values
themselves slightly increased similar to the increase in cell
number (Figure 1A; Krasikov et al., 2012). These data suggest
that Chl a and total protein content in a cell is decreased by
dilution due to cell growth under the N-starved condition.

In N-starved cells, the levels of most proteins including RbcL
moderately decreased compared with those in N-sufficient cells
(Figures 2C,D), consistent with the gradual decrease in total
protein content based on ODy73y (Figure 2A). However, similar
to phycobiliproteins, PSII protein levels strongly decreased in
N-starved cells (Figure 2D), which was accompanied by a
substantial decrease in the oxygen-evolving activity (Figure 3C).
Consistent with our data, Ogawa and Sonoike (2016) determined
the “true” maximum quantum vyield of PSII (Fv/Fm) in
Synechocystis by eliminating the interference from phycocyanin
fluorescence and revealed that the Fv/Fm around 0.8, which
was similar to the value observed in land plants, substantially
decreased with N starvation. Inactivation of PSII may reduce
a risk of photodamage from light energy that exceeds the
photosynthetic capacity in N-starved cells with decreased cellular
metabolism (Forchhammer and Schwarz, 2019).

In contrast to PSII proteins, PSI reaction center proteins
PsaA and PsaB were relatively abundant even under N
starvation (Figure 2D), which agrees with the proteomic
data that PSI proteins are less degraded than PSII proteins
with N starvation (Spit et al., 2018). Consistent with these
results, Y(ND), which reflects the donor-side limitation of the
PSI photochemistry, was remarkably high in N-starved cells,
whereas the acceptor-side limitation represented by Y(NA) was
negligible (Figures 4B,C). The data suggest that the linear
electron transport from PSII to PSI is strongly downregulated
in response to N starvation. In N-starved cells, the selective
decrease of PSII components (Figure 2D) and the lowered
PSII photochemical efficiency (Ogawa and Sonoike, 2016) would
repress the linear electron transport to prevent over-reduction
of PSI and consequent production of reactive oxygen species.
Reduced thylakoid membranes with inactive PSII and active PSI
were also observed in dark-grown Synechocystis cells (Barthel
et al, 2013), implying an importance of the high PSI and
low PSII activity in dormant Synechocystis cells. Low Y(NA)
in N-starved cells suggests sufficient electron transport from
P700 to downstream pathways including the cyclic electron
transport system. Doello et al. (2018) revealed that the N-starved
chlorotic cells maintain ATP levels to 20-25% of nutrient-
sufficient cells. As discussed by Forchhammer and Schwarz
(2019), the cyclic electron transport around PSI may be retained
in N-starved cells to maintain ATP levels and cell viability
during chlorosis.
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During N starvation, the amount of membrane lipids also
decreased based on OD73p, but with a smaller extent than
those of Chl a and total protein content (Figure 5A). In
fact, unlike Chl a and total protein, the amount of total
membrane lipid per culture increased even under the N-starved
condition (Figure 6C). Glycerolipids constitute the plasma
membrane and the outer membrane besides thylakoids and thus
a certain amount of lipids is constantly required to maintain
cell integrity. Of note, lipid analysis in the cyanobacterium
Anacystis nidulans revealed that the cytoplasmic membrane
contained more galactolipids (MGDG and DGDG) and less
anionic lipids (PG and SQDG) than the thylakoid membrane
(Murata et al,, 1981; Omata and Murata, 1983). Therefore,
biosynthesis of membrane lipids, particularly galactolipids, may
be partially maintained in N-starved cells to support their low
growth activity. Under the N-starved condition, PG content
decreased based on OD730, but was unchanged on a culture basis.
Thus, dilution due to cell growth may cause the decreased PG
content in N-starved cells, as in the case of the Chl a and total
protein content. Because external PG addition did not affect
ODy730 and Chl a content in N-starved cells (Figures 8A,B), the
decreased PG content in N-starved cells would be independent
of the suppression of cell growth and Chl a accumulation
during N starvation.

Fatty acid compositions of membrane lipids also changed
in response to N status; the proportions of 16:0 and 18:1
increased and those of 18:2 and 18:3 decreased with N starvation
(Figure 5C). Gombos et al. (1987) reported that, in the
cytoplasmic membrane of A. nidulans, the protein-to-lipid ratio
decreased with N starvation. In parallel, the proportion of 16:1
decreased and that of 18:0 increased in all 4 glycerolipid classes
in the cytoplasmic membrane of N-starved A. nidulans. They
propose that the changes from shorter unsaturated fatty acids to
longer saturated fatty acids in the cytoplasmic membrane would
counteract the fluidizing effect due to the decreased protein-to-
lipid ratio in the N-starved cells. The decreased polyunsaturation
of fatty acids in Synechocystis may also contribute to maintaining
a proper fluidity in membranes during N starvation, although
fatty acid species used for membrane lipids are largely different
between Synechocystis and A. nidulans.

Reconstruction of Thylakoid Membrane
Systems After N Addition

After N addition to the starved cells, the oxygen evolving
activity under saturating light rapidly increased (Figure 3C).
Y(I) also quickly increased and Y(ND) inversely decreased after
N addition (Figures 4B,C). These data suggest that the linear
electron transport to PSI was rapidly improved after N addition
to increase net photosynthetic activity. The increased amounts
of PSII proteins and photosynthetic pigments after N addition
would contribute to the improved linear electron transport. Of
note, the respiratory activity was transiently enhanced by N
addition (Figure 3A). The rapid decrease in Y(ND) under growth
light between 0 and 15 h after N addition (Figure 4B), which
coincided with the transient increase in the O, consumption rate
(Figure 3A), may reflect electron donation from the respiratory
flows to plastoquinone pools and the resulting relaxation of

the donor-side limitation of P700. Doello et al. (2018) reported
that glycogen breakdown is essential for N-starved cells to
increase respiration after N addition and resuscitate from
chlorotic growth. The transient increase in respiration and ATP
concentration in response to N addition would help regenerate
PSII and reconstruct the efficient linear photosynthetic electron
transport system. However, considering that the change in
oxygen evolving activity after N addition preceded the increases
in the amounts of PSII proteins and pigments, other mechanisms
may also be involved in the improved photosynthetic activity at
the early recovery stage, particularly within 9 h after N addition.

In addition to the photosynthetic components, glycerolipid
content increased in response to N addition to starved cells
(Figures 5A,B). Whereas the increase in glycolipid (MGDG,
DGDG and SQDG) content was gradual, that in PG content
was rapid particularly between 9 and 24 h after N addition.
This observation is consistent with the special importance of
PG for the structure and function of photosystems (Kobayashi
et al.,, 2016). Unlike glycolipids that are mostly used to form
the lipid bilayer of thylakoid membranes, a large proportion
of PG is allocated to photosystem complexes as a structural
component (Kobayashi et al., 2017). Biosynthesis of PG, but not
those of glycolipids, may be strictly co-regulated with those of
other photosystem components. Considering that depletion of
PG in the Synechocystis mutant lacking PG biosynthesis (pgsA)
perturbed the structure and activity of PSII (Hagio et al., 2000;
Sakurai et al., 2003, 2007; Itoh et al, 2012) and biosynthesis
of Chl a (Kopectnd et al, 2015), cellular PG content would
be tightly associated with the PSII functionality and Chl a
biosynthesis. Of note, addition of PG to PG-depleted pgsA
mutants quickly recovered some impairment of the PSII activity
(Hagio et al, 2000; Sakurai et al., 2003; Itoh et al., 2012).
Furthermore, we observed that addition of PG to wild-type
Synechocystis slightly accelerated Chl a accumulation during the
recovery from N starvation (Figure 8D). Because the increase
of PG content occurred faster than that of Chl a content after
N addition, the rapid recovery of PG content may contribute
to activating the Chl a biosynthesis and photosynthetic activity
during recovery from N starvation. The OD73¢ kinetics during
the recovery process was also affected by addition of PG
to wild-type cells (Figure 8C). Although the mechanism for
the transient decrease in OD73y between 9 and 18 h after
N addition is unknown, increased PG content may somehow
affect cellular processes that alter light scattering properties of
recovering cells.

In N-starved cells, thylakoid convergence zones were rarely
observed as compared with N-sufficient cells (Figures 7A,C).
However, these zones regenerated after N addition to the
starved cells. The analysis of Synechocystis mutant that lacks
the small membrane-bending protein CurT suggests that the
convergence zones formed by CurT function in the assembly
and accumulation of PSII, but not PSI (Heinz et al., 2016).
Moreover, in situ cryo-electron tomography of Synechocystis
cells revealed that the convergence membranes have many
membrane-associated ribosomes and may serve as the translation
site (Rast et al., 2019). Thus, disappearance and reappearance
of the convergence zones with N starvation and N addition,
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respectively, are likely to be linked with the changes in the
synthetic activity of PSII proteins under these conditions.
Although membrane lipids strongly affect the architecture and
functions of thylakoid membranes in plant chloroplasts (Holzl
et al., 2009; Kobayashi et al.,, 2013, 2015; Fujii et al., 2019a),
whether specific lipids are involved in the formation and function
of convergence zones in Synechocystis awaits future studies.
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Extensive studies have been carried out on chloroplast gene expression and chloroplast
development; however, the regulatory mechanism is still largely unknown. Here, we
characterized Pigment-Defective Mutant4 (PDM4), a P-type PPR protein localized in
chloroplast. The pdm4 mutant showed seedling-lethal and albino phenotype under
heterotrophic growth conditions. Transmission electron microscopic analysis revealed
that thylakoid structure was totally disrupted in pdm4 mutant and eventually led to the
breakdown of chloroplasts. The levels of several chloroplast- and nuclear-encoded
proteins are strongly reduced in pdm4 mutant. Besides, transcript profile analysis
detected that, in pdm4 mutant, the expression of plastid-encoded RNA polymerase-
dependent genes was markedly affected, and deviant chloroplast rRNA processing was
also observed. In addition, we found that PDM4 functions in the splicing of group Il introns
and may also be involved in the assembly of the 50S ribosomal particle. Our results
demonstrate that PDM4 plays an important role in chloroplast gene expression and
chloroplast development in Arabidopsis.

Keywords: pigment-defective mutant4, chloroplast, pentatricopeptide repeat protein, development,
gene expression

INTRODUCTION

Chloroplasts are known for providing energy and carbon resource to the plant cell and are also
indispensable for plant development and growth (Bryant et al., 2011). Derived from cyanobacterial
ancestors, the chloroplasts belong to semi-autonomous organelles which possess their own
genomes. Over the last billion years, the chloroplast genome has lost numerous genes in higher
plants and generally remains about 120 genes which encode primary components of translation,
transcription, and photosynthesis apparatus, as well as contains some critical biogenesis-related
genes such as accD, clpP1, matK, ycfl, and ycf2 (Sato et al., 1999; Leister, 2003; Ouyang et al., 2017).
Although the chloroplast genome is small and with limited coding information, the transcriptional
process is much more complex than that of prokaryotes which are usually organized in polycistronic
transcriptional units. In particular, RNA processing from polycistronic precursors and editing are
strikingly different between chloroplast and prokaryotes (Sugita and Sugiura, 1996; Sato et al., 1999).

Frontiers in Plant Science

www.frontiersin.org 201

August 2020 | Volume 11 | Article 1198


https://www.frontiersin.org/articles/10.3389/fpls.2020.01198/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.01198/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.01198/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.01198/full
https://loop.frontiersin.org/people/370087
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:xiaojianwei@bjfu.edu.cn
https://doi.org/10.3389/fpls.2020.01198
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2020.01198
https://www.frontiersin.org/journals/plant-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2020.01198&domain=pdf&date_stamp=2020-08-11

Wang et al.

PDM4 in Chloroplast Gene Expression

Generally, in higher plant, two RNA polymerases with
different origins participate in the transcription of plastid
genes, including a plastid-encoded RNA polymerase (PEP) and
nuclear-encoded RNA polymerases (Hajdukiewicz et al., 1997;
Liere and Borner, 2007; NEP). During chloroplast development,
the plastidic genetic system is first established within the
proplastids. During this stage, the genes of PEP components
and related ribosomal proteins were transcribed by NEP that is
critical for the nascent construction of the plastid-genetic
background. As a result, the activity of the transcriptional
apparatus in the proplastid is remarkably raised. At the second
stage, the well-assembled and functional PEP starts to transcribe
plastid-encoded genes. Meanwhile, the photosynthetic proteins
which are encoded by nuclear genes exhibit a high expression
level and eventually lead to the establishment of photosynthesis
systems (Mullet, 1993; Majeran et al., 2010; Tiller and Bock,
2014). PEP activity is also essential for the fully active
chloroplasts formation because it promotes the expression of
photosynthesis-related genes (Pfalz and Pfannschmidt, 2013).
Subunits of the PEP core are present in two plastid protein
preparations; one is associated with thylakoid and envelope
membranes, and these are protein:DNA-complexes termed
transcriptionally active chromosomes (TACs) (Krause and
Krupinska, 2000; Pfalz et al., 2006; Krupinska et al., 2012). So
far, the richest protein data set resulted from protein mass
spectrometry analysis of isolated pTACs from Arabidopsis
(Arabidopsis thaliana) and mustard (Sinapis alba), in which 35
proteins were identified (Pfalz et al, 2006). Eighteen of these
proteins were denoted pTAC proteins, and three of them
(pTAC2, -6, and -12) were shown to be required for plastid
gene expression (Pfalz et al., 2006). Besides, PEP forms a
complex with PEP-associated proteins (PAPs), and the
Arabidopsis thaliana nuclear genome contains at least 12 PAP
genes (Yu et al., 2014), and all PAPs have also been identified in
the nucleoid or TAC proteomes (Pfalz et al., 2006; Majeran et al.,
2012; Melonek et al., 2016).

The complexity of the chloroplast gene expression system is
also highly regulated at the post-transcriptional which mainly
reflects the extensive modifications exerted on transcripts during
RNA processing (Chi et al., 2015). For instance, defects in
endonucleolytic cleavage polycistronic transcripts would result
in a blocking translation in chloroplast mRNAs (Sugiura et al.,
1998; Walter et al., 2010). And critical sites of chloroplast RNAs
that are essential for chloroplasts development in higher plant
can be correctly spliced or edited (Bobik et al., 2017; Du et al.,
2017; Zhang J. et al., 2017).

Chloroplast RNA metabolism refers to a substantial number
of RNA-binding proteins (Stern et al., 2010). Due to the limited
coding capacity of the chloroplast genome, the chloroplast gene
expression is controlled both by plastid-encoded and nucleus-
encoded proteins (Germain et al., 2013; Stoppel and Meurer,
2013; Belcher et al., 2015). As nucleus-encoded factors, it has
been demonstrated that the pentatricopeptide repeat (PPR)
proteins participate in chloroplast gene expression and
function (Barkan and Small, 2014). Members of the PPR
protein family are considerably numerous in land plants with

up to 450 representatives in Arabidopsis (Lurin et al., 2004), and
this family is characterized by PPR repeat with highly degenerate
unit of 35 amino acids (Lurin et al., 2004). In addition, according
to the variation in length and amino acid composition of PPR
repeats, the PPR proteins have been used to define two
categories; P-class PPR proteins are mainly composed of
typical 35-amino acid sequence repeats, and the PLS-class
members contain triplets of motifs by varied amino acid
lengths and sometimes with an additional C-terminal domain
(Lurin et al., 2004; Cheng et al., 2016).

The PPR proteins can directly bind to chloroplast RNAs and
prevent targeted RNAs from RNase degradation and/or facilitate
or directly participate in related processing (Small and Peeters,
2000; Pogson and Albrecht, 2011). It is widely accepted that the
PLS subgroup proteins are mostly involved in RNA editing,
whereas the P subgroup proteins play crucial roles in intron
splicing, RNA stabilization, and translation process (Barkan and
Small, 2014). For example, either PPR protein DYW2 or NUWA
can be interacted with CLB19, function in editing of organelle
RNA (Guillaumot et al., 2017). Seedling Lethall (SEL1/PDM1), a
PPR protein was proved to participate in the plastid gene
expression and chloroplast development at an early stage (Pyo
et al,, 2013). Through specifically recognizing RNA sequence of
235-4.5S rRNA precursor, PPR protein SOT1 performs the
endonucleolytic activity during the maturation of 23S and 4.5S
rRNA in chloroplast (Zhou et al., 2017). SOT5/EMB2279 is
involved in intron splicing of plastid rpl2, and PpPPR_66 acts
as a processing factor to assist ndhA pre-mRNA splicing by
bounding preferentially to the specific region (Huang et al., 2018;
Ito et al., 2018). Besides, some PPR proteins are proved to be
required for the accumulation/assembly of plastid ribosomes
(Williams and Barkan, 2004). Synthesis of the rRNAs and
proteins, with correct folding, maturation/modification, and
further assembly into functional particles, are highly
coordinated. The 30S subunit includes 16S rRNA and about 20
ribosomal proteins, while the 50S subunit consists of 23S, 5S, and
4.5S rRNAs and about 30 ribosomal proteins (Yamaguchi
et al., 2003).

In this study, we report the pdm4 mutant of Arabidopsis,
which was generated by T-DNA insertion and screened as
defective pigment and seedling-lethal phenotype. The
corresponding gene, PDM4, encodes a putative chloroplast
PPR protein. Subsequent genetic and molecular analyses
suggest that PDM4 is involved in the regulation of plastid gene
expression and chloroplast development.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana Columbia (Col-0) ecotype and the mutant
pdm4 (SALK_034168, obtained from the Arabidopsis Biological
Resource Center; ecotype Columbia) were used in all
experiments. The seeds were sterilized by 0.8% NaClO for
10 min, followed by 5 times rinsing with sterile double-distilled
water. Then they were plated on 1/2 MS medium with 1%
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sucrose and 0.8% agar (pH 6.0) at 4°C in the dark for 48 h after
sterilizing. Next, they were transferred to long-day conditions
(16 h light, 8 h dark) at 22°C. The T-DNA insertion was
confirmed by PCR analysis and subsequent sequencing with
the primers LBb1.3 (5-ATTTTGCCGATTTCGGAAC-3") and
pdm4-RP. The homozygous pdm4 mutant line was verified by
PCR using specific primers pdm4-LP 5'-TCACTAACCAATAA
CACCACC-3" and pdm4-RP 5'-ATTGCTTGTGAGCC
TTGGT-3".

Total RNA Isolation and Reverse
Transcription (RT)-PCR; Quantitative Real-
Time PCR (qRT-PCR) Analysis

Three total RNA samples were extracted from light grown 3-
week-old mutant and wild-type plants with RNeasy Mini Kit
(Tiangen Biotech Company, Beijing, China). For RT-PCR
analysis, first strand cDNA was synthesized by the one-step
reverse-transcription system (TransGen Biotech, Beijing, China),
and the operation was carried out based on previous protocol
(Zhang J. et al., 2017). The qRT-PCR was performed, and the
primers used in this analysis were according to Du et al. (2017).
All the measurement for each sample was repeated three times.

Measurement of Chlorophyll

For measuring the chlorophyll content, leaves from 3-week-old
Arabidopsis seedlings were collected. One hundred milligram of
leaves was ground in liquid nitrogen into fine powder and mixed
thoroughly with 250 ul 80% acetone and quantified on a UV2800
spectrophotometer (Unico Instruments Co., Ltd, USA). We
calculated the chlorophyll content from the absorbance following
the method of Arnon (1949). Three biological replicates, each with
three repeats, were analyzed for each sample.

Optical and Transmission Electron
Microscopy

To observe the development of the embryos between wild-type
and the mutant plants, the seeds of heterozygous pdm4 mutant
line were removed from siliques and totally cleared in Hoyer’s
buffer (chloral hydrate, 50 g; gum Arabic, 3.75 g; and glycerol,
2.5 ml were dissolved in 15 ml of water) according to Meinke
et al. (1994). The individual embryo in the cleared seed was
examined by light microscopy (Zeiss, Axioskop, Germany) using
differential interference contrast (DIC; Du et al., 2017). For
transmission electron microscopy (TEM) analysis, the samples
were first cut into ultra-thin pieces (LKB-8800, LKB, Broma,
Sweden) and stained with alkaline lead citrate and uranyl acetate
and then examined with a transmission electron microscope
(JEM 1200EX, JEOL, Japan).

Northern-Blot Analysis

For northern-blot analysis, total RNA from wild-type and pdm4
seedlings was extracted and determined by using thermo
NanoDrop 2000 (Thermo, USA). Three equal content RNA
samples of the wild type and pdm4 mutant were separated on
1.3% (w/v) agarose-formaldehyde gels and subsequently blotted
to a nylon membrane. Next, the membrane was hybridized with

a specific probe labeled with **P. The labeled probes were
obtained by using the Prime-a-Gene Labeling Kit (SGMBOI1-
Promega-U1100, USA). The sequences of the primers were
according to Du et al. (2017). All the analysis was performed
at least in three independent repeats.

Subcellular Localization of Green
Fluorescent Protein

In order to study the subcellular localization of PDM4, two-
week-old complemented Arabidopsis seedlings (COM) were cut
into small pieces and incubated in a solution (10 mM MES, 20
mM CaCl,, 0.5 M mannitol, pH 5.8, containing 0.1 g ml™"
macerozyme and 0.1 g ml™' cellulase) for 4 h at room
temperature in the dark. Protoplasts were then isolated
according to Dovzhenko et al. (2003) and assessed for fusion
gene expression with a confocal microscope (TCS SP5 CLSM;
Leica). The signal of green fluorescence was detected, and red
fluorescence represents the auto-fluorescence of chlorophyll.

Protein Extraction and Western Blot
Analyses

The total proteins were extracted from 3-week-old wild type and
pdm4 mutant with NB1 buffer (pH 8.0), including 1 mM MgCl,, 5
mM DTT, 0.5 M sucrose, 50 mM Tris MES, 10 mM EDTA, and
protease inhibitor cocktail. The different protein samples were
separated by 15% SDS-page and then transferred onto PVDF
membranes. And then, membranes were incubated with specific
primary antibodies. The antibodies were used in this study according
to Xiao et al. (2012). Signals were detected using enhanced
chemiluminescence method (Du et al., 2017), and signal intensity
of protein band was analyzed by “Image]” software. These
experiments were repeated at least three times independently.

Chloroplast Isolation and Fractionation
Chloroplast isolation method was performed as described
previously with minor modifications (Aronsson and Jarvis,
2002). Exactly, 21-day-old Arabidopsis plants were ground in
extraction buffer (5 mM EGTA, 50 mM HEPES-KOH pH 8.05,
0.33 M sorbitol, 5 mM EDTA, 10 mM NaHCOs3, and 5 mM
MgCl,). After filtering through Miracloth, the sample was
centrifuged for 1 min at 1,000 g. The supernatants were
removed, and pellets were re-suspended and then loaded onto
Percoll gradients (70 and 40% in isolated buffer respectively);
then intact chloroplasts were collected and washed three times
with washing buffer (3 mM MgSOy,, 0.33 M sorbitol, and 50 mM
HEPES-KOH, pH 8.0). Chloroplasts were fractionated into the
thylakoid membrane, stromal and envelope fractions as
described by Du et al. (2017).

RNA Immunoprecipitation Assays

The procedures used for coimmunoprecipitation and immunoblot
assays were described previously (Terzi and Simpson, 2009) using
3-week-old 355:PDM4-GFP complemented seedlings. Anti-GFP
magnetic beads were obtained from Abcam company (ab290,
http://www.abcam.com/). The sequences of primers used to
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detect RNA content that coimmunoprecipitated with PDM4-GFP
are listed in Supplemental Table 1.

RESULTS

Characterization of the pdm4 Mutant
To identify PPR genes involved in chloroplast development, we
screened a collection of T-DNA inserted mutation lines localized

in PPR genes (Du et al., 2017; Zhang J. et al., 2017). In this study,
we obtained a new mutant, designated as pigment-defective
mutant4 (pdm4). The position of T-DNA insertion in pdm4
was confirmed by PCR and subsequent sequencing, and the
result exhibited T-DNA inserted in 165 base pairs downstream of
putative start codon (Figure 1A).

When cultivated on 1/2 MS medium supplemented with 1%
sucrose, the pdm4 mutant had developed purple cotyledons that
were gradually bleached to white with extended growth period
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FIGURE 1 | Identification and characterization of the pdm4 mutant. (A) Gene structure of the PDM4 (AT5G27270). Exons indicated by the wathet boxes, introns by
the white boxes, and the T-DNA insertion indicated by the red triangle; ATG represents the initiation codon, and TGA represents the stop codon. (B) Pigment-
defective phenotypes and complementation of the pdm4 mutant. The cDNA of the PDM4 was cloned into a binary expression vector with the GFP tag and
complementation of the pdm4 mutant (COM). WT, wild type. 10-day-old plants were grown on sucrose-supplemented medium (up lane), and 21-day-old plants
were grown in soil (down lane). Scale bar: 3 mm. (C) The chlorophyll content of wild-type, pdm4 and COM. Chlorophyll was extracted from 14-day-old seedlings
and quantified. Values given are ug/g fresh weight + SD (n = 3). Values not connected by the same letters are significantly different (Student’s t test, p < 0.05). The
average of three replicates is shown. (D) Reverse transcription PCR analysis. RT-PCR was performed using specific primers for AT6G27270 or ACTINZ. (E) Total
proteins from wild-type and COM (15 ug) were separated by SDS-PAGE, followed by immunoblot analysis with the anti-GFP. The experiments of (D, E) were

repeated three times independently.
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(Figure 1B). After being transferred into the soil, the pdm4
mutant was unable to grow and died shortly (Figure 1B).
Homozygous pdm4 plants are kept by segregating from a self-
pollinated heterozygous plant with a ratio 3:1 in green and albino
plants (data not shown). Thus, the albino phenotype is inherited
as a recessive mutation. To confirm that the disruption of PDM4
results in the lethal phenotype, we performed the functional
complementation analysis. The result indicated that full-length
coding region of PDM4 gene fused a GFP tag at its C terminus
successfully rescued the pdm4 phenotypes. Among the 56 T1
transgenic lines analyzed, 16 lines were homozygous pdm4 plants
and showed a wild-type looking phenotype (Figure 1B).

The concentration of chlorophyll (ug/g FW) in the pdm4 was
significantly reduced compared with the wild type (Figure 1C).
As expected, chlorophyll accumulated in COM plants was
equivalent to the level of the wild-type plants. By reverse
transcription-PCR analysis, obvious signals were obtained from
COM and wild-type plants but not observed in homozygous
pdm4 mutant; this result demonstrated the expression of PDM4
was completely suppressed (Figure 1D). Eventually, western blot
result showed that PDM4-GFP proteins were located at about
150 kilodaltons (kDa) in complemented lines by using a GFP
antibody, which is in accordance with the predicted protein
molecular weight of GFP-tagged PDM4 (Figure 1E). The
complementation analysis of the pdm4 phenotype indicated
that the PDM4-GFP is a functional protein, and PDM4 gene
was responsible for the phenotype of the pdm4.

Chloroplast Development and Accumulation
of Photosynthetic Proteins in pdm4
Considering that most photosynthetic pigment defects may result in
a retarded chloroplast development, we assessed the possibility that
the pdm4 mutation causes ultrastructural changes in the
chloroplasts, and plastids from 3-week-old seedling mesophyll
cells were examined by transmission electron microscopy
(Figures 2A-D). The chloroplasts from wild type contained well-
developed membrane systems featured with typical grana structure
connected by the stroma lamellae, and the stroma thylakoid and
grana thylakoid were easily distinguished (Figures 2A, B). Relative
to wild-type chloroplasts, the pdm4 plastids are smaller, deformed,
and devoid of thylakoid membrane and granal stacks, and
meanwhile, the membrane spacing was not clear (Figures 2C, D).
To obtain more information concerning the molecular lesion in
pdm4 to further explain the defects of chloroplasts development in
corresponding mutant, total proteins were isolated, and equal
sample volumes were loaded in denaturing polyacrylamide gel
electrophoresis. Then we performed western blot analysis to
detect accumulation of core subunits of photosynthetic
complexes, including D1 and LHC II of PSII (encoded by psbA
and Ihcb2), PsaA, PsaN, and LHCI of PSI (encoded by psaA, psaN,
and Lhcal), Cyt fand petD, the subunits of Cyt be/f, and the CFla,
CFO II of the ATP synthase. All these proteins were markedly
reduced, even barely detected in pdm4 mutant (Figures 2E, F).
So, due to the dramatically decreased of some representative
subunits of photosynthetic complexes in pdm4 mutant, we got a
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FIGURE 2 | Ultrastructure of plastids and chloroplast proteins in pdm4. (A-D) The thylakoid membrane organization in the chloroplasts of wild type (A, B) and
pdm4 (C, D). Scale bars: 5 um in (A) and (C); 1 um in (B), and 500 nm in (D). (E) Accumulation of representative subunits of photosynthetic protein complexes
determined by western blot analysis with specific antibodies. Total proteins from wild-type and pdm4 seedlings were extracted and separated by 15% SDS-PAGE.
Probes used specific anti-Lhc Il, anti-D1, anti-PsaA, anti-PsaN, anti-Lhc |, anti-Cyt f, anti-Pet D, anti-CFO I, anti-CF1¢, and anti-ACTIN antibodies. (F) Semi-
quantitative analysis of chloroplast proteins. After immunoblot analysis, the average signal intensities for each protein were quantified by the Imaged software for three
independent times. The protein relative contents (per unit of total protein) were determined and compared. Error bars represent standard errors. The relative protein
level of pdm4 mutants was obtained when protein level of wild type was set to 100. Similar result to that presented in (E) was obtained from three independent
experiments. Results from a representative experiment are shown. The asterisks indicate significant differences between WT and pdm4 (Student’s t test; **p < 0.01;
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conclusion that PDM4 is essential for the normal accumulation of
thylakoid proteins.

Homozygous pdm4 Embryos Show Delay
in Embryogenesis

To reveal the defects in pdm4 development and embryos, we
examined developing seeds at various developmental stages by
using the differential interference contrast (DIC) optics. Within
the immature siliques of heterozygous pdm4, the segregation
ratio of the green and white seeds was close to 3:1 (data not
shown) and consistent with the segregation in albino phenotype
(Figures 3A, B). Moreover, assessment of cleared seeds from the
same heterozygous silique indicated that the wild-type and
heterozygous seeds underwent normal developmental stages
(Figures 3C-G), whereas embryo development of homozygous
seeds was seriously disrupted (Figures 3H-L). Different
developmental stages of the seeds in wild-type were well-
defined and in normal condition, and no difference was visible
in pdm4 compared with wild-type embryos before or at the early
globular stage (Figure S1). But from the late globular stage to the
early heart stage, developmental deviation of mutant embryos
became apparent (Figures 3C-L).

PDM4 Encodes a Novel P-Type PPR
Protein Localized in the Chloroplast
Based on the redefined PPR motif, PDM4 is classified P-type PPR
protein and possesses 16 PPR repeat domains (Figure S2). Sequence

analysis of the PDM4 gene revealed that it contains eight exons with
a 3,114 base pair open reading frame, which encodes a polypeptide
of 1,038 amino acids. By Chloropl.1 software prediction, PDM4
possesses a putative 31 amino acid transit peptide at the N terminus.
To investigate the subcellular distribution of PDM4, we extracted
and observed the protoplasts from COM plants, and the results
showed that the fusion proteins were exclusive to chloroplasts and
colocalized with chlorophyll (Figure 4A). To further confirm the
sublocalization of PDM4 within chloroplasts, intact chloroplasts
from COM plants were isolated and further fractionated into
stroma, envelop, and thylakoid membrane. Figure 4B shows that
the GFP-tagged PDM4 protein is mainly located in the chloroplast
stroma, but not in the thylakoid or envelope membrane fraction.
Furthermore, qRT-PCR assay demonstrated that PDM4 is
universally transcribed throughout the various developmental
stages; especially, a high expression level in the seedling and leaf
and relatively low expression in the flower, stem, and root are
observed (Figure 4C).

To identify PDM4 homologs in several species, a search was
carried out using NCBI protein database and the protein
sequence of PDM4 as the template. High similarity of protein
sequences was selected for bioinformatics analysis. The PDM4
homologous proteins exhibited a relatively high level of
similarity in Populus trichocarpa (PotriT071500, 58.0%) and
Glycine max (Glyma.08G106500, 54.8%), while they showed
a low level in Volvox carteri (Vocar.0001s1331, 23.4%)
(Figure S3). To further reveal the relationship between the

FIGURE 3 | Phenotypic analysis in siliques and embryogenesis in pdm4 mutant. (A) Seeds in wild-type plants. (B) Seed segregation in siliques from a pdm4/+
heterozygous plants. (C-L) Cleared seeds observed under differential interference contrast (DIC). Embryo development of wild type (C~G) and pdm4 (H-L) at
globular, heart, torpedo, walking-stick, and cotyledon stages. Scale bars: (A, B), 2 mm; (C-L), 1 mm.

Frontiers in Plant Science | www.frontiersin.org

206

August 2020 | Volume 11 | Article 1198


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

PDM4 in Chloroplast Gene Expression

Chlorophll

X O
R R o
& & &
F & & <
‘- ———— ‘PDM4-GFP
‘- — ‘cp47
‘- Tic110
‘- - ‘RbcL

experiments were repeated three times independently.

PDM4 and other family member proteins in different species,
we constructed a phylogenetic tree (www.phylogeny.fr) of the
closest amino acid sequences from Figure S3, and analysis
revealed that PDM4-like proteins are present in most
chloroplastida including monocots, dicots, ferns, mosses, and
algae (Figure S4).

The PDM4 Mutation Affects Plastid Gene
Expression

Growing mass of information supports the idea that the PPR
proteins are always involved in the regulation of plastid gene
expression (Barkan and Small, 2014). Depending on the different
RNA polymerases required, plastid genes can be roughly divided
into three categories: genes of class I are mainly synthesized by
PEP, genes of class II are synthesized by both PEP and NEP, and
genes of class III are synthesized by NEP. To assess the possibility
that PDM4 functions in gene expression in plastid, we examined
the transcript levels of three types of genes both in the pdm4
mutant and wild-type plant by qRT-PCR analysis.

We chose the six genes as representation of PEP-dependent
(class I) type, psaA, psbA, psbB, petB, ndhA, and rbcL. The results
indicated that the transcription level of PEP-dependent genes in
pdm4 was dramatically decreased from about 40 to 90% (Figure
5A). In contrast, the transcript levels of the plastid genes, which
were tested as the representatives of class III (NEP-dependent)
type, including rpoA, accD, rpoB, ycf2, rpoCl, and rpoC2, were all
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FIGURE 4 | PDM4 protein location and gene expression pattern. (A) Localization of the PDM4 protein within the chloroplast using the GFP assay by protoplasts of
complement line. Scale bars: 25 nm. (B) Immunolocalization of PDM4. Intact chloroplasts were isolated from the leaves of GFP-tagged complemented Arabidopsis,
and then separated into envelop, stroma, and thylakoid membrane fractions. Antisera were used against GFP, the integral thylakoid membrane protein CP47, the
integral inner envelop membrane protein Tic110, and abundant stroma protein RbcL. (C) Quantitative real-time (QRT)-PCR analysis of the PDM4 gene in the root (Rt),
stem (St), leaf (Le), flower (FI), seedling (Se), and silique (Si). Values not connected by the same letters are significantly different (Student’s t test, p < 0.05). All the

increased by varying degrees in pdm4 (Figure 5B). As for the
class II genes, synthesized by both NEP and PEP, ndhB, atpB,
and ndhF expression levels showed a reverse trend. The
transcript levels of ndhB and atpB decreased by nearly 20%,
while the transcripts of ndhF were obviously upregulated (Figure
5C). The contents of representative genes were also confirmed by
northern-blot analysis and the result is comparable to the qRT-
PCR analysis (Figure 5D). To further study whether
the increased transcription level of rpoB resulted in an
enhancement at protein level, we detected the RpoB protein
content in the pdm4 mutant by western blot analysis. Compared
with wild type, the result showed an obviously reduced level of
RpoB in the pdm4 mutant (Figure 5E).

PDM4 Involved in RNA Splicing of Multiple
Chloroplast Group Il Introns

Dozens of P-type PPR proteins have been reported to function in
RNA splicing in chloroplast (Beick et al., 2008; Barkan and Small,
2014). To determine whether PDM4 influences the splicing of
the group II introns, representative splicing event was assayed in
the pdm4 mutant by performing RT-PCR analysis (Figure 6A).
Compared with the wild-type plants, the unspliced precursors of
ndhA, petB, ycf3-int-1, petD, clppl-int-1 accumulated to an
increased level in the pdm4 mutant (Figure 6A). The
observation of altered intron processing was also confirmed by
northern-blot analysis. The result indicated that unspliced
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genes. (B) The expression levels of nuclear-encoded polymerase (NEP)-dependent chloroplast genes. (C) The expression levels of both PEP- and NEP-dependent
chloroplast genes. The asterisks indicate significant differences between WT and pdm4 (Student’s t test; *p < 0.05; “*p < 0.01; **p < 0.001). (D) RNA gel-blot
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protein content was indicated by western blot. Total protein (50 ug or the indicated dilution of the wild-type sample) from 3-week-old seedlings was loaded per lane.
Actin was used as a loading control. These experiments obtained similar results each time. Results from a representative experiment of three times are shown.

precursors of ycf3, petB, petD, and ndhA were present and
accumulated in a high level in pdm4 and absent in the wild
type. By contrast, the transcripts of rpsl4 showed a higher
efficiency of accumulation than the wild type (Figure 6B).
Besides, RNA immunoprecipitation, followed by a quantitative
PCR assay using the GFP antibody and COM plants, indicated
that PDM4 was specifically associated with these target
sequences in the ndhA, petB, ycf3-1, and petD transcripts
(Figure 6C). The RNA immunoprecipitation efficiency was
supported by western blot analysis (Figure S5), and the
transcripts containing 18S rRNA were used as control.

pdm4 Mutant Is Defective in Chloroplast
rRNA Accumulation

The chloroplast rRNAs, as well as two tRNAs, are arranged in
one operon, and transcription depends on both PEP and NEP

(Tiller and Bock, 2014). When denatured rRNA samples were
separated on denaturing agarose gels, it was shown that the
rRNA fragmentation pattern in the wild type was obviously
different from pdm4 mutant by using the ethidium bromide
staining method (Figure 7A). The signal intensities of the 1.5
and 1.1-kb RNA corresponding to chloroplast 16S rRNA and a
breakdown product of the chloroplast 23S rRNA were
dramatically reduced in the pdm4 mutant (Figure 7A).

To study the impaired accumulation of chloroplast rRNAs in
detail, we performed northern-blot analyses to detect the 168,
4.5S, 58, and 23S rRNA by using four probes with an internal
region (probes a, b, ¢, and d, respectively, as shown in Figure
7B). Upregulated levels of the 3.2-kb 235-4.5S rRNA precursor
were detected in the pdm4 mutant, whereas the levels of the 0.12-
kb 58, 0.1-kb 4.5S, 0.5-kb 23S, and 1.5-kb 16S mature rRNAs
were drastically downregulated (Figure 7C). We also have tested

Frontiers in Plant Science | www.frontiersin.org

208

August 2020 | Volume 11 | Article 1198


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al. PDM4 in Chloroplast Gene Expression

A
pdm4 WT gDNA pdm4 WT gDNA
1012 b, U 919 bp
ndhA u P petB
S 179 bp S 114 bp
. U 965 bp U 815bp
cf3-int-1
d s 214bp PetD S 107bp
i U 658 bp i
clpp1-int-1 S 143bp Actin
B
WT pdm4 WT pdm4 WT pdm4 WT pdm4  WT pdm4
*
s
f:\
-
ycf3 petB petD 18s rRNA
Cc
16' Hkk
T4
[
E 121
Q = 104
T3 . cov
s £ s T [ wr-GFp
&
=
8 41
[
x 2 i
ndhA petB ycf3 petD rrn18
FIGURE 6 | PDM4 is involved in RNA splicing of Arabidopsis group Il introns. (A) Inefficient splicing of group Il introns of ndhA, petB, ycf3-int-1, petD, and clpp1-int-
7 in the mutant as determined by reverse-transcription (RT)-PCR. S, introns are spliced; U, introns are retained. (B) Northern-blot analysis for the transcript
accumulation and pattern of ycf3, petB, petD, ndhA, rps14, and 18S rRNA. 5 ug of total RNA from 3-week-old seedlings was analyzed by hybridization to specific
probes for each gene. Gene precursor indicated by the asterisk. The results shown are representatives of three independent biological replicates. (C) RNA
immunoprecipitation analysis followed by a quantitative PCR assay. 3-week-old 35S:PDM4-GFP complemented seedlings were used. [P+, anti-GFP
immunoprecipitation; IP—, mock immunoprecipitation. The asterisks indicate significant differences between WT-GFP and COM (Student’s t test; “**p < 0.001). Data
are means (+ SE) obtained from three replicates.

the interaction and/or association between PDM4 and its targets ~ immunoprecipitated, but not of 16S, trul, trnA, and 18S rRNA
by RNA immunoprecipitation and qRT-PCR methods and using ~ (Figure 7D). Results from northern blots and RNA-Co-IPs
specific primers for transcripts containing the 23S, 55, 4.5S, 16S  support the conclusion that PDM4 associates with rRNA and
rRNA, and two tRNAs, as well as the intergenic region (Figure  affects rRNA processing. The RNA immunoprecipitation
7B, probes e, f, g, h). We detected enrichment fragments of 23S,  efficiency was also supported by western blot analysis
5S, 4.5S rRNA, and the intergenic region in the anti-GFP  (Figure S5).
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DISCUSSION

Contrary to the increasing information about the subfamily
classification and organellar targeting of PPR proteins in
plants, the cellular role and function of most PPR proteins are
still so far from fully being apprehended (Lee et al, 2019).
Among these PPR proteins, several mutants show pigment
defective or lethal phenotypes, such as sell (Pyo et al., 2013),
ecdl (Jiang et al., 2018), ppr4, emb2654 (Lee et al., 2019), and
sot5/emb2279 (Huang et al., 2018) in addition to pdm2 and pdm3
mutants (Du et al.,, 2017; Zhang J. et al., 2017) which have been
reported in our lab before. These works suggest that most
functional PPR proteins located in the chloroplast mainly play
a critical role in accumulation of chlorophyll and are essential for
plant survival. In this study, we identified and characterized a
novel PPR protein PDM4; the pigment defective phenotype of
the mutant and complementation analysis with the PDM4 gene
demonstrated that PDM4 is indispensable for plant survival
and growth.

Chlorophyll accumulation is a prerequisite for the
maintenance of functional photosynthetic reaction centers and
light-harvesting complexes (Pan et al., 2013). In the pdm4, the
albino phenotype with a decrease of chlorophyll contents was
observed (Figure 1C), indicating the photosystem complexes
might be impaired, and in accordance with this hypothesis, the
result of western blot analysis confirmed this possibility (Figure
2E). The chloroplast ultrastructure of pdm4 exhibited an
abnormal morphology, and the structure of the thylakoid
membrane was seriously disturbed, suggesting that the lethal
phenotype in these plants was probably attributed to
developmental defects in chloroplasts. Furthermore, proper
development and biogenesis of chloroplast play an essential
role in the vast majority of important biological processes,
including cell proliferation, secondary metabolite synthesis,
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FIGURE 7 | The chloroplast rRNA processing in pdm4 mutant. (A) The contents of rRNAs in wild type and pdm4. 5 ug of total RNA from 3-week-old wild type and
pdm4 seedlings was separated by denaturing gel. 23S* is the breakdown product of the chloroplast 23S rRNA. rRNA was quantified using “Imaged” software. (B)
Diagram of the chloroplast rRNA operon and the locations of the probes (a—d) used for the RNA gel-blot analysis and used for RNA immunoprecipitation analysis
(a-)). (C) RNA gel analysis of 16S rRNA (probe a), 23S rRNA (probes b), 4.5S rRNA (probe c), and 5S rRNA (probe d). The sizes of the transcripts (in kb) are shown.
The 18S rRBNA is shown as a loading control. (D) RNA immunoprecipitation analysis followed by a quantitative PCR assay. Probes b, d, ¢, a, i, f, and rm18 are
fragments from the 23S rRNA, 5S rRNA, 4.5S rRNA, 16S rRNA, tml, trnA, and 18S rRNA, respectively and probes e, f, g, h for the intergenic region. The asterisks
indicate significant differences between WT-GFP and COM (Student’s t test; **p < 0.001). Data are means (= SE) obtained from three replicates.

and embryogenesis (Yin et al., 2012). Compared with our
previous studies in pdm2 and pdm3 mutants, the development
of homozygous embryo was also retarded especially after
globular-to-heart stage (Figures 3H-L), suggesting that
disruption of PDM4 is the primary cause for embryogenesis
defection in the pdm4 mutant. Several PPR mutants have similar
developmental defects during the embryogenesis process, e.g.,
Atppr2 (Lu et al., 2011), facl9 (Yu et al,, 2012), At_dek36 (Wang
et al,, 2017), blx (Sun et al., 2018), and ecd! (Jiang et al., 2018).
Borisjuk et al. (2005) suggested that the probable reason for these
developmenal defects is energy source transformation from the
endosperm to the chloroplast in seed development because
chloroplast formed transiently and transformed into storage
organelles during embryo development. This view also
coincided with Barkan and Small (2014). Thus, blocking
embryo development in pdm4 mutant may result from the
defective chloroplast by some indirect effects.

The expression of plastid-encoded genes of photosynthesis
was closely linked with the developmental state of the chloroplast
(Chi et al., 2008; Zhang Z. et al., 2017). qRT-PCR and northern-
blot analysis showed that the levels of PEP-dependent transcripts
were dramatically reduced; on the contrary, levels of NEP-
dependent transcripts were obviously increased, suggesting that
NEP functions correctly or efficiently in pdm4 (Figures 5A-D).
Compared with upregulated transcriptional level, the protein
level of RpoB is significantly decreased in pdm4 mutant (Figure
5E), and we obtained a similar result in the pdm3 mutant (Zhang
J. et al,, 2017). It suggests that RpoB protein biosynthesis or
stability is affected in the pdm4, leading to a dysfunctional PEP
complex, just like the case that happened in the pdm3 (Zhang J.
et al., 2017). Thus, PDM4 is necessary for an efficient and
functional PEP transcription machinery. As to the reduced
PEP activity, one possible reason is that PDM4 acts as a
participant of nucleoid proteins, like PAPs or pTACs, or
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merely associates with them to participate in the regulation of
PEP activity because pdm4 mutant shares some similarities in
molecular phenotypes with other PEP-related mutants (Figures
5 and 6; Zhang J. et al, 2017; He et al.,, 2019). As we know,
pTACs always interacted with thylakoid membrane; we had not
detected any signals with PDM4 in the thylakoid fragments
(Figure 4B); this may indicate that there exists a weakly
interaction between PDM4 and pTACs although none of the
presented data show PEP/TAC-association or that PEP-activity
is actually PDM4 dependent. Another explanation is that the
stability of the transcripts may be decreased, or the rate of mRNA
turnover is enhanced in those mutants. In fact, dozens of PPR
proteins that affect the stability of chloroplast gene transcripts
have been identified (Barkan and Small, 2014).

In higher plants, dozens of P-type PPR proteins are targeted
to the chloroplasts and have been proved to be necessary in
removing some distinct introns (Barkan and Small, 2014). For
example, PPR5 was confirmed to promote the splicing of the
group II intron within rpl16 in Arabidopsis (Rojas et al., 2018);
and in rice, AL2 collaborates a subset of chloroplast associated
proteins to regulate splicing of both chloroplast group II and I
introns (Liu et al., 2016). In this investigation, the disruption of
PDM4 aftected the splicing of ndhA, petB, clpP1-1, ycf3-1, and
petD transcripts, and to our surprise, rpsl4 transcript
accumulation was improved in this study (Figure 6B). This
result does not fully coincide with pdm3 in the respective
transcript splicing events, e.g. the affected splicing sites are
ndhB, clpPI-1, and trnA. Alternately, this probably suggests
partially distinctive and redundant functions refer to PDM3
and PDM4 in the regulation of chloroplast gene expression. A
recent work has shown that BFA2, a P-type PPR protein in the
chloroplast, affects atpF-atpA transcript splicing by combining to
the intergenic region of atpF-atpA and acts as a specific barrier to
prevent atpH/F mRNA from exoribonuclease degradation
(Zhang et al,, 2019). Thus, we could not rule out the possibility
that PDM4 acted as a barrier and resulted in a high efficiency in
transcript accumulation of the rpsi4 in pdm4 mutant.

The result of agarose gel electrophoresis analysis validated
that chloroplast rRNA was dramatically reduced in the pdm4
mutant (Figure 7A). It is reported that PPR proteins are also
involved in pre-rRNA processing and lead to reduced rRNA
levels (Barkan and Small, 2014). To further assess this possibility,
chloroplast rRNA was analyzed in detail by northern-blot
analysis (Figure 7C). Compared with the wild type, 3.1-kb
RNA representing the precursor of 23S and 4.5S rRNA was
accumulated more in pdm4 (Figure 7C). As a consequence of the
increased precursor of rRNA in pdm4, we deduced that protein
PDM4 was involved in the cleavage precursor of rRNA in the
chloroplast, especially during the maturation of 50S rRNA. As
pre-rRNA processing and ribosome assembly are intimately
linked in the chloroplast, therefore, lesions in the ribosome
assembly are frequently found in mutants with rRNA
processing defects (Prikryl et al., 2008; Chi et al., 2011;
Asakura et al., 2012). Coimmunoprecipitation assays produced
evidence that PDM4 associates with rRNA and affects rRNA

processing (Figure 7D), and we can also draw the conclusion
that the PDM4 protein was specifically associated with these
target sequences in the ndhA, petB, ycf3-1, and petD transcripts
(Figure 6C). Thus, in pdm4 mutant, the aberrant maturation and
accumulation of chloroplast rRNA mutant may be due to a defect
in ribosomal biogenesis/assembly. The pmd4 mutant also
showed an obvious downregulated level in the mature form of
16S rRNA, whereas an accumulation of precursor rRNA was not
detected (Figure 7C). The decrease in mature 16S rRNA in pdm4
appeared to be regarded as an indirect consequence of the defects
in the 508 subunit biogenesis/assembly because PDM4 associated
with the 308 particle was not found (Figure 7). This conclusion is
further sustained by the identification of the RH22 in
Arabidopsis (Chi et al., 2012).

PDM4 is required for PEP activity, polycistronic
accumulation, and rRNA maturation. But it is hard to rule out
which process is a dominant factor; because of the pleiotropic
nature of knockout plants, it is particularly true when general
plastid translation can be affected by the lack of ribosome
processing and/or assembly, which indirectly results in
dysfunctional transcription machine as the results of disrupted
expression of the plastid encoded polymerase (PEP) and in turn
affects RNA processing patterns and levels (Legen et al., 2002;
Stoppel and Meurer, 2011). Furthermore, in pdm4, chloroplast
development is severely damaged. We can find that PDM4
affecting the transcription level of PEP-dependent genes, RNA
splicing of multiple chloroplast group II introns, and chloroplast
rRNA accumulation. These processes influence and restrict each
other, which together leads to the loss of chloroplast
development. And based on our research, the key or the direct
reason of this phenomenon is still not very clear. So, further
study of PDM4 function should facilitates the general
understanding the mechanism of plastid gene expression and
chloroplast development.
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