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Cover image artwork uses pictures taken by confocal imaging microscopy of an onion epidermal cell
transformed by gold particle bombardement. Top and bottom row display an onion cell transiently
expressing the green-fluorescent protein (GFP) as a cytosolic and nucleoplasmic marker. The bright-green
circle in the center represents the nucleus. The cell was co-bombarded with a PAP10-DsRed construct
marking the nucleoids in non-green plastids of the onion cell as red dots. The DsRed signal of a magnified
plastid is shown in the middle row. The PAP10 protein is a subunit of the plastid RNA polymerase complex
that localizes to two nucleoids of that plastid. The organelle itself is not visible but can be recognized as
negative image within the surrounding GFP signal.

Photo credits: Monique Liebers and Robert Blanvillain

Plastids are plant cell-specific organelles of endosymbiotic origin that contain their own genome,
the so-called plastome. Its proper expression is essential for faithful chloroplast biogenesis during
seedling development and for the establishment of photosynthetic and other biosynthetic
functions in the organelle. The structural organisation, replication and expression of this
plastid genome, thus, has been studied for many years, but many essential steps are still not
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understood. Especially, the structural and functional involvement of various regulatory proteins in
these processes is still a matter of research. Studies from the last two decades demonstrated that a
plethora of proteins act as specific regulators during replication, transcription, post-transcription,
translation and post-translation accommodating a proper inheritance and expression of the
plastome. Their number exceeds by far the number of the genes encoded by the plastome
suggesting that a strong evolutionary pressure is maintaining the plastome in its present stage.
The plastome gene organisation in vascular plants was found to be highly conserved, while algae
exhibit a certain flexibility in gene number and organisation. These regulatory proteins are,
therefore, an important determinant for the high degree of conservation in plant plastomes. A
deeper understanding of individual roles and functions of such proteins would improve largely
our understanding of plastid biogenesis and function, a knowledge that will be essential in the
development of more efficient and productive plants for agriculture. The latter represents a major
socio-economic need of fast growing mankind that asks for increased supply of food, fibres and
biofuels in the coming decades despite the threats exerted by global change and fast spreading
urbanisation.

Citation: Pfannschmidt, T., Pfalz, J., eds. (2016). The Proteins of Plastid Nucleoids — Structure,
Function and Regulation. Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-927-3
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Understanding the evolutionary establishment of plastids within eukaryotic cells and the principles
that govern the process of endosymbiosis have been integral to research in plant sciences dur-
ing the past three decades. Determination of the primary DNA sequence of the plastome from
many plants and algae represented a milestone in this field, making it possible to deduce evolu-
tionary lineages via bioinformatic approaches. These have greatly improved our understanding of
endosymbiosis, the evolution of plastids and the reshaping of the eukaryotic host genome follow-
ing massive horizontal gene transfer from the ancient cyanobacterial progenitor toward the host
nucleus. Astonishingly, much less is known about the current structure and organization of plas-
tid DNA and its association with different kinds of proteins that are involved in its stabilization,
replication and expression.

As in bacteria, the DNA in plant and algal plastids appears to be organized in nucleoids that
can be easily visualized by fluorescence microscopy using DNA-specific dyes. This approach iden-
tifies nucleoids as dots of distinctive shape that are located close to the thylakoid or envelope
membrane depending on the developmental stage of the plastid. However, at the molecular level
nucleoids represent a less well defined structure as they have been found to be a highly dynamic pro-
tein/DNA/RNA structure. In particular, its protein subunit composition is highly variable depend-
ing on the developmental stage of the plastid and the tissue context in which it resides, as well as
on the environmental condition of the organism. In addition, the structure and organization of the
DNA itself is still under debate. A definition of what precisely is a nucleoid in terms of protein sub-
unit composition and structure, therefore, appears to be difficult on the basis of current knowledge.
This research topic gives a snapshot of the current state-of-the-art on nucleoids focussing on their
structure and composition. It zooms through the different levels of proteins involved in processes
that are prerequisite for proper nucleoid structure and faithful gene expression.

The primary topic of the articles in this research topic is the various proteins found in nucleoids
or likely associated with them based on their functional contribution to gene expression. Current
knowledge and open questions about the organization of nucleoids are summarized in an initial
review by Powikrowska et al. (2014). This article discusses the various appearances of nucleoids
in different microscopy techniques, focussing heavily on the structural organization of DNA and
the proteins that mediate it. It summarizes the characteristics of known plastid nucleoid associated
proteins (ptNAPs) proposed to be involved in shaping and organization of nucleoids in plants.
It also compares nucleoid morphology and organization in bacteria with that found in plants
and extensively discusses the dynamics of nucleoid re-organization during the different phases
of chloroplast development. This review is complemented by a research article that analyses the
role of the protein Whirlyl in barley (Krupinska et al., 2014). Down-regulation of Whirlyl via
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RNAI results in the occurrence of larger and more irregularly
formed patches of DNA than are normally found in nucleoids.
The data suggest an important role for Whirlyl in compacting
nucleoid DNA and thereby affecting DNA replication.

These two articles set the scene for a detailed review about
the enzymes involved in organellar replication contributed by
Moriyama and Sato (2014), who describe the history of studies on
organellar DNA polymerases and their enzymatic characteristics,
including sensitivity to inhibitors or exonuclease activity. The
article furthermore highlights other enzymes involved in repli-
cation such as helicases, DNA primase and topoisomerase as well
as single-stranded DNA binding proteins. The review also covers
the evolution of all these enzymes and their phylogenetic ori-
gins and relationships, and ends with an interesting model for the
exchange of organellar replication enzymes during the evolution
of photosynthetic eukaryotes.

The first level of gene expression is the transcription of the
genetic information encoded by DNA. In chloroplasts, RNA
is synthesized by two different types of RNA polymerases, the
plastid-encoded RNA polymerase (PEP) and nuclear-encoded
RNA polymerase (NEP). The PEP enzyme constitutes a geneti-
cally chimeric multi-protein complex with plastid-encoded core
subunits structurally related to the bacterial E. coli RNA poly-
merase. One new feature of the PEP in higher plants, however,
is its assembly with numerous nucleus-encoded eukaryotic com-
ponents (PEP-associated proteins), which are reviewed in two
articles (Yu et al., 2014; Yagi and Shiina, 2014). During the past
decade, several approaches have established an im-portant role
for such PEP-associated proteins (PAPs) in a variety of biological
processes. These include transcriptional regulation, DNA/RNA
metabolism, posttranslational modification and detoxification.
More recently, it has been proposed that these proteins serve also
as building blocks in the PEP assembly, but how exactly these
proteins contribute to transcription and gene regulation awaits
further investigation.

One important characteristic of plastid gene expression is the
observation that PEP activity changes both in a developmen-
tally regulated fashion and in response to environmental vari-
ables. Key proteins that mediate these changes in transcription
are the different members of the sigma family (e.g., six in Ara-
bidopsis) which initiate transcription in a complementary and
flexible manner. Their concerted action allow greater flexibility
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of rice exposed to low-temperature conditions. It works in con-
junction with regulators of organellar and cytosolic nucleotide
metabolism, indicating that nucleotide metabolism is essential
for chloroplast development (Kusumi and Iba, 2014).
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2014). Based on experimental observations in bacteria, plas-
tids and mitochondria, a new model was developed in which,
in organelles, rRNA processing and ribosome assembly most
likely take place in nucleoids (Bohne, 2014). The second article
focusses on the roles of the CSP41 proteins (e.g., CSP41a and
CSP41b) (Leister, 2014). These are multifunctional proteins of
high abundance which have been found in several stromal pro-
tein complexes in different contexts, including RNA cleavage,
RNA stabilization, transcription and carbon metabolism. Con-
sidering the abundance, CSP41 may have a key role in RNA
stabilization.

The issue closes with a research article which describes an
effective biochemical purification strategy that helps to isolate
many of the aforementioned proteins from chloroplast nucleoids
(Schroter et al., 2014). This strategy might be helpful in future
in order to study native properties of nucleoid proteins isolated
from plants in different developmental or environmental con-
ditions. In summary, this research topic covers the full breadth
of structural and functional implications of plastid nucleoids as
currently known. It provides a comprehensive overview to the
interested newcomer to the field and demonstrates open ques-
tions and topics which promise fundamental new discoveries in
the years to come.

chloroplast nucleoids. Front. Plant Sci. 5:432. doi:
00432

Kusumi, K., and Iba, K. (2014). Establishment of the chloroplast genetic system in
rice during early leaf development and at low temperatures. Front. Plant Sci.

5:386. doi: 10.3389/fpls.2014.00386

10.3389/fpls.2014.

Leister, D. (2014). Complex(itiles of the ubiquitous RNA-binding
CSP41 proteins. Front. Plant Sci. 5:255. doi: 10.3389/fpls.2014.
00255

Moriyama, T., and Sato, N. (2014). Enzymes involved in organellar DNA
replication in photosynthetic eukaryotes. Front. Plant Sci. 5:480. doi:
10.3389/fpls.2014.00480

Powikrowska, M., Oetke, S., Jensen, P. E., and Krupinska, K. (2014). Dynamic com-
position, shaping and organization of plastid nucleoids. Front. Plant Sci. 5:424.
doi: 10.3389/fpls.2014.00424

Frontiers in Plant Science | www.frontiersin.org

April 2015 | Volume 6 | Article 220 | 6


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Pfalz and Pfannschmidt

Proteins of plastid nucleoids

Schréter, Y., Steiner, S., Weisheit, W., Mittag, M., and Pfannschmidt, T. (2014).
A purification strategy for analysis of the DNA/RNA-associated sub-proteome
from chloroplasts of mustard cotyledons. Front. Plant Sci. 5:557. doi:
10.3389/fpls.2014.00557

Yagi, Y., and Shiina, T. (2014). Recent advances in the study of chloroplast gene
expression and its evolution. Front. Plant Sci. 5:61. doi: 10.3389/fpls.2014.
00061

Yu, Q. B,, Huang, C., and Yang, Z. N. (2014). Nuclear-encoded factors associated
with the chloroplast transcription machinery of higher plants. Front. Plant Sci.
5:316. doi: 10.3389/fpls.2014.00316

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

Copyright © 2015 Pfalz and Pfannschmidt. 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) or licensor are credited and that the original publication in this jour-
nal 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

April 2015 | Volume 6 | Article 220 | 7


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/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

{frontiers in
PLANT SCIENCE

REVIEW ARTICLE
published: 04 September 2014
doi: 10.3389/fpls.2014.00424

=

Dynamic composition, shaping and organization of plastid

nucleoids

Marta Powikrowska’, Svenja Oetke?, Poul E. Jensen’ and Karin Krupinska?*

" Department of Plant and Environmental Sciences, VILLUM Research Centre for Plant Plasticity and Copenhagen Plant Science Centre, University of Copenhagen,

Copenhagen, Denmark

2 Plant Cell Biology, Institute of Botany, Christian-Albrechts-University of Kiel, Kiel, Germany

Edited by:

Jeannette Pfalz,
Friedrich-SchillerUniverstity Jena,
Germany

Reviewed by:

Alice Barkan, University of Oregon,

USA
Wataru Sakamoto, Okayama
University, Japan

*Correspondence:

Karin Krupinska, Plant Cell Biology,
Institute of Botany,
Christian-Albrechts-University of
Kiel, Olshausenstrasse 40,

24098 Kiel, Germany

e-mail: kkrupinska@bot.uni-kiel.de

In this article recent progress on the elucidation of the dynamic composition and structure
of plastid nucleoids is reviewed from a structural perspective. Plastid nucleoids are
compact structures of multiple copies of different forms of ptDNA, RNA, enzymes
for replication and gene expression as well as DNA binding proteins. Although early
electron microscopy suggested that plastid DNA is almost free of proteins, it is now
well established that the DNA in nucleoids similarly as in the nuclear chromatin is
associated with basic proteins playing key roles in organization of the DNA architecture
and in regulation of DNA associated enzymatic activities involved in transcription,
replication, and recombination. This group of DNA binding proteins has been named
plastid nucleoid associated proteins (ptNAPs). Plastid nucleoids are unique with respect
to their variable number, genome copy content and dynamic distribution within different
types of plastids. The mechanisms underlying the shaping and reorganization of plastid
nucleoids during chloroplast development and in response to environmental conditions
involve posttranslational modifications of ptNAPs, similarly to those changes known for
histones in the eukaryotic chromatin, as well as changes in the repertoire of ptNAPSs,
as known for nucleoids of bacteria. Attachment of plastid nucleoids to membranes is
proposed to be important not only for regulation of DNA availability for replication and
transcription, but also for the coordination of photosynthesis and plastid gene expression.

Keywords: chromatin, nucleoid, plastid DNA, ptNAP, thylakoids

INTRODUCTION

Plastids are the characteristic organelles of photosynthetic
eukaryotes. They are the sites of photosynthesis, and their
biosynthetic pathways supply the plant cell with many essen-
tial compounds. Chloroplasts evolved from a cyanobacterial
ancestor after a single endosymbiotic event, that was followed
by an extensive reduction of the plastid genome size (Timmis
et al., 2004; Bock and Timmis, 2008; Green, 2011). Among
the genes still present in the 100-200 kbp plastid genomes are
the ribosomal RNA genes, 27-31 genes encoding tRNAs, and a
variable number of other genes, that in higher plants include
about 85 encoding proteins of the photosynthetic apparatus
(Green, 2011).

Within the chloroplast, multiple copies of the plastid DNA
(ptDNA) together with RNA and proteins are organized in struc-
tures that are similar to bacterial nucleoids. The compact struc-
ture of DNA in such nucleoids has been compared with the
chromatin in the nucleus of eukaryotic cells (Sakai et al., 2004).
The fundamental difference between genome organization in
plastids vs. that in bacteria is, that plastids have multiple nucleoids
with a varying number of genome copies, whereas bacteria only
have a single nucleoid containing a variable number of DNA
molecules. Nucleoids contain all enzymes necessary for transcrip-
tion, replication and segregation of the plastid genome (Sakai

et al.,, 2004). Moreover, posttranscriptional processes including
RNA splicing and editing, as well as ribosome assembly, take
place in association with the nucleoid, suggesting that these pro-
cesses occur co-transcriptionally (Majeran et al., 2012). However,
among the many proteins found in the nucleoid and identified
by proteomic analyses (Phinney and Thelen, 2005; Majeran et al.,
2012; Melonek et al., 2012) only a few have been functionally
characterized so far. In Table 1, proteins, that were proposed to
play roles in nucleoid architecture, and which in analogy to the
architectural proteins of bacterial nucleoids have been named
plastid nucleoid associated proteins (ptNAPs) (Krupinska et al.,
2013), are listed.

The dynamic shaping of nuclear chromatin and bacterial
nucleoids is known to have profound effects on gene expres-
sion. Whereas the mechanisms underlying chromatin remodeling
in the nucleus of plant cells have been investigated intensively,
research on the mechanisms underlying the dynamics of the
structure and organization of plastid nucleoids is still in its
infancy. This is in sharp contrast with the enormous importance
of chloroplast metabolism for growth and productivity of plants.
Expression of plastid genes needs to be continuously coordinated
with the activity of the nuclear genome. Structural changes are
likely to be involved in the crosstalk between plastid and nuclear
genomes.
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Table 1 | Characteristics of plastid nucleoid associated proteins proposed to be involved in shaping and organization of nucleoids in plants.

Name Mw pl Proposed function Occurrence/ References
theoretical Species characterized

PEND, plastid envelope DNA 130kDa 4.6*  anchoring of nucleoids to dicots/Pisum sativum, Brassica Sato et al., 1993, 1998; Sato

binding protein (10.3*)*  the envelope membrane napus and Ohta, 2001; Terasawa
and Sato, 2005; Wycliffe
et al.,, 2005

MFP1, MAR-binding 90kDa 8.5 anchoring of nucleoids to angiosperms/ Lycopersicum Meier et al., 1996; Jeong

filament-like protein thylakoids temulentum et al., 2003, 2004

TCP34, (tetratricopeptide- 38kDa 5.4*  candidate nucleoid higher plants/Spinacia oleracea Weber et al., 2006

containing chloroplast anchoring protein

protein)

SWIB-4, domain of SWI/SNF 12kDa 10 packaging of DNA angiosperms/Spinacia oleracea, Melonek et al., 2012

complex B Arabidopsis thaliana

pTAC3** 68 kDa' 46*  candidate DNA packaging  land plants except gymnosperms/ Majeran et al., 2012

(9.6)*  protein Zea mays

SiR (DCP68), sulfite 68kDa 9.1*  bifunctional: DNA cyanobacteria, algae and land Cannon et al., 1999; Sekine

reductase (DNA compacting compaction and sulfur plants/Glycine max, Pisum sativum, et al., 2002, 2007, 2009; Sato

protein) assimilation Zea mays et al., 2003; Kang et al., 2010;
Wiedemann et al., 2010

YImG 23kDa 10.9  nucleoid partitioning cyanobacteria and plastid containing Kabeya et al., 2010

eucaryotes, Arabidopsis thaliana
SVR4/-like (MRL7/-like), 28kDa 5.2%  putative chaperones for mosses, clubferns and Qiao et al., 2011; Yu et al.,
suppressor of variegation 4 NAPs angiosperms, Arabidopsis thaliana, ~ 2011; Yua et al., 2013;
Hordeum vulgare Powikrowska et al., 2014
pTAC16** 54 kDa 8.9  putative membrane-anchor angiosperms/Arabidopsis thaliana Ingelsson and Vener, 2012
WHIRLY1, 3 (pTACT, 24-26 kDa 9.3*  condensation of DNA of a  angiosperms/Arabidopsis thaliana, Pfalz et al., 2006; Prikryl et al.,

pTAC11)** subgroup of nucleoids

2008; Maréchal and Brisson,
2010; Krupinska et al., 2014

Zea mays, Hordeum vulgare

MW, molecular weight, pl, isoelectric point.
*pl of the proteins basic region.

*#pl or protein molecular weight was determined with ExPASy Protparam (http:// web.expasy.org/cgi-bin/protparam/protparam).
**0TAC, protein detected in the transcriptional active chromosomes of chloroplasts from Arabidopsis thaliana (Pfalz et al., 2006).

In this article recent progress in the elucidation of the com-
position of plastid nucleoids is reviewed in the context of the
complex DNA-protein architecture. The unique characteristics of
plastid nucleoids will be highlighted by comparison with bac-
terial nucleoids and nuclear chromosomes. The involvement of
plastid specific NAPs in regulation of DNA availability for replica-
tion and transcription and the functional significance of nucleoid
association with the thylakoid membranes in chloroplasts will be
discussed.

MICROSCOPIC ANALYSES OF PLASTID NUCLEOID
MORPHOLOGY

In 1962, Ris and Plaut discovered irregularly shaped bodies con-
taining DNA in the chloroplast of Chlamydomonas by staining
with acridine orange. Electron micrographs revealed microfibrils
in areas of low density corresponding to DNA macromolecules

similar to those that were shown before in bacteria (Robinow
and Kellenberger, 1994). These microfibrils suggested that at least
part of the plastid DNA is “naked” in contrast to the nuclear
DNA that together with basic proteins, histones, is organized in
highly compact structures known as chromatin (Kuroiwa, 1991).
Images obtained by staining with 4’,6-diamidino-2-phenylindole
(DAPI) or other DNA dyes such as SYBR Green revealed a
quite different organization of plastid DNA. In chloroplasts, tiny
compact structures associated with the thylakoids are detectable
(Figure 1A). Protease treatment and reconstitution assays on such
isolated structures indicated that the packaging degree of DNA is
higher than in the metaphase chromosomes of animals (Nemoto
et al., 1988; Kuroiwa, 1991). From these results it was concluded
that ptDNA is not “naked,” but tightly packed in nucleoids by
interactions with basic proteins as it is also known for the nuclear
chromatin.

Frontiers in Plant Science | Plant Physiology

September 2014 | Volume 5 | Article 424 | 9


http://web.expasy.org/cgi-bin/protparam/protparam
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

Powikrowska et al.

Plastid nucleoids

FIGURE 1 | Visualization of plastid nucleoids by using different
microscopic techniques. (A) Nucleoids visualized by fluorescence
microscopy of SYBR Green in leaf sections, bar: 10 wum. (B) Conventional
electron micrographs showing nucleoids with DNA filaments in mesophyll

chloroplasts. (C) Specimen prepared by high pressure freezing and freeze
substitution (HPF-FS). (D) Immunogold labeling of nucleoids in leaf sections
obtained from specimen prepared by high pressure freezing and freeze
substitution (HPF-FS) using a DNA specific antibody, bar: 500 nm.

Indeed, the concept of “naked” DNA in plastids and bacteria
was based only on conventional electron microscopy employing
chemical fixation and dehydration of the tissue, known to lead to
denaturing and loss of proteins. As a result, DNA filaments devoid
of proteins get visualized in electron-lucent areas from which
proteinous material was lost during dehydration (Figure 1B).
When instead of chemical fixation, physical fixation by high pres-
sure freezing and freeze substitution (HPF-FS) is employed, no
DNA filaments are detectable (Figure 1C). Specimens prepared
by HPF-FS were used for immunogold labeling with an antibody
specific for single- and double-stranded DNA. Thereby regions
of intensive labeling could be detected that have about the size of
nucleoids as detected by epifluorescence or confocal microscopy
(Figure 1D).

DNA ORGANIZATION AND GENE EXPRESSION IN THE
NUCLEUS

Genomic DNA in most eukaryotic cells is hierarchically organized
within the chromatin (Campos and Reinberg, 2009; Fudenberg
and Mirny, 2012). The basic unit of chromatin is the nucleo-
some that consists of double stranded DNA wrapped around a
histone octamer. The nucleosomes organize into 11 nm fibers
that resemble beads on strings. This structure is thought to fur-
ther fold into so-called 30 nm fibers stabilized by the H1 linker
histone. Although very little is known about the organization
of chromatin beyond this stage, it is assumed that organiza-
tion of the higher order chromatin structure involves formation
of interacting fibers, chromatin loops and positioning to gener-
ate a distinctive spatial arrangement of the genome within the
three-dimensional space of the nucleus (for a review see Li and
Reinberg, 2011).

In general, the higher-order structures of nuclear chromatin
inhibit DNA transaction processes, i.e., replication, repair, recom-
bination and transcription of the DNA (Li and Reinberg, 2011).
These DNA transaction processes require chromatin remodel-
ing by mechanisms such as: (i) posttranslational modifications
(acetylation and methylation) of N- and C-terminal tails of
histones, (ii) exchanging histones variants, (iii) DNA methyla-
tion, (iv) non-histone architectural proteins, (v) ATP-dependent
nucleosome remodelers, as well as (vi) the action of negatively
charged histone chaperones.

Most eukaryotic genes are transcribed by RNA polymerase
II (RNAP II). Interestingly, transcription by RNA polymerase 11
requires dynamic changes in the chromatin structures of the tem-
plates (Orphanides and Reinberg, 2000; Studitsky, 2005). During
high rates of transcription, nucleosomes are completely disas-
sembled and reassembled with the assistance of ATP-dependent
nucleosome remodelers and histone chaperones altering contacts
between DNA and histones. These remodelers are specific for cer-
tain genes in different cell types and contexts of cell differentiation
(de la Serna et al., 2006). ATP-dependent nucleosome remodel-
ers allow the DNA to “inch-worm” around the histone octamer.
Acidic histone chaperones, on the other hand, “collect” the basic
histones after the histone-DNA interactions have been broken by
the ATP-dependent nucleosome remodelers.

Non-histone architectural proteins, such as high mobility
group (HMG) proteins (Grasser, 1995) also play a role in chro-
matin structural dynamics, since they decrease the compactness
of the chromatin fiber and enhance the accessibility of DNA
to regulatory factors. Members of the HMGN family contain a
functional nucleosome-binding domain (NBD) and a negatively
charged C-terminus of varying length. It has been shown that the
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negatively charged C-terminal domain of HMGN5 interacts with
the positively charged C-terminal domain of the linker histone H1
and thereby counteracts the Hl1-mediated compaction of a nucle-
osomal array. In turn, this facilitates transcriptional activation
(Rochman et al., 2010).

Packaging of DNA by histones into nucleosomes is not a dis-
tinguishing feature of eukaryotes, but also occurs in some groups
of archaebacteria which might have participated in the origin of
eukaryotes (Bendich and Drlica, 2000). In any case, a nucleosome
based packaging of DNA results in a rather closed structure, and
the access of DNA by DNA transaction enzymes involves several
interconnected processes modeling the chromatin.

DNA ORGANIZATION AND GENE EXPRESSION IN BACTERIA

Whereas the ability of histones to interfere with the nuclear chro-
matin structure and thereby to regulate transcription is rather
well conserved among eukaryotes and understood in great detail,
the situation in eubacteria seems to be more diverse and com-
plicated. Research on the folding of bacterial DNA began in the
1970s, but the first systematic inventory of nucleoid associated
proteins (NAP) (Azam and Ishihama, 1999) is still being extended
(Dillon and Dorman, 2010). Many of these proteins are abundant
basic proteins similar to histones and were found to influence
chromatin structure and gene transcription. Accordingly, they
were earlier named “histone like” proteins (Drlica and Rouviere-
Yaniv, 1987; Dorman and Deighan, 2003). This group includes
the highly conserved HU (heat unstable), the H-NS (histone-
like nucleoid-structuring), IHF (integration host factor) and FIS
(factor for inversion stimulation) (Dillon and Dorman, 2010).
By the use of a bioinformatics approach it has been estimated
that the bacterial nucleoid contains approximately one NAP per
100bp (Li et al.,, 2009). According to their architectural mode
of action toward DNA, three classes of architectural proteins are
distinguished: wrappers, benders, or bridgers (Luijsterburg et al.,
2008).

Importantly, there is no sequence or structural similarity
between the prokaryotic histone-like proteins and eukaryotic his-
tones (Macvanin and Adhya, 2012). The histone-like HU, H-NS,
IHF and FIS proteins bind to AT-rich regions and shape the local
structure of DNA upon binding (Browning et al., 2010). In con-
trast to histones that bind to both coding and non-coding DNA,
the binding of these proteins occurs mostly in non-coding regula-
tory regions of the genome as shown by in vivo protein occupancy
display (Grainger et al., 2006; Vora et al., 2009).

By electron microscopy, isolated nucleoids of Escherichia coli
(E. coli) were shown to be organized as rosettes with a com-
pact central core from which supercoiled DNA loops with an
average size of 10kbp were observed to radiate (Delius, 1974;
Postow et al., 2004). The loops comprise topologically isolated
domains with boundaries set by different NAPs such as H-NS
and FIS, that can cross-link either different genomic loci or
one locus with a membrane (Postow et al., 2004; Travers and
Muskhelishvili, 2005; Luijsterburg et al., 2008). At a higher orga-
nizational level, the E. coli genome is folded into a structure
containing four so-called macro-domains with specific NAPs and
two less structured regions (Espeli et al., 2008). In Caulobacter
crescentus, some domain specific NAPs are involved in con-
trol of replication and distribution of nucleoids (Dame et al.,

2011), while others were shown to regulate the position of
chromosomes and the initiation of cytokinesis (Mohl et al,
2001).

NAPs have both structural and regulatory roles. They shape
the overall organization of nucleoids depending on the external
conditions and growth phase (Rimsky and Travers, 2011). The
composition of the NAPs is known to change during the cell
cycle, in response to growth phase and external conditions such as
nutrient supply and stress factors. For example, FIS is a bending
NAP with high levels in growing cells, but it is absent under con-
ditions of slow growth and in cells of the stationary phase (Dillon
and Dorman, 2010). In contrast, Dps (DNA protection from star-
vation), whose expression is regulated by FIS and other NAPs,
accumulates at the end of the stationary phase mediating the for-
mation of stable and highly ordered nucleoprotein complexes,
also termed biocrystals, that are important for the protection of
DNA during stress (Wolf et al., 1999).

In addition to their dynamic functions as structural proteins
most NAPs serve dual or multiple purposes and also have spe-
cific functions (Dillon and Dorman, 2010; Dame et al., 2011).
The HU protein was shown to form transcription foci that are
spatially confined aggregations of RNA polymerases (Berger et al.,
2010). Other NAPs such as CRP (cyclic AMP regulatory protein)
act as transcription factors of specific genes (Nasser et al., 2001;
Rimsky and Travers, 2011). The NAP repertoire has considerable
impact on global gene expression and in many cases NAPs reg-
ulate gene expression by mutually antagonistic activities (Dillon
and Dorman, 2010).

Taken together, in contrast to the eukaryotic chromatin, the
composition of bacterial nucleoids is more diverse and dynamic.
The composition of the NAP fraction is regulated mainly at the
level of NAP gene expression whereby NAPs can regulate both
the transcription of genes encoding other NAPs and/or their own
genes (Travers and Muskhelishvili, 2005).

DNA ORGANIZATION IN PLASTIDS

THE PLASTID GENOME—SIZE, COPY NUMBER, AND TOPOLOGY

The size of the plastid genome of photosynthetically active algae
and higher plants ranges from 120 to 190 kbp depending on the
species (Wicke et al., 2011), e.g., in Arabidopsis thaliana it is
154kbp (Sato et al., 1999). The percentage of coding sequence
ranges from 50% in the green alga Chlamydomonas reinhardtii
(Maul et al., 2002) to 93.5% in the red alga Cyanidioschyzon mero-
lae (Misumi et al., 2005). Each plastid contains multiple copies
of the genome which are distributed among a variable number
of nucleoids. Despite the growing number of proteins shown to
play roles in DNA replication and maintenance (Maréchal and
Brisson, 2010), the mechanism of ptDNA replication is yet not
well understood and might depend on the developmental stage of
plastids (Nielsen et al., 2010). In fact, several mechanisms of DNA
replication were proposed and one involves a chloroplast-targeted
RecA protein (Rowan et al., 2010). Of particular importance
for ptDNA levels is the activity of an organelle targeted DNA
polymerase sharing homology with bacterial DNA polymerase I
(Moriyama et al., 2011). In some maize mutants with mutations
in the gene encoding the organelle targeted DNA polymerase
ptDNA accumulation was observed to be approximately 100-fold
reduced (Udy et al., 2012).
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The number and positions of nucleoids were shown to depend
on the developmental stage of the plastids (Boffey et al., 1979;
Kuroiwa et al., 1981). In a recent study on Beta vulgaris 12-330
plastid chromosomes per organelle with about 4-7 copies per
nucleoid were determined (Rauwolf et al., 2010). It had been sug-
gested long ago that nucleoids even within one plastid contain
varying amounts of DNA (Kowallik and Herrmann, 1972). The
number of genome copies per plastid changes during chloroplast
development (Boffey et al., 1979; Baumgartner et al., 1989), in
Arabidopsis ranging from more than 100 in rapidly dividing cells
to 20 or fewer in mature cells (Zoschke et al., 2007). Detailled
information on plastid DNA copies per cell and per plastid in dif-
ferent plants and in different tissues and stages of development
are presented in a recent review (Liere and Borner, 2013). There
is controversial information on the DNA content of mature and
senescing chloroplasts. Oldenburg and Bendich (2004) reported
that mature chloroplasts do not contain DNA, being in contradic-
tion with many other reports (Liere and Borner, 2013). In a recent
article a reappraisal of this issue is presented using a combination
of high resolution fluorescence microscopy, transmission electron
microscopy and real-time quantitative PCR. Thereby the authors
demonstrated that considerable levels of DNA and nucleoids are
even detectable in plastids of ageing and senescent leaves in dif-
ferent species (Golczyk et al., 2014). The discrepancies between
these studies and the former studies of Bendich and co-workers
(Rowan et al., 2004) were proposed to be due to methodological
insufficiencies of the experimental approaches. Indeed, it is rather
unlikely that chloroplasts before entering the degradative phase of
late senescence lack DNA, because the D1 protein of the photo-
synthetic apparatus is known to have a high turnover requiring a
continuous re-synthesis (Melis, 1999). The high demand for new
synthesis cannot be met by an extremely high stability of plastid
mRNAs as claimed by Oldenburg et al. (2014) in their response
to the article of Golczyk et al. (2014). In fact, plastid genes are
actively transcribed in senescing barley leaves as shown by run-
on assays (Krause et al., 1998; Krupinska and Humbeck, 2004).
When dark-induced senescence is reverted by light, in particular
the transcriptional activities of photosynthesis associated plastid
genes were shown to increase again (Krause et al., 1998).

The plastid genome can be divided into four major regions:
(1) The large single copy region (LSC) which in Arabidopsis
comprises as much as 54% of the genome, (2) the small sin-
gle copy region (SSC) making up 12% of the plastid genome in
Arabidopsis, and (3) the two inverted repeats, IRy and IRp, which
contain the same genetic information in inverse orientation.
Hence the genes contained in these repeats have two copies in the
genome. In most plant species the repeats contain three or four
ribosomal RNA genes and a number of other genes (Green, 2011).
This domain based organization resembles the macrodomain
organization of the bacterial genome. However, it is unknown
whether, as in the case of bacteria, the different regions of the
plastid genome comprise topological and functional units that are
associated with specific NAPs as reported for the domains of the
bacterial genome.

In contrast to the genomes of the eukaryotic nucleus and
of bacteria, the organelle genomes are considered to be highly
variable in structure (Bendich, 2004; Oldenburg and Bendich,

2004). Studies employing in situ hybridization showed that
besides circular chromosomes, linear forms occur in plastids
that were proposed to be the major forms in chloroplasts where
many small nucleoids are attached to thylakoids (Bendich, 2004).
Moreover, the majority of plastid DNA molecules are arranged
in multimeric (concatemeric) structures (Deng et al., 1989;
Oldenburg and Bendich, 2004; Maréchal and Brisson, 2010).
So far, the mechanisms of concatemer formation, linkage and
breakage of DNA in plastids are largely unknown (Wicke et al.,
2011).

As in bacteria, the DNA in plastids is supercoiled, and plastid
DNA topoisomerases play important roles in replication, repair
and recombination of DNA (Day and Madesis, 2007). Changes
in the DNA topology which especially happen during chloroplast
development were proposed to have also dramatic consequences
for gene expression (Lam and Chua, 1987; Zaitlin et al., 1989;
Salvador et al., 1998).

NUCLEOID ASSOCIATED PROTEINS IN PLASTIDS
Although several experiments have confirmed that the com-
pact organization of plastid nucleoids is retained by electrostatic
interactions between ptDNA and proteins, only a few structural
proteins interacting with the ptDNA have been identified so
far (Sakai et al., 2004; see Krupinska et al., 2013 for a detailed
description of ptNAPs). Most of them have high isoelectric points
in accordance with their DNA binding properties (Table1).
Homologs of bacterial HU proteins, namely HU-like proteins,
which are known as basic non-specific DNA binding proteins,
have been found instead of histones in the nucleus of most
dinoflagellates (Sala-Rovira et al., 1991; Wong et al., 2003) and
some algae (Bendich and Drlica, 2000). HU-like proteins (HLP)
were found to be encoded by the chloroplast genomes of the prim-
itive red alga Cyanidioschyzon merolae (Kobayashi et al., 2002) and
the green algae Chlamydomonas reinhardii (Karcher et al., 2009).
These and nuclear encoded HU-like plastid proteins of algae were
shown to be functional equivalents of the HU protein by com-
plementation of bacterial mutants lacking HU (Kobayashi et al.,
2002). However, in land plants, genes for HU-like proteins have
neither been found in any of the sequenced plastid genomes nor
in any of the sequenced nuclear genomes (Sato, 2001; Yagi and
Shiina, 2014). Novel DNA binding proteins residing in plastids
could have evolved from eukaryotic proteins involved in DNA
transaction processes in the nucleus (Kodama, 2007; Kodama and
Sano, 2007). An intensively studied ptNAP is the plastid envelope
DNA binding protein (PEND) having a basic region and a leucine
zipper (bZIP) domain. PEND was originally discovered in devel-
oping pea chloroplasts (Sato et al., 1993) and shown to tether
nucleoids to the inner envelope membrane where replication
takes place (Sato et al., 1993, 1998). Interestingly, a PEND:GFP
fusion protein was shown to be targeted to the nucleus when the
plastid targeting sequence was deleted (Terasawa and Sato, 2009).
Several ptNAPs are multifunctional (Krupinska et al., 2013).
One of the most abundant proteins in nucleoids is DCP68
(Cannon et al., 1999) which is identical with sulfite reductase
(SiR), an enzyme catalyzing the reduction of sulfite to sulfide
(Sato, 2001). SiR was found to bind and compact ptDNA, thereby
having a negative effect on in vitro replication (Cannon et al,
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1999) and transcription (Sekine et al., 2002, 2007; Sato et al.,
2003) as well as on chloroplast development (Kang et al., 2010).
However, its compacting effect on ptDNA differs from the mode
of action of HU-like proteins. In contrast to the DNA packed
by HU, DNA tightly packed by SiR, is in an inactive state and is
not available for DNA transacting enzymes. SiR was suggested to
repress transcriptional activity in non-photosynthetic plastids of
spores and seeds (Sato et al., 2003). In some aspects SiR might
rather play a similar role as Dps, the bacterial DNA binding pro-
tein abundant in starved cells (Dillon and Dorman, 2010). As
mentioned above, SiR has the ability to tightly compact DNA, but
the impact of this condensation on DNA protection has not been
studied so far. On the other hand, considering the association of
SiR with nucleoids in mature chloroplasts, SiR may be impor-
tant beyond the seed stage, putatively playing a role in selective
silencing of chloroplast encoded genes.

Novel candidates for architectural ptNAP proteins were identi-
fied in a recent study by Melonek and coworkers (2012). A group
of six organelle targeted, low molecular weight proteins have a
SWIB (switch/sucrose nonfermentable complex B) domain that
is typically found in ATP-dependent chromatin remodelers of the
nucleus. One of them, SWIB-4, has a histone H1-motif next to the
SWIB domain and was shown to bind to DNA. The recombinant
SWIB-4 protein was shown to induce compaction and conden-
sation of nucleoids and to functionally complement a mutant of
E. colilacking the histone-like nucleoid structuring protein H-NS
(Melonek et al., 2012). Interestingly, SWIB domain proteins are
also found in Chlamydophila felis. This species has a histone 1
like protein (Hcl) and a stand-alone SWIB domain protein, the
only type of SWIB proteins found in bacteria. Chlamydiae are a
group of bacteria living as endosymbionts and parasites in other
bacteria or in eukaryotic cells. Phylogenetic analyses suggested
that an ancestral member of the group of Chlamydiae facili-
tated the establishment of the primary endosymbiosis between
cyanobacteria and an early eukaryote (Huang and Gogarten,
2007), and that Chlamydiae have contributed at least 55 genes
to plant genomes. Genes encoding members of this subgroup
of the SWIB domain proteins (Melonek et al., 2012) are found
in the sequenced genomes of all land plants, but not in those
of algae. The homology is very high among the sequences
found in angiosperms, gymnosperms, mosses and clubmosses
(Lycopodiacea).

Other highly abundant proteins of nucleoids are WHIRLY1
(pTAC1) and WHIRLY3 (pTAC11) that have been found in the
proteome of transcriptionally active chromosomes (TAC) iso-
lated from Arabidopsis chloroplasts (Pfalz et al., 2006), and that
belong to a small family of single-stranded DNA binding pro-
teins specifically found in higher plants. While in most plants one
WHIRLY protein is targeted to chloroplasts and one to mitochon-
dria, in Arabidopsis two are targeted to chloroplasts (WHIRLY1,
WHIRLY3) (Krause et al., 2005). In other plants such as barley
and maize, plastids contain only one WHIRLY protein which is
associated to nucleoids (Prikryl et al., 2008; Melonek et al., 2010;
Majeran et al., 2012). It has been suggested that WHIRLY1 of bar-
ley chloroplasts is located at the periphery of nucleoids, because
it is lost during purification of TAC (Melonek et al., 2010). In
chloroplasts of transgenic barley plants with an RNAi mediated

knockdown of the WHIRLY! gene, only few tiny nucleoids are
found besides unpacked DNA covering large areas in the organelle
(Krupinska et al., 2014). This indicates that WHIRLY1 plays an
important role in condensation of plastid DNA of a subset of
nucleoids.

Additional nucleoid associated proteins specifically found in
higher plants are the SVR4 (suppressor of variegation) and SVR4-
like proteins, which were originally identified as important pro-
teins for chloroplast development in Arabidopsis (Yu et al., 2011)
and were named MRL7 and MRL7-like in another study (Qiao
et al,, 2011). In the lower land plants, Physcomitrella patens and
Selaginella moellendorffii, only one protein with sequence similar-
ities to both Arabidopsis proteins, SVR4 (MRL7) and SVR4-like
(MRL7-like), was found (Qiao et al., 2011). In Arabidopsis, the
knockout mutants of either SVR4 or SVR4-like are seedling
lethal and can only be grown on media supplemented with
sucrose giving rise to pigment deficient plants that are, how-
ever, unable to complete their life cycle. SVR4 and SVR4-like
are already present in plastids at early stages of chloroplast
development. In the absence of either SVR4 or SVR4-like, the
nucleoid organization was found to be disturbed. Fewer and
larger nucleoids with the tendency to form ring-like structures
were detected in the mutants (Powikrowska et al., 2014). In the
primary amino acid sequence SVR4 and SVR4-like contain 20%
negatively charged glutamic or aspartic acid residues which is a
characteristic feature for chaperone proteins, that might assist
in assembly and maintenance of DNA/RNA-protein complexes
(Powikrowska et al., 2014). During the assembly and dynamic
functioning of DNA/RNA-protein complexes there is a high risk
of random aggregation due to the fact that very strong interac-
tions occur between the negatively charged nucleic acids and basic
proteins such as histones and ribosomal subunits (Jikel et al.,
2002; Frehlick et al., 2007; Lindstrom, 2011). Negatively charged
proteins have been reported to act as chaperones for exposed
basic domains most probably by mimicking the interaction with
nucleic acids (Jikel et al., 2002; Koch et al., 2012). It has been pro-
posed that SVR4 and SVR4-like are putative functional homologs
of negatively charged molecular chaperones involved in establish-
ing proper ptDNA-protein interaction in developing chloroplasts
(Figure 2). The expression of the genes encoding SVR4 and
SVR4-like was reported to be high in growing tissues, i.e., young
leaves, flowers and stems (Qiao et al., 2011). Interestingly, the level
of the SRV4-like is high in the meristematic tissue at the base of
a barley leaf, whereas the level of SRV4 increases with chloroplast
development (Powikrowska et al., 2014) indicating that the two
proteins might have similar functions, but at different stages of
chloroplast development.

In conclusion, it seems that most ptNAPs identified so far are
unique to land plants (Table 1). Surprisingly, the maize homologs
of SiR and PEND were not detected in the extensive nucleoid
proteome of maize plastids, although they were found in unfrac-
tionated maize plastids (Majeran et al., 2012). It remains to
be determined whether the altered distribution of the proteins
reflects differences between the different groups of plants or
whether it is caused by the method used for preparation of
nucleoids. Pfalz and Pfannschmidt (2013) reported that also most
of the nucleoid proteins found to be associated with PEP do

Frontiers in Plant Science | Plant Physiology

September 2014 | Volume 5 | Article 424 | 13


http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

Powikrowska et al.

Plastid nucleoids

A Chloroplast
envelope ¢
V-

B SVR4 / SVR4-like

—

+

SVR4 / SVR4-like

Nucleoid

FIGURE 2 | Schematic drawing of SVR4/SVR4-like functioning as
putative chaperones for ptNAPs during chloroplast development. (A)
The spatial arrangement of plastid nucleoids dynamically changes in close
relationship with the development of the inner membrane system of the
plastids. During chloroplast development the nucleoids decrease in size but
increase in number. The segregation process is thought to take place on the
envelope membrane and eventually distribute to the thylakoids. (B) During
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the assembly of DNA-protein complexes in the developing chloroplast, there
is a high risk of random aggregation due to the fact that very strong
interaction occurs between oppositely charged molecular species, i.e.,
negatively charged DNA and positively charged structural proteins. The
negatively charged proteins SVR4 and SVR4-like, transiently interact with
positively charged DNA binding proteins, supporting essential DNA
transaction processes in chloroplasts.

not have orthologous proteins in the green alga Chlamydomonas
indicating that also the prokaryotic transcription machinery has
been altered during evolution of land plants. A striking fea-
ture of some plastid DNA binding proteins, such as SiR and
also CND41, is their multifunctionality (Murakami et al., 2000;
Krupinska et al., 2013). A unique example for a multifunctional
PtNAP is WHIRLY1. Besides its impact on compactness of a sub-
set of chloroplast nucleoids (Krupinska et al., 2014), WHIRLY1
(pTACI1) has been reported to affect RNA splicing in plastids
(Prikryl et al., 2008; Melonek et al., 2010), to be important for
DNA stability (Maréchal and Brisson, 2010) and to act further-
more as a transcription factor in the nucleus (Desveaux et al.,
2000; Grabowski et al., 2008; Xiong et al., 2009; Krupinska et al.,
2014). It remains to be investigated whether the architectural role
of WHIRLY1 is connected to its other functions.

DYNAMICS OF NUCLEOID ORGANIZATION DURING
CHLOROPLAST DEVELOPMENT

The number and positions of nucleoids were shown to depend
on the developmental stage of the plastids (Kuroiwa et al., 1981;
Miyamura et al., 1986). Intensive remodeling of nucleoids occurs
during the development of proplastids to photosynthetic compe-
tent chloroplasts and during interconversions between different
plastid types (Hashimoto, 1985; Kuroiwa, 1991; Chi-Ham et al.,
2002). Proplastids contain a cluster of nucleoids located in the

center of the plastids. At the beginning of seed germination, these
nucleoids are considered to move to the envelope, where exten-
sive DNA amplification takes place, and eventually the enlarged
nucleoids form a spherical ring (Figure 3A). Upon illumina-
tion, during transition from proplastids to chloroplasts, small
nucleoids are distributed along developing thylakoid membranes
(for review see Sakai et al., 2004). Sections from barley primary
foliage leaves were stained with SYBR Green to show typical
stages of nucleoid organization. At the border between white and
green stripes of a heterozygous leaf of the mutant albostrians
small undifferentiated and photosynthetically inactive plastids
were found besides chloroplasts. As observed in proplastids of
leaf primordial of imbibited wheat seeds (Miyamura et al., 1986),
the nucleoid in the plastids of white albostrians leaves and leaf
stripes appears to be ring-shaped. The ring-shaped nucleoid is
typical for proplastids developing in darkness. In a basal seg-
ment from a primary foliage leaf of seedlings grown for 5 days
in the light, developing chloroplasts were found to be organized
as a necklace of pearls in the peripheries of the organelles indi-
cating a light-dependent disintegration of the nucleoid ring as
proposed previously (Miyamura et al., 1986). In the upper part
of a leaf from 7 days old seedlings, mature chloroplasts with
many tiny nucleoids attached to thylakoids were found. During
development of barley seedlings in darkness, proplastids differ-
entiate into etioplasts, where a few large nucleoids are found
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that might be distributed at the periphery of prolamellar bod-
ies (Figure 3B). Temporal changes of nucleoid structure have
also been studied intensively in variegated leaves of Arabidopsis
mutants, e.g., var2 (Sakamoto et al., 2009). Plastids in white leaf
sectors were observed to contain few large nucleoids. During
chloroplast development nucleoids were observed to become
smaller in size, more dense and more abundant (Sakamoto et al.,
2009). The only protein so far identified to be involved in the dis-
tribution of nucleoids, YImG1 (Table 1), is of prokaryotic origin.
Overexpression or knockdown of the gene was shown to impair
nucleoid partitioning (Kabeya et al., 2010).

Attachment of nucleoids to membranes was proposed to
be important for organization, replication and transcription of
ptDNA (Sato et al., 1993; Sato, 2001). In chloroplasts, formation
of thylakoids seems to be tightly linked with nucleoid morphol-
ogy and distribution (Kobayashi et al., 2012). Nucleoid structure
and transcriptional activity are not affected in mutants devel-
oping residual thylakoids with altered lipid composition and
impaired photosynthetic machinery (Kobayashi et al., 2012).
These studies suggest that the formation of the thylakoid system
and the attachment of nucleoids to these membranes precede the
assembly of the photosynthetic machinery. On the other hand,
ptDNA displays reduced compaction in plastids of the yellow
leaf tissue of mutants with silencing of the CHLD (Mg chelatase
subunit D) and CHLI (Mg chelatase subunit I) genes. These
mutants possess thylakoids but lack grana stacks and are devoid
of the photosynthetic complexes resulting in compromised
photosynthesis (Luo et al., 2013). Taken together, these studies

demonstrate that thylakoid formation during chloroplast devel-
opment and alterations in shape and distribution of nucleoids are
interconnected processes.

FUNCTIONAL IMPLICATIONS OF THE THYLAKOID
ASSOCIATION OF NUCLEOIDS IN CHLOROPLASTS

Interestingly, architectural reorganization of nucleoids during
light-dependent chloroplast differentiation is correlated with a
switch in polymerase usage: transcription of PEP (plastid encoded
polymerase) -dependent genes increases, whereas at the same
time the expression of NEP (nuclear encoded polymerase) -
dependent genes decreases (Liere et al., 2011). It was recently
proposed that the structural establishment of the transcriptional
subdomain within the nucleoid represents a bottleneck in chloro-
plast development (Pfalz and Pfannschmidt, 2013). In this con-
text it has been proposed that the assistance of DNA/RNA-protein
assembly factors SVR4 and SVR4-like is required for expression
of a set of chloroplast encoded genes involved in chloroplast
formation (Qiao et al., 2011; Powikrowska et al., 2014).

Of particular importance for the activity of nucleoids is their
association with the thylakoid membranes where the photosyn-
thetic machinery undergoes changes in composition in response
to environmental conditions. A prerequisite for remodeling of the
photosynthetic apparatus is the regulation of plastid gene tran-
scription in response to light-dependent changes in the redox
state of the photosynthetic apparatus (Pfannschmidt et al., 1999).
Thereby the composition of the photosynthetic apparatus can
continuously be adjusted to the ever changing environmental

A

PROPLASTID

Yo Jo i

proplastids

young chloroplasts

FIGURE 3 | Nucleoid organization during chloroplast development.
(A) Schematic drawing adapted from Sakai et al. (2004). (B) Detection
of nucleoids by fluorescence microscopy of barley leaf sections stained
with SYBR Green. The left image shows undifferentiated rudimentary
plastids in white parts of a striped leaf of the mutant albostrians

~ ‘/

ETIOPLAST

CHLOROPLAST

[—

mature chloroplasts etioplasts

besides a green part containing chloroplasts. Chloroplasts were
analyzed in sections of primary foliage leaves of barley seedlings
grown for either 5 or 7 days in the light. Etioplasts were analyzed in
primary foliage leaves of seedlings after 5 days in darkness. The bar
represents 10 um.
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conditions. Recent research in Chlamydomonas has clearly shown
that chloroplast nucleoids are able to sense the redox state and
that also the DNA replication activity can be adjusted accordingly
(Kabeya and Miyagishima, 2013). SVR4 seems to be among the
nucleoid proteins that are able to sense the redox state and to
modulate the nucleoid architecture in response to redox changes.
SVR4 was reported to possess disulfide reductase activity in vitro
and to interact in vivo with thioredoxin Z (TrxZ), as well as
with the two nucleoid associated superoxide dismutases FSD2 and
FSD3 (Qiao et al., 2013; Yua et al., 2013). TrxZ regulates the redox
state of proteins in response to light and has been shown to be
associated with PEP (Steiner et al., 2011; Pfalz and Pfannschmidt,
2013) and to be required for transcriptional activity (Arsova et al.,
20105 Schroter et al., 2010). FSD2 and FSD3 are two iron superox-
ide dismutases found in the chloroplast nucleoid associated with
PEP. Both proteins were shown to act as ROS scavengers within
the nucleoids (Myouga et al., 2008). It is likely that the redox
state of nucleoid associated proteins is regulated by electrons pro-
vided from the photosynthetic machinery. It is interesting to note
that the enzymatic activity of SiR was shown to be regulated by
photoreduced ferredoxin. The DNA binding of SiR did not affect
the enzymatic activity suggesting that both ferredoxin and sulfites
are accessible to SiR within the nucleoids (Sekine et al., 2007). It
remains, however, unknown whether the redox activity of SiR has
an impact on DNA binding.

In this context, proteins found to be located at the interface
between nucleoids and the thylakoid membrane are of partic-
ular interest. MFP1 was proposed to anchor nucleoids to thy-
lakoids in chloroplasts (Jeong et al., 2003). WHIRLY1/pTAC1
is another nucleoid associated protein (Pfalz et al., 2006) asso-
ciated with thylakoid membranes. Prikryl et al. (2008) showed
that the attachment to thylakoid membranes is disrupted by
DNasel. WHIRLY1 was shown to form 24-mer complexes
(Cappadocia et al., 2010, 2012) and was proposed to func-
tion analogously as the oligomeric NONEXPRESSOR OF PR1
(NPR1) in the cytoplasm (Foyer et al., 2014). Upon changes
in the redox state of the photosynthetic machinery the com-
plexes might get monomerized and the monomer might change
gene expression in the nucleus. In accordance with this model
the WHIRLY3 protein in Arabidopsis chloroplasts was iden-
tified among the redox-sensitive proteins (Stroher and Dietz,
2008). Another protein found to be distributed between thy-
lakoids and the nucleoid is pTACI16. Its phosphorylation in
response to redox-changes of the photosynthetic apparatus was
suggested to regulate membrane-anchoring functions of the
nucleoid (Ingelsson and Vener, 2012). It seems that the nucleoid
containing besides WHIRLY1 further central proteins shown
to be involved in plastid-to-nucleus signaling such as GUN1
(Koussevitzky et al., 2007) and PRIN2 (Kindgren et al., 2012;
Barajas-Lopez Jde et al.,, 2013), is the place where redox sig-
nals known to induce changes in nuclear gene expression are
integrated.

Transgenic plants with different levels of nucleoid/thylakoid
associated proteins might help to elucidate the roles of these
proteins in linking the activity of the photosynthetic machinery
to organization and expression of plastid genes as well as the
expression of nuclear genes.

MECHANISMS UNDERLYING THE RESTRUCTURING OF
PLASTID NUCLEOIDS

In the nucleus the availability of DNA for transcription is reg-
ulated mainly by posttranslational modifications, whereas in
bacteria regulation of transcription involves the exchange of
DNA binding proteins (Luijsterburg et al., 2008) and changes
in the compaction of the nucleoid (Berger et al., 2010). It
seems, that in plastids the architecture of the nucleoids is reg-
ulated by both kinds of mechanisms. Both in the nucleus
and in plastid nucleoids, posttranslational modifications are
important for nucleoid associated processes. For MFP, SiR
and SWIB-4 it was shown that the binding to DNA is reg-
ulated by phosphorylation. The three proteins seem not to
bind to DNA when they are phosphorylated (Chi-Ham et al.,
2002; Jeong et al., 2004; Melonek et al., 2012). Several kinases
were found to be associated with nucleoids, e.g., the fructo-
kinase like protein FLN1/2, the casein kinase CK-II, as well
as two atypical ABCK1 type kinases (Lundquist et al., 2012).
Probably, other posttranslational modifications are likely to
play important roles as well. Counterparts of enzymes known
to be involved in histone modifications in the nucleus, such
as the Arabidopsis SET-domain proteins ATXR5 and ATXR6
involved in methylation (Raynaud et al., 2006; Jacob et al,
2009) and de-acetylases were found in plastids (Chung et al.,
2009).

It remains to be shown whether the different packaging of
DNA in different regions of the nucleoid changes during develop-
ment and in response to environmental cues. Whether, however,
the central body of nucleoids with dense packaging (Sakai et al.,
2004) can be compared with eukaryotic heterochromatin (Sato,
2001) remains questionable. It rather seems that DNA packaging
is beneficial for a high transcriptional activity as it was described
for bacteria as well (Dillon and Dorman, 2010; Krupinska et al.,
2013).

CONCLUDING REMARKS

The comparison of DNA organization in plastids, nucleus and
bacteria shows that the shaping and organization of plastid
nucleoids involves novel organelle specific mechanisms resem-
bling those acting on eukaryotic chromatin besides mechanisms
described for eubacterial nucleoids. During evolution of plants,
the architectural proteins of bacterial nucleoids have been lost
and replaced by new proteins. Some of these are enzymes
that have acquired an additional function as DNA binding
proteins. Others might have been contributed by Chlamydiae
which facilitated establishment of the primary endosymbiosis
between an early eukaryote and the cyanobacterial ancestor
of plastids. These proteins do not exhibit sequence or struc-
tural conservation with the eukaryotic histones, but similar
to the histones they might be regulated by posttranslational
modifications.

In comparison to eukaryotic chromatin, nucleoids of plastids
have as those of bacteria a more open structure, that allows easy
access for DNA transaction enzymes. The enrichment of enzymes
involved in RNA processing and translation in the nucleoid frac-
tion suggests that transcription, RNA processing and translation
are tightly connected with each other.
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Similarly to bacteria, also in plastids, membranes seem to play
a key role in the organization and maintenance of nucleoids.
In chloroplasts, the proximity of nucleoids and photosynthetic
machinery as well as the presence of several redox active proteins
in nucleoids, allows for a tight coordination of photosynthe-
sis and nucleoid function, i.e., replication and gene expression.
It is striking that not only particular enzymes involved in gene
expression but also architectural proteins are controlled by redox
signals. Thereby these proteins might have a tremendous impact
on the different enzymatic activities associated with nucleoids; in
particular replication, transcription and DNA repair.

The architectural organization of the plastid genetic machin-
ery is not well understood. Since principles underlying the
dynamic shaping of genomes are uniform in all forms of life,
the knowledge about DNA organization in bacteria and eukary-
otes can be used in future studies on the dynamic architecture of
chloroplast nucleoids.
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WHIRLY1 is an abundant protein of chloroplast nucleoids, which has also been
named pTAC-1 with regard to its detection in the proteome of transcriptionally active
chromosomes (TAC). In barley primary foliage leaves, expression of the WHIRLY1 gene
is highest at the base whereas protein accumulation is highest in the middle of the
leaf where young developing chloroplasts are found. In order to elucidate the function
of WHIRLY1 in chloroplast nucleoids, transgenic barley plants with an RNAi-mediated
knock-down of the HvWHIRLYT gene (RNAI-W1) were generated. The homozygous
RNAI-W1-7 plants, barely containing traces of the WHIRLY1 protein, were chosen for
detailed analyses of nucleoids. Nucleic acid specific-staining with YO-PRO®-1 revealed
that in comparison to wild type chloroplasts, which have multiple small nucleoids attached
to thylakoids, chloroplasts of the transgenic plants contain large irregularly formed patches
of DNA besides nucleoids that are similar in size and shape to those of wild type
chloroplasts. In large electron lucent areas, filamentous structures were detected by
conventional transmission electron microscopy. Analyses of ptDNA levels by both DNA
dot-blot hybridization and quantitative PCR showed that leaves of the transgenic plants
have a two- to three-fold higher level of ptDNA than the wild type. The higher ptDNA level
in RNAi-W1 plants coincided with an enhanced expression of the gene encoding a putative
organelle targeted DNA polymerase in the mid part of primary foliage leaves. Furthermore,
overexpression of the barley WHIRLY1 gene in E. coli cells revealed a higher compaction
of bacterial nucleoids. These results suggest that WHIRLY 1 belongs to the group of plastid
nucleoid associated proteins (ptNAP) having a function in compacting a subpopulation of

chloroplast nucleoids thereby affecting DNA replication.

Keywords: DNA compaction, plastid DNA, plastid nucleoid, replication, WHIRLY1

INTRODUCTION

WHIRLY1 belongs to a small family of single-stranded DNA
(ssDNA) binding proteins, which contains two members in
most plants such as barley, whereas Arabidopsis thaliana has
three WHIRLY proteins. WHIRLY1 is a chloroplast-nucleus
located protein (Grabowski et al., 2008; Maréchal et al., 2009),
which was first detected as a nuclear transcriptional regulator
(Desveaux et al., 2000). Intriguingly, the precursor of mature
WHIRLY1 has an N-terminal transit peptide for import into
chloroplasts whereas WHIRLY2 is imported into mitochon-
dria (Krause et al., 2005). In A. thaliana WHIRLY1 has been
found together with WHIRLY3 in the proteome of the tran-
scriptionally active chromosome (TAC), which is the transcrip-
tionally active fraction of the nucleoids (Pfalz et al., 2006).
Nucleoids are particles consisting of multiple copies of highly
condensed ptDNA, RNA, and a number of different proteins
(Sakai et al., 2004; Powikrowska et al., 2014b). The associa-
tion of WHIRLY1 with plastid nucleoids has been confirmed
in barley and maize (Melonek et al, 2010; Majeran et al,
2012). WHIRLY1 was found to bind to ptDNA in an unspe-
cific manner (Prikryl et al., 2008; Maréchal et al., 2009) and

also to selected plastid RNAs including the atpF mRNA (Prikryl
et al., 2008; Melonek et al., 2010). Maize mutants with severely
reduced levels of the WHIRLY1 protein are impaired in chloro-
plast development due to greatly diminished levels of ribo-
somal RNA (Prikryl et al., 2008). In contrast to the maize
mutants, barley plants with an RNAi-mediated knock-down of
the WHIRLY1 gene showed no obvious phenotype under stan-
dard growth conditions (Melonek et al., 2010). The Arabidopsis
mutant whylwhy3 lacking both plastid located WHIRLY pro-
teins was shown to have variegated green/white/yellow leaves in
5% of the progeny. In such leaves ptDNA molecules with aber-
rations resulting from illegitimate recombination were detected
(Maréchal et al., 2009), indicating that WHIRLY proteins have
a function in repair of organelle DNA (Maréchal and Brisson,
2010). Plants resulting from a cross between the Arabidopsis
double mutant whylwhy3 and a mutant impaired in organelle
DNA polymerase IB (polIB) had a more severe phenotype
and increased DNA rearrangements than the whylwhy3 mutant
suggesting that DNA polymerase IB and WHIRLY proteins
act synergistically in maintenance of plastid genome stability
(Parent et al., 2011; Lepage et al., 2013).
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The diversity in phenotype between maize mutants and the
whylwhy3 mutant was proposed to show that WHIRLY proteins
can serve different purposes depending on the conditions and/or
plant species (Maréchal et al., 2009). Prikryl et al. (2008) sug-
gested that WHIRLY1 could play a similar role in plastids as
the versatile nucleoid associated HU protein in bacteria. Parent
etal. (2011) suggested that WHIRLY proteins might function like
the major ssDNA binding protein SSB in bacteria, which affects
many nucleoid associated processes by interacting with different
proteins involved in DNA transaction processes, such as DNA
polymerases and gyrases (Shereda et al., 2008).

In maize whyl mutants chloroplast development is blocked.
Barley RNAi-W1 plants with reduced levels of WHIRLY! in
contrast do not show obvious phenotypes when grown under
standard conditions (Melonek et al., 2010). Making use of the
basipetal developmental gradient of barley leaves, in this study
expression of the WHIRLY1 gene was shown to be highest in
immature cells at the leaf base as described for the expression of
the SUPPRESSOR OF VARIEGATION 4 gene (SVR4). This con-
trasts with the increase in the accumulation of the WHIRLY1
protein, which is highest in cells containing developing chloro-
plasts. Microscopic analyses showed that the WHIRLY1 protein
compacts the DNA of a subpopulation of plastid nucleoids. A
reduced compactness of nucleoids in chloroplasts of the RNAi-
W1 plants correlates with an elevated level of plastid DNA and
enhanced expression of the gene encoding a putative BARLEY
ORGANELLE DNA POLYMERASE (HvPoll-like). In addition,
E. coli cells overexpressing the barley WHIRLYI gene showed a
reduced growth and contained highly condensed nucleoids. The
results of these studies indicate that WHIRLY1 is involved in
compaction and organization of ptDNA having consequences for
replication.

MATERIALS AND METHODS

PLANT MATERIAL

For generation of transgenic barley plants with an RNAi-
mediated knock-down of the HYWHIRLY!] gene, the 198 bp
HvWHIRLY1 cDNA region (nucleotide -302 to -105 upstream of
TAA stop codon of HYWHIRLYI gene) was amplified by PCR
with specific primers (Supplementary Table 1), cloned into the
PENTR/TOPO gateway vector (Invitrogen, Karlsruhe, Germany)
and sequenced to verify the sequences of the PCR products.
The HYWHIRLY1 cDNA-fragment of the respective entry vector
was transferred to the pIPKb007 binary vector using Gateway™
LR clonase mix (Invitrogen, Karlsruhe, Germany) to generate
the binary vector pGH235 essentially as described elsewhere
(Himmelbach et al., 2007). The transformation of immature
embryos of barley cv. “Golden Promise” by Agrobacterium tume-
faciens was performed as described by Hensel et al. (2008).
Plantlets with resistance toward hygromycin were transferred
into soil and cultivated in a greenhouse. Additionally, PCR with
primers (Supplementary Table 1) for the hygromycin resistance
cassette was performed to verify the transgene integration. For
selection of homozygous plants, barley (Hordeum vulgare L. cv.
“Golden Promise”) plants were grown in a glasshouse with addi-
tional light supply. For the microscopic and immunological stud-
ies barley seedlings were sown in multipots on soil (Einheitserde

ED73, Einheitswerk Werner Tantau, Uetersen, Germany). After 3
days in darkness and low temperature (6°C), the seedlings were
transferred to a chamber with 21-25°C and continuous light
of 50-100 wmol photons s~! m~2. For protein extraction, RNA
isolation and chlorophyll analysis, leaf sections were taken from
primary foliage leaves of 7 days old seedlings. Ten days after sow-
ing, primary foliage leaves were used for preparation of total
genomic DNA and cut into sections for microscopic analyses.

ANALYSIS OF CHLOROPHYLL CONTENT

Defined segments (area: 0.5-0.9 cm?) were excised from the base,
mid, and tip of primary foliage leaves and were immediately
frozen in liquid nitrogen. Until analysis by HPLC the samples
were stored in a freezer at —80°C. For extraction, the leaf seg-
ments along with five glass beads were ground in the frozen
state in a Geno Grinder (Type 2000, SPEX, CertiPrep, Munich,
Germany) with 0.5ml 80% (v/v) acetone buffered with 20 mM
Tris, pH 7.8. After centrifugation, the pellet was extracted twice
with 200 .l 100% acetone. From the combined extracts, 50 .l
were used for HPLC analysis on an Agilent 1100 system (Agilent,
Waldbronn, Germany) with DAD detection. The protocol was the
same as published before (Niinemets et al., 1998).

DETERMINATION OF mRNA LEVELS BY qRT-PCR

RNA was extracted from leaf sections taken from primary foliage
leaves with peqGOLD-TriFast reagent (Peqlab Biotechnologie,
Erlangen, Germany), and was used for cDNA synthesis employ-
ing QuantiTect® Reverse Transcriptase Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. Quantitative
real time PCR (qRT-PCR) analyses were performed with the
QuantiFast SYBR Green PCR Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol using gene specific
primers (Supplementary Table 1). Data analysis was accom-
plished by the Rotor-Gene Q software (version 2.0.2.4) (Qiagen,
Hilden, Germany). Relative quantification of transcript levels was
performed using the “Delta-delta Cr method” as presented by PE
Applied Biosystems (Perkin Elmer, Foster City, CA, USA). Data
were normalized to the 185 rRNA.

IMMUNOBLOT ANALYSIS

Proteins were extracted from leaf sections with a buffer consisting
of 62.5 mM Tris, pH 6.8, 10% (v/v) glycerol, 1% (w/v) SDS, and
5% (v/v) p-mercaptoethanol. Equal amounts of proteins (15 p.g)
were subjected to SDS-PAGE on 14% (w/v) polyacrylamide gels
containing a high concentration of Tris (Fling and Gregerson,
1986). Proteins were transferred to nitrocellulose by semi-dry
electroblotting and treated as described (Humbeck et al., 1996).
Immunoreactions were detected by chemoluminescence using
different kits (GE Healthcare, Buckinghamshire, UK; Thermo
Scientific, Waltham, MA, USA; Lumigen, Southfield, MI, USA).
For immunological detection of WHIRLY1, the antibody directed
toward peptide 2 was used (Grabowski et al., 2008). SVR4 was
detected by the antibody provided by P. E. Jensen (University of
Copenhagen, Denmark) (Powikrowska et al., 2014a).

DNA GEL BLOT ANALYSIS
DNA was extracted from homozygous leaf material according to
the method of Palotta et al. (2000). At least 25 jLg genomic DNA
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was digested either with HindIII or EcoRV, cutting the T-DNA
only once, respectively. After electrophoresis DNA was transferred
onto a Hybond-N+ nylon membrane (Amersham GE Healthcare,
Buckinghamshire, UK) according to the manufacturer’s instruc-
tions, and hybridized with digoxigenin-dUTP (DIG-11-dUTP)
labeled DNA probes, as recommended by the supplier (Roche,
Mannheim, Germany). To generate the DNA hybridization
probes, primers used for PCR confirmation described above were
used.

STAINING OF NUCLEOIDS WITH YO-PRO®-1

For staining of nucleoids with YO-PRO®-1 Iodide (491/509)
(Molecular Probes, Life Technologies, Carlsbad, CA, USA), cross-
sections excised 2—2.5 cm below the tip of primary foliage leaves
were fixed overnight in a 4% (w/v) solution of formaldehyde
(freshly prepared from paraformaldehyde). After three washing
steps with 2x SSC (0.3M NaCl; 30 mM sodium citrate, pH
7.0) the sections were treated with DNase-free ribonuclease A
(20pug ml~! in 2x SSC) for 1h at 37°C. After washing with
2x SCC sections were stained with 0.5 WM YO-PRO®-1 Iodide
for 15 min at room temperature. After washing with 2x SSC the
segments were embedded in a solution consisting of 50% (v/v)
glycerol and 1x SSC. Microscopy was performed with a confocal
laser-scanning microscope (Leica TCS SP5, Leica Microsystems,
Wetzlar, Germany; with LAS AF —Software, 63 x 1.2 water objec-
tive HCX PLAPO). Fluorescence was excited at 488 nm (10%)
using an argon laser or at 633nm (12%) using a HeNe laser.
Sequential scanning was done at emissions of 500-550 and
650-750 nm. The diameters of fluorescence signals were mea-
sured with the quantification module of the Leica software LAS
AF-TCS.

TRANSMISSION ELECTRON MICROSCOPY

Leaf segments from primary foliage leaves (2 x 2mm) at a posi-
tion of 2 cm below the leaf tip were fixed at room temperature in
2.5% (v/v) glutardialdehyde and 1% (w/v) formaldehyde (freshly
prepared from paraformaldehyde) in 0.1 M sodium cacodylate
buffer, pH 7.3. After washing in buffer, the samples were post-
fixed in buffered 1% (w/v) osmium tetroxide, washed, dehydrated
in a graded series of ethanol, and embedded in LR white resin.
The resin was polymerized at 60°C. Ultrathin sections were cut
with a diamond knife in an Ultracut UCT ultramicrotome (Leica
Microsystems, Wetzlar, Germany). The sections were stained with
saturated uranyl acetate in water and lead citrate (Reynolds,
1963) and observed using a Philips CM10 transmission electron
microscope (FEI, Eindhoven, The Netherlands).

HETEROLOGOUS EXPRESSION OF THE WHIRLY1 GENE AND DNA
CONDENSATION ASSAYS IN ESCHERICHIA COLI CELLS

The coding sequence of the barley WHIRLY gene (AK365452)
except the sequence encoding the plastid transit peptide was
cloned into the pASK-IBA3 vector (IBA Life Science, MO, USA).
For induction of overexpression anhydrotetracycline was added at
ODgpg 0.7-1.0 to a final concentration of 200 g 1~!. Staining of
cells with 4’,6-diamidino-2-phenylindole (DAPI) was performed
as described in Melonek et al. (2012) and cells were observed by
fluorescence microscopy with a Zeiss Axiophot microscope (Carl
Zeiss, Oberkochen, Germany).

DETERMINATION OF RELATIVE ptDNA LEVELS

Total genomic DNA was extracted from primary foliage leaves of
10 days old barley plants and leaf sections as described (Fulton
et al., 1995). For DNA dot-blot analyses, different DNA dilutions
were prepared and supplied with the same volume of 4x SSC.
After denaturation, DNA was transferred onto a nylon membrane
(Hybond-N+, Amersham GE Healthcare, Buckinghamshire, UK)
using a dot-blot device (SRC 96D Minifold I, Schleicher &
Schuell, Dassel, Germany). The amplified fragments specific for
either nuclear 18S rDNA or plastid petD were used as tem-
plates for DIG-DNA labeling (digoxigenin) using a kit (DIG High
Prime DNA Labeling and Detection Starter Kit II, Roche Applied
Science, Mannheim, Germany) according to the manufacturer’s
protocol. Primers used for amplification of templates are listed in
Supplementary Table 1.

For gq-PCR analyses a QuantiFast SYBR Green PCR Kit
(Qiagen, Hilden, Germany) was used according to the manu-
facturer’s protocol using gene specific primers (Supplementary
Table 1). Each reaction was repeated at least three times. Data
analysis and relative quantification of genomic DNA levels was
performed as described in Determination of mRNA levels by
gRT-PCR. Data were normalized to the 185 rDNA gene. The level
of RBCS genes was used as reference for nuclear DNA content.

RESULTS

WHIRLY1 GENE EXPRESSION AND WHIRLY1PROTEIN ACCUMULATION
IN BARLEY LEAVES

WHIRLY]1 gene expression was analyzed by qRT-PCR during
chloroplast development using RNA extracted from three sec-
tions excised at different positions of the barley primary foliage
leaf (Figure 1). Chlorophyll content of the sections from the leaf
tips (T) was about 20 times higher than in the basal sections
(B) (Figure 1A). The chlorophyll content of the mid-section (M)
was 66% of the chlorophyll of the upper section (section T).
Expression of the WHIRLY1 gene is highest at the leaf base (sec-
tion B) and decreases to a level of about 20% in sections from
the leaf tips (section T) (Figure 1B). For comparison, expres-
sion of the gene encoding SVR4 was analyzed. SVR4 has recently
been proposed to be essential for nucleoid reorganization during
chloroplast development and for transcription by plastid encoded
RNA polymerase (PEP) (Powikrowska et al., 2014a). The develop-
mental changes in expression of the HvSVR4 gene closely follow
the changes in HYWHIRLY1 expression, which is in accordance
with a role of WHIRLY1 in DNA transaction processes required
for early chloroplast development. Immunological analysis with
total protein extracts derived from the same leaf sections showed
that the development dependent changes in protein levels of
WHIRLY1 as well as SVR4 do not parallel the changes in mRNA
levels (Figure 1C). Accumulation of the WHIRLY1 protein is
highest in section M having 66% of the chlorophyll content of the
upper section containing mature chloroplasts (section T). While
the level of SVR4 steadily increased during chloroplast devel-
opment, the level of WHIRLY1 declined during maturation of
chloroplasts as already observed by Grabowski et al. (2008). This
discrepancy might indicate that WHIRLY1 and SVR4 play roles
in different DNA related processes connected with chloroplast
development.
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FIGURE 1 | Development dependent changes in mRNA level and
protein accumulation analyzed in different sections of barley primary
foliage leaves. (A) Leaf sections designated base (B), mid (M), and tip (T)
were excised from wild type barley primary foliage leaves as indicated. The
chlorophyll content of the tip was set to 100%. The chlorophyll content of
the base and mid is presented relative to the chlorophyll content of the tip.
(B) HVWHIRLY'1 gene expression in the leaf sections of 7 days old primary
foliage leaves was compared to expression of the HvSVR4 gene. gRT-PCR
was performed with specific primers (Supplementary Table 1). Relative
quantification of transcript levels was performed using the “Delta-delta Cr
method.” Data were normalized to the 78S rRNA and data for the base (B)
were set to 1. The data for mid and tip are shown relative to the base. (C)
Immunological detection of HYWHIRLY1 and HvSVR4 in total protein
extracts isolated from leaf sections of 7 days old primary foliage leaves.
Specific antibodies directed against HYWHIRLY1 and HvSVR4 were used.
For comparison, a part of the Coomassie Brilliant Blue (CBB) stained gel is
shown.

RNAi MEDIATED KNOCK-DOWN OF THE WHIRLY1 GENE IN BARLEY

To investigate the function of WHIRLY 1, transgenic barley plants
with a knock-down of the HYWHIRLYI gene were generated
using an RNAi-hairpin construct (Figure 2A). Thirty hygromycin
resistant RNAi-W1 plants were tested by PCR using primers spe-
cific for the two hairpin repeats (Supplementary Figure 1A).
Fifteen plants carried both inverted repeats while two plants
(RNAi-W1-2, RNAi-W1-10) carried the antisense repeat only
(Supplementary Figure 1A). Leaf material collected from 15 T,
progeny was tested for the knock-down effect at the level of
the WHIRLY] mRNA and at the level of protein accumulation
(Supplementary Figure 1B). Compared to the wild type, the
HvWHIRLY] mRNA level was reduced in eight progeny with
RNAi-W1-1, -6, -7, -8, -9, -20, and -26 showing the strongest
knock-down effects (Supplementary Figure 1B). Immunoblot
analysis showed that in most progeny with reduced levels of
mRNA, the protein was almost undetectable (Supplementary
Figure 1B).

Four progeny were used for DNA gel blot analysis. Digestion
with HindIIl and EcoRV showed that most RNAi plants have
independent insertions of the transgene (Figure 2B). Although
all plants have been selected from different embryo-derived calli
and were therefore considered to be independent, RNAi-W1-1
and RNAi-W1-9 show the same integration patterns (Figure 2B).
Only RNAi-W1-1, -7, and -9 contain one transgene copy and were
considered homozygous by resistance tests and PCR assays. The
T4 progeny of RNAi-W1-6 was observed to be still heterozygous.

WHIRLY1 protein accumulation in the RNAi-W1 plants was
determined with powdered material from primary foliage leaves
of seedlings 10 days after sowing using an antibody specific
for HYWHIRLY1 (Grabowski et al., 2008). The signal obtained
with 16 pg of total protein extracted from primary foliage leaves
was compared to the signals obtained with different amounts of
protein (1-16Lg) extracted from wild type leaves of the same
developmental stage. The WHIRLY1 protein was almost unde-
tectable in RNAi-W1-7 plants and did not exceed 10% of the wild
type in RNAi-W1-1 and RNAi-W1-9 plants (Figure 2C). In case
of the heterozygous RNAi-W1-6 plants, protein was extracted
from individual leaves. Whereas in some of these samples the
abundance of WHIRLY1 was as in the wild type, others had a
reduced content of the protein (Figure 2C).

MICROSCOPIC ANALYSES OF NUCLEOID MORPHOLOGY

WHIRLY1 is a major protein of chloroplast nucleoids (Pfalz et al.,
2006; Melonek et al., 2010). To investigate whether a knock-down
of the WHIRLY1 gene has an impact on size, shape, and distri-
bution of the nucleoids in chloroplasts, tip sections of primary
foliage leaves of RNAi-W1 seedlings were chosen for microscopic
analyses of nucleoids.

To compare the nucleoids in chloroplasts of transgenic plants
with those of wild type chloroplasts, sections from primary foliage
leaves were fixed by formaldehyde and were stained with the
fluorescent nucleic acid-specific dye YO-PRO®-1. This analysis
revealed that the nucleoid population in chloroplasts of the RNAi-
WI1-7 plants is much more heterogeneous than the nucleoid
population of control chloroplasts (Figure 3A). Whereas the flu-
orescence signals from nucleoids in the wild type chloroplasts
have a mean diameter of 300 nm, those of the transgenic plants
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FIGURE 2 | Characterization of transgenic barley plants with an
RNAi-mediated knock-down of the HvWHIRLY1 gene. (A) Scheme of
the RNAi-hairpin construct. RB, right border; ZmUbi1, maize Ubi1 promoter;
Why1, 198 bp of the HVWHIRLY1 gene; |, TaRGA2 intron; T, polyadenylation
signal; Hpt, hygromycin phopsphotransferase; LB, left border. (B) DNA gel
blot analysis with DNA from four independent RNAI-W1 transgenic plants,
the wild type and a control plant transformed with an empty vector. (C)
Immunoblot analysis with total leaf extracts and an antibody specifically
detecting the HYWHIRLY1 protein. Samples of the wild type had protein
contents of 16, 8, 4, 2, and 1 ng. Samples from RNAi-W1 plants contained
16 g of protein each.

have a mean diameter of 700 nm (Figure 3B, left panel). The
nucleoids in the chloroplasts of transgenic plants can be subdi-
vided in two populations of different sizes: small round nucleoids
having a signal diameter of 300 nm as those of the wild type, and
large irregularly formed nucleoids with a mean signal diameter of
800 nm (Figure 3B, right panel). The sizes and shapes vary con-
siderably in the second population with signal sizes ranging from
500 nm to 2 pm. The changes in nucleoid morphology of chloro-
plasts in comparable sections from RNAi-W1-1 primary foliage
leaves were less pronounced than in leaves of RNAi-W1-7. This
suggests that even a low amount of WHIRLY1 is sufficient for
compaction of nucleoids. Transmission electron microscopy con-
firmed the heterogeneity in size and shape of nucleoids in RNAi-
W1-7. Nucleoids of 200-300 nm in diameter are found besides
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FIGURE 3 | Morphology and distribution of chloroplast nucleoids in
leaves of the wild type (WT) and the transgenic RNAi-W1-7 plants
(W1-7). (A) Staining of DNA was performed with YO-PRO®-1 on sections
prepared from primary foliage leaves. Microscopy was performed with a
confocal laser-scanning microscope. Fluorescence signals were detected
by sequential scanning [Ex 488 nm (Argonlaser 30%)/Em 500-550 nm and
Ex 633 nm (HeNe Laser)/Em 650-750 nm]. (B) The diameters of
fluorescence signals were measured with the quantification module of the
Leica software LAS AFR-TCS. The graph was generated with the program
GraphPad Prism®.

large electron lucent areas containing filamentous structures
(Figure 4).

To investigate whether HvWHIRLY1 has also an effect
on the structure of bacterial nucleoids, cells of Escherichia
coli overexpressing the HYWHIRLY] gene were stained with
DAPI (4/,6-diamidino-2-phenylindole) as described in Melonek
et al. (2012). In accordance to the microscopic observation of
nucleoids in the RNAi-W1-7 plants, E. coli cells overexpress-
ing HYWHIRLY1 contained more tightly condensed bacterial
nucleoids compared to control cells (Figure 5A). In parallel to an
enhanced compactness of bacterial DNA, E. coli cells showed a
reduced growth after induction of HvWHIRLY1 overexpression
(Figure 5B).

PLASTID DNA CONTENT

Microscopic analyses indicated that nucleoids in chloroplasts of
RNAi-W1-7 plants are more heterogeneous in size and shape
than in wild type chloroplasts. The large sizes of a subpopula-
tion of the nucleoids in chloroplasts of RNAi-W1-7 plants suggest
that also the DNA content could be enhanced in these chloro-
plasts. To investigate whether the differences in shape and size of
nucleoids correlate with changes in the content of ptDNA, ptDNA
levels were determined by two different methods. Firstly, DNA
dot-blots were hybridized with a probe specific for the repeti-
tive 18S nuclear DNA and second with the plastid DNA specific
probe petD. Hybridization intensities were compared among dots
of different total DNA contents. Hybridization signal intensities
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FIGURE 4 | Electron microscopy images of chloroplasts from wild type
(WT) and the RNAi-W1-7 plants (W1-7). Leaf segments (2 x 2mm) from
10 days old primary foliage leaves were taken at a position of 2cm below
the leaf tip. Some of the DNA containing regions are indicated by arrows.
Transmission electron microscopy was performed with a Philips CM10
transmission electron microscope. Bars represent 500 nm.

obtained with the petD probe indicate that the level of plastid
DNA is about two- to three-fold higher in the transgenic plants
compared to the wild type (Figure 6A). Nuclear DNA level was
similar in both cases, as shown by hybridization with the 18S
rDNA probe.

Furthermore, the relative copy number was determined by g-
PCR with specific primers for two single copy plastid genes (petD,
psbA) and the nuclear RBCS genes as internal standard. In com-
parison to the relative ptDNA level of the wild type, the relative
level of ptDNA in leaves of transgenic RNAi-W1-7 plants was
two-fold enhanced (Figure 6B). The relative level of RNAi-W1-1
plants was enhanced by about 50% in comparison to the wild

type.

EXPRESSION OF A PUTATIVE BARLEY ORGANELLE DNA POLYMERASE
IS REGULATED BY WHIRLY1

It has been suggested that WHIRLY proteins play roles in DNA
repair together with an organelle targeted DNA polymerase
(Parent et al., 2011) belonging to the family A of DNA poly-
merases and having sequence similarities to DNA polymerase I of
Escherichia coli (Moriyama et al., 2011). So far, no organelle tar-
geted DNA polymerase has been characterized for barley. To iden-
tify a sequence encoding a putative organelle DNA polymerase,
barley sequence information from different sources (Consortium,
2012; Kohl et al., 2012; Thiel et al., 2012; Mascher et al., 2013)
was assembled to create the full-length sequence of HvPoll-
like (KM236205) using the CAP3 software (Huang and Madan,
1999). As reported for DNA polymerases from higher plants and
from the primitive red alga Cyanidioschyzon merolae the bar-
ley sequence has an 3’-5" exonuclease domain besides a DNA

A WHIRLY1

pASK-IBA3

B —a—pASK-IBA3+A ——pASK-IBA3-A
—o=WHIRLY1+A  —<—=WHIRLY1-A

0 T T T T T T
0 1 2 3 4 5 6 7

time after induction (hours)

FIGURE 5 | Heterologous expression of HYWHIRLY1 in Escherichia coli.
DHb5a E. coli cells were transformed with the pASK-IBA3 vector containing
the sequence of the HVWHIRLY'17 gene except the sequence encoding the
plastid transit peptide, or with the empty pASK-IBA3 vector. Cells were
grown in Luria Bertani medium containing 100 ug mi~" ampicillin at 37°C.
At an ODggp of 0.7-1.0 HVWHIRLY'1 overexpression was induced with

200 g I=" anhydrotetracycline (A). (A) The bacterial nucleoids were stained
with DAPI. Cells were observed by fluorescence microscopy with a Zeiss
Axiophot microscope. The bar represents 1 wm. (B) Impact of HVWHIRLY1
overexpression on E. coli cell proliferation. ODggp was measured 0-7 h after

induction with anhydrotetracycline (A).

polymerase domain (Figure 7A). Whereas in Arabidopsis two
organelle targeted DNA polymerases, also named POPs for plant
organelle DNA polymerases (Moriyama et al., 2011), function
redundantly in replication of both mitochondria and plastids
(Parent et al., 2011), in maize a mutation of only one gene encod-
ing a POP (ZmPoll-like) caused a severe decrease in plastid DNA
copy number (Udy et al., 2012). The amino acid sequence of
this POP (ZmPoll-like) has highest similarities (76.5% pairwise
identity) to HvPoll-like in comparison to their orthologs from
rice, tobacco, Arabidopsis, and a red alga (Figure7A and
Supplementary Figure 2). In accordance with a function in plas-
tid DNA replication expression of the HvPoll-like gene is highest
at the base of the leaves (Figure 7B) where also the replication
activity is highest (Baumgartner et al., 1989). In the wild type,
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FIGURE 6 | DNA content of primary foliage leaves of the wild type and
RNAIi-W1-1 and RNAi-W1-7 plants. (A) Total genomic DNA isolated from 10
days old primary foliage leaves was used in different dilutions (1x, 2x, 4x, and
8x) for DNA dot-blot hybridization. For detection of nuclear DNA the 78S rDNA
probe was used and for detection of plastid DNA, petD was used. Probes
were labeled with digoxigenin (DIG) (see Materials and Methods). (B)
Analysis of the relative DNA content by g-PCR. Genomic DNA was isolated
from 10 days old primary foliage leaves. For detection of nuclear DNA specific
primers for RBCS and for detection of plastid DNA, specific primers for petD
and psbA were used. Data of wild type (WT) were set to 1 and data of
RNAi-W1-1 (W1-1) and RNAi-W1-7 (W1-7) are shown relative to the wild type.

the RNA level declined rapidly during development of chloro-
plasts and is similar in segments from the mid and tip of the leaf
(Figure 7B). When expression of the newly assembled HvPolI-like
gene was analyzed in corresponding sections from primary foliage
leaves of RNAi-W1-7 plants, the level was found to be high at the
base as well as in the mid part of the leaves (Figure 7B), suggest-
ing that WHIRLY1 is involved in repression of HvPoll-like gene
expression during early chloroplast development. Interestingly, as
a consequence of WHIRLY1 deficiency, ptDNA level is increased
in the tip of leaves and not at the base and in the mid
part of primary foliage leaves (Figure7C). This might indi-
cate that WHIRLY1 predominantly has impact on structure
and functionality of nucleoids during development of mature
chloroplasts.

DISCUSSION

By using sections from different positions of barley primary
foliage leaves, it has been shown that expression of the WHIRLY1
gene is highest in immature cells at the leaf base and decreases
during chloroplast development, whereas accumulation of the
protein increases during early chloroplast development in par-
allel with that of the SVR4 protein, which was shown to be
required for nucleoid organization during chloroplast develop-
ment in A. thaliana (Powikrowska et al., 2014a). In contrast to
the HVSVR4 protein, accumulation of HYWHIRLY1, however,
was observed to decrease during maturation of chloroplasts in the
upper part of the leaf (Figure 1C and Grabowski et al., 2008). This
indicates that the two proteins, despite their similar patterns of
gene expression, might have different functions. In Arabidopsis
mutants lacking SVR4, accumulation of plastid RNAs synthesized
by the plastid encoded RNA polymerase (PEP) is impaired. In
contrast, transgenic barley RNAi-W1 plants were shown to have
unaltered patterns of plastid transcripts when analyzed by run-
on assays (Melonek et al., 2010). Considering that plastid DNA
replication occurs early in leaf development and ceases during
maturation of chloroplasts (Baumgartner et al., 1989), a function
of WHIRLY1 in replication is likely.

Analyses of nucleoids stained with the fluorescing dye YO-
PRO®-1 by confocal microscopy revealed large areas of DNA
besides small punctuate nucleoids resembling those of the wild
type chloroplasts. This suggests that WHIRLY1 is involved in
compaction of only a subset of chloroplast nucleoids. This
result is in accordance with the previous observation that a
AtWHIRLY1:GFP fusion construct in tobacco protoplasts was
associated with only a subset of the nucleoids (Melonek et al.,
2010). The reduced compactness of nucleoids was confirmed
by electron microscopy of chloroplasts in the mesophyll of the
RNAi-W1-7 plants showing large electron lucent areas with fil-
amentous structures. The compacting action of WHIRLY1 on
nucleoids is not restricted to plastids, but occurs also in bac-
teria overexpressing the HYWHIRLY!1 gene. Compaction of the
bacterial nucleoids by WHIRLY1 was accompanied by a decline
in growth of the cells. Intriguingly, nucleus located WHIRLY1 is
found in the heterochromatin (Grabowski et al., 2008). Whether
WHIRLY1 has a function in chromatin compaction in the nucleus
remains, however, to be shown. It also remains to be investi-
gated whether compaction of plastid nucleoids by WHIRLY1 has
consequences for chloroplast development and leaf growth under
various conditions.

The altered organization of chloroplast nucleoids in leaves of
RNAi-W1-7 plants indicates that WHIRLY1 belongs to the group
of nucleoid architectural proteins (Dillon and Dorman, 2010;
Krupinska et al., 2013). Architectural proteins can have differ-
ent effects on nucleoids. They can organize the structure and
compactness of ptDNA by forming bridges, by bending or by
wrapping (Powikrowska et al., 2014b). DCP64, which is identical
with sulfite reductase (SiR), was shown to bind and compact DNA
(Cannon et al., 1999), thereby having negative effects on replica-
tion (Cannon et al., 1999) and transcription (Sekine et al., 2002).
Another ptNAP (plastid nucleoid associated protein) shown to
induce compaction of DNA is SWIB-4, which can functionally
complement an E. coli mutant lacking the histone-like protein
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FIGURE 7 | Organelle DNA polymerases. (A) Phylogenetic analyses of of a newly assembled gene (HvPoll-like) from Hordeum vulgare (KM236205).
sequences predicted to encode plant organelle targeted DNA polymerases Interpro identifier (Hunter et al., 2012) were used for assignment of domains.
(POP). Unrooted neighbor-joining tree of plant organelle DNA polymerases (B) Expression of the HvPoll-like gene in sections of barley primary foliage
(POP) generated using Geneious software (version 7.1.2) (Kearse et al., 2012). leaves from the wild type (WT) and the RNAI-W1-7 (W1-7) line. Data of base
Underlying sequence alignment was generated using the ClustalW software were set to 1, the data for mid and tip are shown in relative to base. (C)
(Larkin et al., 2007). Sequences from Zea mays (ZmPoll-like) (Schnable et al., Analysis of relative ptDNA content of the leaf sections of WT and W1-7 by
2009), Oryza sativa (OsPoll-like) (Kimura et al., 2002), Nicotiana tabacum g-PCR using specific primers for the petD and psbA gene. For comparison
(NtPoll-like1, NtPoll-like2) (Ono et al., 2007), Arabidopsis thaliana (AtPoll-like the nuclear encoded RBCS is shown. Data were normalized to the 78S rDNA
A, AtPoll-like B) (Mori et al., 2005), and Cyanidioschyzon merolae (CmPOP) gene. Data of WT were set to 1 and data of W1-7 are shown in relation to the
(Moriyama et al., 2014) were compared to the predicted amino acid sequence wild type.

H-NS (Melonek et al., 2012). Other ptNAPs were shown to be
involved in the tethering of DNA to membranes as described
for the PEND protein (Sato et al., 1993) and for MFP1 (Jeong
et al., 2003). Previously, it has been proposed that WHIRLY1
binding unspecifically to DNA, might have a similar function in
chloroplasts as the HU protein or another abundant NAP in bac-
teria (Prikryl et al., 2008). Complementation assays with E. coli
mutants lacking either HU or H-NS, another abundant NAP,
however, failed, because expression of the WHIRLY gene in E. coli
has a general negative effect on cell growth (data not shown).
Fluorescence images of stained DNA in mesophyll chloroplasts
of RNAi-W1-7 plants showed large irregular patches of DNA
besides small punctuate nucleoids. The images suggest that the
chloroplasts might contain more DNA. DNA dot-blot hybridiza-
tion and q-PCR revealed that compared to wild type plants, in
leaves of transgenic plants the level of ptDNA is enhanced two-
to three-fold. Barley mesophyll cells were reported to contain
8000-12,000 copies of ptDNA, which are distributed among 60
chloroplasts. During mesophyll cell development in wheat leaves,
an increase in plastid copy number per cell is due to an increase in
plastid number and ptDNA copy number per plastid (Miyamura
etal,, 1986, 1990). It has been determined that ptDNA copy num-
ber per plastid increases more than two-fold during chloroplast
development in the barley primary foliage leaf (Baumgartner
et al., 1989), although it was observed to be already quite high
in the leaf basal meristem (130 vs. the maximal number 210)

(Baumgartner et al., 1989). The authors concluded that a sig-
nificant increase in DNA copy number occurs already during
formation of the leaf basal meristem from cells of the grain leaf
primordia, which in wheat contain 30-fold less plastid DNA than
a mature leaf (Miyamura et al., 1986).

The enhanced level of plastid DNA in RNAi-W1 plants sug-
gests that WHIRLY1 is involved in repression of replication
during chloroplast development. Based on the available informa-
tion on plastid located WHIRLY1, Pfalz and Pfannschmidt (2013)
have assigned the protein to a replication/DNA inheritance sub-
domain of the nucleoid. Localization of WHIRLY1 to a subpop-
ulation of nucleoids only (Melonek et al., 2010) is in accordance
with the observation that in a subset, and not in all nucleoids,
packaging of DNA is affected. Perhaps, only a subpopulation of
nucleoids is active in replication as also demonstrated for mito-
chondrial nucleoids (Meeusen and Nunnari, 2003). Functional
and structural variance among the nucleoids of chloroplasts has
already been suggested early (Kowallik and Herrmann, 1972).
The association of WHIRLY1 with other proteins of the repli-
cation subdomain remains, however, to be demonstrated by co-
localization studies with e.g. DNA polymerases, topoisomerases,
and gyrases. Indeed, several proteins predicted to be involved in
replication have been identified in nucleoid preparations (Pfalz
et al., 2006; Olinares et al., 2010; Majeran et al., 2012; Melonek
et al., 2012). Two DNA polymerases homologous to bacterial
DNA polymerase I were shown to be targeted to both organelles
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(Elo et al., 2003; Christensen et al., 2005). Divergent roles were
proposed for the two Poll-like organelle polymerases Pol IA and
Pol IB by Parent et al. (2011). Although both polymerases are
involved in replication in both organelles, only Pol IB was shown
to be in addition involved in repair of double strand breaks
induced by ciprofloxacin (Parent et al., 2011). So far, barley pro-
teins involved in plastid DNA replication were unknown. To get
access to the sequence of a putative DNA polymerase, barley
sequences from different sources were screened with sequence
information of organelle DNA polymerases from maize (Udy
et al., 2012), rice (Kimura et al., 2002), and dicots (Mori et al.,
2005; Ono et al., 2007). Expression of the newly identified gene
encoding a putative organelle targeted DNA polymerase of barley
(HvPoll-like) was highest at the base of the leaves and declined
dramatically during chloroplast development. This pattern of
expression is in accordance with a function in replication of plas-
tid DNA. When expression of the HvPoll-like gene was analyzed in
RNA-W1 plants, a higher mRNA level was found only in the mid
of the leaves, where in wild type leaves accumulation of WHIRLY1
is highest. This indicates that the genetic disruption of WHIRLY1
has a positive impact on expression of the HvPolI-like gene.

Besides DNA polymerase 1B, also WHIRLY proteins have been
proposed to assist the repair of double strand breaks induced by
ciprofloxacin (Maréchal et al., 2009). Plastids of the Arabidopsis
whylwhy3 double mutant were shown to accumulate aberrant
DNA molecules caused by deletions, duplication and circular-
ization events resulting from illegitimate recombination between
microhomologous repeat sequences (Maréchal et al., 2009). In
about 5% of the progeny, variegated leaves containing dysfunc-
tional plastids were observed. A triple mutant resulting from
a cross between the double mutant whylwhy3 and the pol
IB mutant showed a more severe phenotype, suggesting that
WHIRLY proteins and DNA Pol IB act synergistically in pre-
venting aberrant recombinations of ptDNA (Parent et al., 2011;
Lepage et al., 2013). Preliminary investigations on recombination
of ptDNA in chloroplasts of primary foliage leaves of the barley
RNAi-W1-7 plants did not show differences between wild type
and transgenic plants. Similar investigations under stress condi-
tions and/or after addition of ciprofloxacin remain, however, to
be done.

So far, it is not known which factors regulate the different
activities of DNA polymerase IB. It is, however, likely that
its replication activity in plastids declines during chloroplast
development. Indeed, its expression is highest in tissues with
high cell density where cell expansion occurs (Cupp and Nielsen,
2013). Accordingly, an Arabidopsis pol IB mutant has a delay
in cell elongation. However, so far no information is available
on the accumulation of organelle targeted DNA polymerases in
plastids of different developmental stages. WHIRLY1 deficiency
interestingly alters the ptDNA level in mature chloroplasts, but
not in younger stages. Perhaps WHIRLY proteins just change
the activity of DNA polymerase at specific stages of develop-
ment by structural changes in the replication subdomain of
nucleoids, although a negative regulation of HvPoll-like gene
expression might contribute to the repression of replication
during chloroplast development. It had already been proposed
that with regard to their multifunctionality WHIRLY proteins

resemble the bacterial SSB proteins (Maréchal and Brisson, 2010),
which are dynamic centers playing key roles in choreographing
diverse processes surrounding DNA replication, recombination
and repair (Shereda et al., 2008). As in the case of SSB, the
functional consequences of a reduced level of WHIRLY1 might
differ depending on the developing stage of plastids and the
environmental context. It is expected that the level of WHIRLY1
under certain conditions can have tremendous impact on growth
and on productivity of crop plants.
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Plastids and mitochondria possess their own genomes. Although the replication mecha-
nisms of these organellar genomes remain unclear in photosynthetic eukaryotes, several
organelle-localized enzymes related to genome replication, including DNA polymerase,
DNA primase, DNA helicase, DNA topoisomerase, single-stranded DNA maintenance
protein, DNA ligase, primer removal enzyme, and several DNA recombination-related
enzymes, have been identified. In the reference Eudicot plant Arabidopsis thaliana, the
replication-related enzymes of plastids and mitochondria are similar because many of them
are dual targeted to both organelles, whereas in the red alga Cyanidioschyzon merolae, plas-
tids and mitochondria contain different replication machinery components. The enzymes
involved in organellar genome replication in green plants and red algae were derived from
different origins, including proteobacterial, cyanobacterial, and eukaryotic lineages. In the
present review, we summarize the available data for enzymes related to organellar genome
replication in green plants and red algae. In addition, based on the type and distribution
of replication enzymes in photosynthetic eukaryotes, we discuss the transitional history of

replication enzymes in the organelles of plants.

Keywords: plastids, mitochondria, organellar genome, replication

INTRODUCTION

Plastids and mitochondria are semi-autonomous organelles that
contain their own genomes, encoding the genes necessary to
perform their respective metabolic functions. These organellar
genomes are replicated by specific enzymes, such as DNA poly-
merase, DNA primase, and DNA helicase, as occurs in bacteria and
the nuclei of eukaryotes. In contrast, plant organellar genomes do
not encode these replicative proteins, and are instead replicated by
nucleus-encoded enzymes that are transported to the organelles.
However, the mechanism of plant organellar genome replication
is not clearly understood because more than one mode of repli-
cation is possible and include recombination-dependent, double
D-loop, and rolling circle replication mechanisms (reviewed in
Maréchal and Brisson, 2010; Nielsen etal., 2010; Gualberto et al.,
2014).

Mitochondria and plastids are thought to have been acquired
through endosymbiotic events with ancestors of a-proteobacteria
and cyanobacteria, respectively. Studies of bacterial replication
enzymes (Langston etal., 2009; Sanyal and Doig, 2012) have
shown that homologs of these enzymes also function in plant
organelles. In bacterial DNA replication, DnaB helicase unwinds
double-stranded DNA (dsDNA) at the replication fork, and the
unwound DNA is then prevented from re-annealing with other
single-stranded DNAs (ssDNAs) by single-stranded DNA-binding
protein (SSB). A type II DNA topoisomerase (gyrase) consisting
of A and B subunits alleviates the mechanical strain of unwound
DNA. DnaG primase synthesizes an RNA primer, which is elon-
gated by DNA polymerase III and is then removed by nick
translation with 5-3’ exonuclease and the polymerase activity of

DNA polymerase I (Poll). The nicked DNA is combined by the
NADT™-dependent DNA ligase LigA.

All of the enzymes involved in mitochondrial DNA repli-
cation in vertebrates have been identified (Arnold etal., 2012;
Kasiviswanathan etal., 2012). DNA polymerase y (Poly) func-
tions in the replication and repair of animal mitochondrial DNA.
Animal Poly consists of two subunits: a large subunit with DNA
polymerase and 3'-5’ exonuclease activities, and a small subunit
that functions in primer recognition and enhances processivity
(Kaguni, 2004; Wanrooij and Falkenberg, 2010). The animal mito-
chondrial primase, POLRMT, which has homology to the RNA
polymerase of T3/T7 phage, was recently indicated to function in
both primer synthesis and transcription, although it was previ-
ously thought to function only in transcription (Wanrooij etal.,
2008). Plants also have homolog(s) of T3/T7 phage RNA poly-
merase, which are named RPOTs (RNA polymerase of the T3/T7
type) and are localized to plastids and/or mitochondria, where
they function in transcription (Kithn etal., 2007). Mitochondrial
helicase is called TWINKLE and has homology to the gp protein
of T7 phage, which contains primase and helicase domains at the
N- and C-termini, respectively. However, although the TWIN-
KLE found in bikonts (plants and protists) has both primase and
helicase activities, animal TWINKLE only shows helicase activ-
ity (Shutt and Gray, 2006). A number of other replication-related
enzymes, including topoisomerases 1 and 3a, SSB, ligase 3, and
RNase H1, have also been identified in human mitochondria. An
in vitro reconstituted mitochondrial replisome composed of Poly,
TWINKLE, and SSB displayed rolling-circle replication with high
processivity (Korhonen etal., 2004).
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Several of the replicative enzymes found in bacteria and ani-
mal mitochondria are also encoded by plant nuclear genomes. In
addition to these common enzymes, a number of plant-specific
enzymes for DNA replication and recombination have recently
been identified, and their subcellular localization has been exam-
ined in both plants and algae. In this article, we summarize the
current knowledge on enzymes related to organellar replication
in photosynthetic eukaryotes and also discuss the evolution of
these replication-related enzymes based on their distribution in
photosynthetic eukaryotes.

REPLICATION DNA POLYMERASE, POP

HISTORY OF STUDIES ON ORGANELLAR DNA POLYMERASES IN
PLANTS

DNA replication activity was first detected in isolated organelles
from plants, yeasts, and animals in the late 1960s (Winters-
berger, 1966; Parsons and Simpson, 1967; Spencer and Whitfeld,
1967; Tewari and Wildman, 1967). In the following decade, DNA
polymerases were purified from isolated chloroplasts and mito-
chondria of various photosynthetic eukaryotes (summarized in
Moriyama and Sato, 2013). Biochemical data suggested that plant
organellar and y-type DNA polymerases, which are responsible
for replication of the mitochondrial genome in fungi and animals
(Lecrenier and Foury, 2000; Kaguni, 2004), had similar optimal
enzymatic conditions, particularly pH and the concentration of
monovalent and divalent ions, sensitivity to DNA polymerase
inhibitors, molecular size, and template preference. Despite such
biochemical evidence, no gene encoding a homolog of Poly has
been found in the sequenced genomes of bikonts, including those
of plants and protists, and the organellar DNA polymerase in
photosynthetic organisms remains unidentified. Sakai etal. (1999)
and Sakai (2001) detected DNA synthetic activity in the nucleoid
fraction isolated from chloroplasts and mitochondria of tobacco
and determined that the apparent molecular mass of the enzyme
exhibiting the activity was similar to the Klenow fragment of
Poll in Escherichia coli. This finding led to the identification of
a gene(s) encoding a DNA polymerase with distant homology
to E. coli Poll in the genomes of bikonts. The identified DNA
polymerase was first isolated from plastids of rice, and its local-
ization was confirmed by immunoblot analysis of isolated plastids
(Kimura etal., 2002). Subsequent studies using GFP-fusion pro-
teins and/or immunoblotting demonstrated that the polymerases,
which were named Poll-like, Poll or Poly, are localized to both
plastids and mitochondria in Arabidopsis thaliana and tobacco
(Christensen et al., 2005; Mori etal., 2005; Ono etal., 2007; Par-
ent etal., 2011; Cupp and Nielsen, 2013). We also identified this
type of DNA polymerase in algae and ciliates (Moriyama etal.,
2008,2011,2014). In these reports, phylogenetic analysis of Family
A DNA polymerases revealed that plant organellar DNA poly-
merases belong to a clade that is distinct from that of bacterial
Poll and Poly (Figure 1). In addition, red algae were found to
encode a DNA polymerase with high homology to E. coli Poll
(Moriyama etal., 2008). Therefore, we proposed that this type
of organellar DNA polymerase be named POP (plant and pro-
tist organellar DNA polymerase), because the genes encoding the
polymerases are present in both photosynthetic eukaryotes and
protists.

ENZYMATIC CHARACTERISTICS OF POPs

Characterization of DNA polymerase activity of POPs

The DNA polymerase activity of POPs has been characterized
using recombinant (Kimura et al., 2002; Ono et al., 2007; Takeuchi
etal., 2007) and native proteins purified from Cyanidioschyzon
merolae (red alga) and isolated mitochondria of Tetrahymena
thermophila (Moriyama etal., 2008, 2011). The optimal KCI con-
centration for POP polymerase activity is 50—-150 mM. POPs
also show divalent metal ion-dependent activity, and the opti-
mal MgCl, concentration for their activity is 2.5-5 mM. POPs
exhibit the highest activity with poly(dA)/oligo(dT) as a tem-
plate, rather than with activated calf thymus DNA. However,
poly(rA)/oligo(dT) can also be used as a template, indicating that
POPs have reverse transcriptase activity, similar to Poly, although
the in vivo role of this activity has not been elucidated.

DNA polymerase enzymes bind to and dissociate from tem-
plate DNA repeatedly during the replication or repair process.
The number of synthesized nucleotides added by the DNA poly-
merase per one binding event is defined as processivity. POPs show
markedly high processivity values, ranging from 600 to 900 nt for
recombinant rice POP and 1,300 nt for Cyanidioschyzon merolae
POP (Figure 2, Moriyama etal., 2008). In comparison, E. coli Poll
has mid-range processivity of <15 nt (Takeuchi etal., 2007). The
Cyanidioschyzon merolae genome encodes a Poll gene (CmPoll)
having high homology with E. coli Poll, and CmPolI also has mid-
range processivity of <70 nt (Moriyama etal., 2008). Alignment
analysis of POPs with other Family A DNA polymerases revealed
that POP proteins have additional sequences that are involved in
DNA binding and synthesis activities, suggesting that the high pro-
cessivity of POPs might be attributable to these extra sequences
(Takeuchi etal., 2007). In animals, an accessory subunit (PolyB)
of Poly enhances the processivity of PolyA. For example, the
processivities of the Drosophila PolyA subunit and a Poly holoen-
zyme consisting of PolyA and PolyB are <40 nt and >1,000 nt,
respectively (Williams etal., 1993). In contrast, POPs show high
processivity as a single subunit enzyme, and to our knowledge, no
accessory proteins associated with POP have been identified.

Sensitivity to DNA polymerase inhibitors

The effect of inhibitors, such as aphidicolin, N-ethylmaleimide
(NEM), dideoxyTTP (ddTTP), and phosphonoacetate (PAA), on
the DNA synthesis activity of POPs was evaluated (Kimura etal.,
2002; Ono etal., 2007; Moriyama etal., 2008, 2011). Aphidicolin
is an inhibitor of eukaryotic nuclear DNA polymerases o, 8, and
& (Holmes, 1981; Weiser etal., 1991), and did not inhibit POP
activity (Moriyama et al., 2008). NEM is an inhibitor of DNA poly-
merases o, Y, d, and ¢ (Chavalitshewinkoon-Petmitr etal., 2000),
and also did not inhibit POP. ddTTP, which severely impairs the
activity of DNA polymerases § and y (Kornberg and Baker, 1992),
had various inhibitory effects on POP depending on the organism,
with the half maximal inhibitory concentrations (ICsy) ranging
from 4 to 615 uM for the POPs of A. thaliana, Cyanidioschy-
zon merolae, and the ciliate Tetrahymena (Moriyama etal., 2011).
PAA was originally identified as an inhibitor of viral DNA poly-
merases and reverse transcriptases, and functions by interacting
with pyrophosphate binding sites, leading to an alternative reac-
tion pathway (Leinbach etal., 1976; Shiraki etal., 1989). PAA
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FIGURE 1 | Phylogenetic tree of Family A DNA polymerases. Reproduced from Moriyama etal. (2014) with permission.
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Outgroup

3’5" exonuclease activity

severely inhibits the activity of POPs, with ICsq values of 1-25 uM
(Moriyama etal., 2011). Because PAA at low concentrations does
not inhibit other Family A DNA polymerases, such as Poll and
Poly, sensitivity to PAA is a useful marker for the classification of
organelle-localized DNA polymerases in unsequenced eukaryotes
(Moriyama et al., 2011).

Plant and protist organellar DNA polymerases have a 3'-5" exonu-
clease domain at the N-terminus consisting of three conserved
regions, Exo I, Exo II, and Exo III. This exonuclease activity
was shown in rice (Takeuchi etal., 2007) and Cyanidioschyzon
(Moriyama etal., 2008). In rice POP, a mutant protein containing
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FIGURE 2 | Processivity of CmPOP and CmPoll. Reactions were
performed in reaction buffer (60 mM Tris-HCI [pH 8.0], 5 MM MgCl,, 1 mM
DTT, 0.01% BSA, 50 uM dATE 50 pM dTTRE 50 pM dGTR, 50 uM dCTE and
10 nM 32P—jabeled M13mp18-M1) at 37°C for 5 min. The reaction products
were analyzed in 5% polyacrylamide gels containing 7 M urea. Reproduced
from Moriyama etal. (2008) with permission.

a replacement of Asp365 with Ala in the Exo II domain lost
3’5" exonuclease activity. In terms of 3’-5' exonuclease proof-
reading activity, rice POP exhibited a relatively high fidelity
at a base substitution rate of 10™% to 107> (Takeuchi etal.,
2007).

EXPRESSION OF POP IN PLANTS

In tobacco BY-2 cells, the amount of POP transcripts and pro-
teins increases at the initial phase of plastidial and mitochondrial
DNA replication (Ono etal., 2007). The spatial expression pat-
terns of POPs were analyzed in A. thaliana and rice by in
situ hybridization, which revealed that POP genes are strongly
expressed in the apical meristems of roots and shoots, leading
to high POP protein levels in these tissues (Kimura etal., 2002;
Mori etal., 2005). In A. thaliana, the expression of two POPs,
AtPOP1 (At1g80840) and AtPOP2 (At3g20540), were compared
by quantitative RT-PCR (Cupp and Nielsen, 2013). The analysis
demonstrated that AtPOP1 is mainly expressed in rosette leaves,
whereas AtPOP2 is predominantly found in the meristems of roots
and shoots.

EXPRESSION OF POP IN ALGAE

The unicellular red alga Cyanidioschyzon merolae contains a sin-
gle plastid and mitochondrion (Matsuzaki etal., 2004), whose
division cycles are synchronized with the cell cycle. In synchronous
cultures of Cyanidioschyzon merolae established using light—dark
cycles (Suzuki etal., 1994), cells divide at ~12 h from the begin-
ning of the light phase, and nuclear DNA increases at or just

before the M-phase. Replication of the mitochondrial genome
appears to be at least partially synchronized with the cell cycle,
as mitochondrial DNA begins to replicate from the light phase,
and reaches a two-fold increase at or near the M-phase. In con-
trast, plastid DNA increases gradually throughout the entire cell
cycle, even after cell division is complete (Moriyama etal., 2010).
In contrast to land plants, which typically encode two or more
copies of POP, Cyanidioschyzon merolae only has a single POP. The
mRNA level of CrPOP changes during the cell cycle and reaches
a peak that correlates with the rise in the mitotic index (Moriyama
etal., 2008). However, the protein level of POP remains nearly
unchanged throughout the cell cycle, with only small increases
and decreases occurring during the light and dark phases, respec-
tively. The observed expression of CmPOP is consistent with the
results of organellar DNA replication during the cell cycle of
Cyanidioschyzon merolae.

PHENOTYPES OF POP MUTANTS IN PLANTS

POP mutants of A. thaliana have been characterized by two
research groups (Parent etal., 2011; Cupp and Nielsen, 2013).
The A. thaliana genome encodes two POPs, AtPOP1 and AtPOP2,
which are both localized to plastids and mitochondria. Dou-
ble mutation of AtPOP1 and AtPOP2 was lethal, whereas each
single mutant showed reduced DNA levels in both plastids and
mitochondria. Additionally, the Atpop2 mutant displayed high
sensitivity to ciprofloxacin, an inducer of DNA double-strand
breaks. These results indicate that two distinct POPs are involved
in genome replication for plastids and mitochondria, and that
AtPOP?2 also functions in DNA repair in both organelles.

OTHER REPLICATION ENZYMES OF ORGANELLAR GENOMES
DNA PRIMASE AND HELICASE

DNA helicase unwinds dsDNA to allow DNA replication by DNA
polymerase. In E. coli, primase synthesizes an RNA primer at
the origin of replication in the leading strand and every ~1 kb
in the lagging strand. TWINKLE (T7 gp4-like protein with
intramitochondrial nucleoid localization), which is a homolog
of the T7 phage gp4 protein with primase and helicase activ-
ities, was originally reported to function as a hexameric DNA
helicase in human mitochondria (Spelbrink etal., 2001). In A.
thaliana, TWINKLE functions as a DNA helicase and primase
(Diray-Arce etal,, 2013), and was shown to be localized to
both chloroplasts and mitochondria by GFP-tagging experiments
(Carrie etal., 2009). Dual-targeted enzymes to the mitochondria
and chloroplasts of plants are summarized in the review by
Carrie and Small (2013). In an assay using single-stranded M13
DNA as a template, a recombinant TWINKLE protein of A.
thaliana (AtTWINKLE) showed ATP-dependent helicase and pri-
mase activities, synthesizing RNA primers of >15 nt that were
then extended by E. coli Poll into high-molecular-weight DNA
(Diray-Arce etal., 2013). The protein and mRNA of AtTWINKLE
are mainly expressed in the meristem and young leaves, which
is similar to the expression pattern of A. thaliana POPs, par-
ticularly AT3G20540. The A. thaliana genome encodes a second
TWINKLE gene whose protein product only has the N-terminal
primase domain of TWINKLE and is localized to chloroplasts,
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according to unpublished data in the review by Cupp and Nielsen
(2014).

Red algae also have a TWINKLE protein; however, it is
localized to only mitochondria (Moriyama etal., 2014). Red
algae and diatoms have a plastid-encoded DnaB helicase and
a nucleus-encoded DnaG primase. In our analysis using GFP
in Cyanidioschyzon merolae, DnaG was localized to the plas-
tid. We also confirmed the plastid-localization of DnaG in
the red alga Porphyridium purpureum. Based on these data,
it appears that red algae and diatoms, the latter of which is
thought to have originated from the secondary endosymbiosis
with a red alga, utilize DnaB/DnaG in plastids and TWINKLE
in mitochondria.

DNA TOPOISOMERASE

Arabidopsis thaliana has a single gyrase A (AtGYRA) that is local-
ized to both plastids and mitochondria, and has two gyrase
B enzymes that are localized to either chloroplasts (AtGYRB1)
or mitochondria (AtGYRB2; Wall etal., 2004). T-DNA inser-
tion mutation of AtGYRA leads to an embryo-lethal pheno-
type, whereas T-DNA insertion mutations of both plastidial
AtGYRBI and mitochondrial AtGYRB2 result in seedling-lethal
phenotypes (Wall etal., 2004). In Nicotiana benthamiana, virus-
induced silencing of the genes encoding GYRA and GYRB
resulted in abnormal nucleoid content and structure of chloro-
plasts and mitochondria (Cho etal., 2004). A. thaliana also
encodes a gyrase B-like gene, GYRB3; however, it is recently
reported that AtGYRB3 does not encode a gyrase subunit, as
AtGYRB3 showed no supercoiling activity and did not inter-
act with AtGYRA (Evans-Roberts etal., 2010). In addition to
gyrases, plant organelles contain A-type topoisomerase I, which
is a homolog of bacterial topoisomerase I (TopA). Based on local-
ization analysis using a GFP-fusion protein, AtTOP1 was shown to
be localized to both chloroplasts and mitochondria (Carrie etal.,
2009).

The genome of Cyanidioschyzon merolae encodes genes for
GYRA and GYRB, which are localized only to the plastid
(Moriyama etal., 2014). Similarly, Cyanidioschyzon merolae TOP1
(type IA) is also localized only to the plastid. To search for
mitochondrial topoisomerases, we examined the subcellular
localization of topoisomerases encoded in the Cyanidioschyzon
merolae genome, and showed that a homolog of eukaryotic
TOP2 is targeted to mitochondria. To date, organellar localiza-
tion of eukaryotic TOP2 has not been reported in plants. In
Cyanidioschyzon merolae, the gyrase specific inhibitor nalidixic
acid arrests not only replication of the plastid genome, but also
that of the mitochondrial and nuclear genomes (Itoh etal., 1997;
Kobayashi etal., 2009). The localization results of gyrases in
Cyanidioschyzon merolae suggest that defective plastid replication
leads to the arrest of mitochondrial and nuclear replication by a
yet unknown mechanism.

DNA LIGASE

DNA ligase is required for DNA replication, repair, and recombi-
nation, as it seals nicked-DNA ends of single-stranded breaks or
joins DNA ends after double-stranded breaks. Four DNA ligases
have been identified in the A. thaliana genome. A. thaliana DNA

ligase 1 (AtLIGL) is targeted to either the mitochondria or the
nucleus when the gene transcript is translated from the first and
second initiation codons, respectively (Sunderland etal., 2004,
2006). AtLIGI is expressed in all tissues of A. thaliana, but higher
transcript levels are found in young leaves and tissues contain-
ing meristem (Taylor etal., 1998). Plastid-targeting of AtLIGI
was not observed for any AtLIG1-GFP constructs translated from
possible initiation codons, and the plastidial enzyme function-
ing as DNA ligase remains unclear. However, it has been noted
that AtLIG6 has a putative plastid-targeting peptide at the N-
terminus and might therefore be targeted to plastids (Sunderland
etal., 2006).

Cyanidioschyzon merolae has a single gene encoding DNA lig-
ase. Cyanidioschyzon merolae DNA ligase 1 (CmLIG1) has two
methionine residues in its N-terminal region and is targeted to
both mitochondria and plastids when the transcript is trans-
lated from the first and second initiation codons (Moriyama
etal., 2014). In our analysis, no nuclear localization was observed
when the N-terminal peptide of CmLIG1 was fused with GFP.
However, the protein subcellular localization prediction software
WolfPSORT  (http://wolfpsort.seq.cbrc.jp/) detected a nuclear
localization signal in CmLIGl. Therefore, CmLIG1 appears
to have triple localization in plastids, mitochondria, and the
nucleus.

SINGLE-STRANDED DNA (ssDNA)-BINDING PROTEIN

An SSB, AtSSB1, was identified in A. thaliana (Edmondson et al.,
2005). AtSSB1 is localized to mitochondria, but was also reported
to be localized to chloroplasts in the review by Cupp and Nielsen
(2014). AtSSB1 binds to ssDNA, but not to dsDNA, and stimulates
RecA-mediated strand exchange activity.

Organellar ssDNA-binding proteins (OSBs) comprise the sec-
ond class of SSBs in plants (Zaegel etal., 2006). OSBs have
an SSB-like domain in the central region and one, two, or
three C-terminal PDF motifs, which consist of 50-amino acids
and are responsible for ssDNA binding. PDF motifs are con-
served only in green plants, including Chlamydomonas reinhardtii.
A. thaliana has four OSBs: AtOSB1 and 2 are localized to
mitochondria and chloroplasts, respectively, whereas AtOSB3
is localized to both chloroplasts and mitochondria. AtOSB1
and AtOSB2 have been purified as recombinant proteins that
showed preferential binding activity to ssDNA, as compared
to dsDNA or RNA. Expression analysis of AtOSBI using a f-
glucuronidase (GUS) assay demonstrated that AtOSBI is mainly
expressed in gametophytic cells. T-DNA insertion mutation of
the OSB1, OSB2, and OSB3 genes revealed that osbl mutants
accumulate homologous recombination products of mitochon-
drial DNA, whereas o0sb2 and o0sb3 mutants have no visible
phenotype. These findings, together with the expression analysis
for AtOSBI, indicate that AtOSB1 is involved in mitochon-
drial DNA recombination in gametophytic cells (Zaegel etal.,
2006).

Replication protein A (RPA) is a nucleus-localized BBC in
eukaryotes and is comprised of three subunits, RPA70, RPA32, and
RPA14. The rice genome encodes three RPA70s, three RPA32s, and
one RPA14. These RPA subunits combine in different variations
to make three types of complexes: type A, B, and C. Among these
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RPA complexes, the type A complex is localized to chloroplasts in
rice (Ishibashi et al., 2006).

The Cyanidioschyzon merolae genome encodes a single gene
for SSB, but does not contain a gene for OSB. In our analysis,
the SSB of Cyanidioschyzon merolae is localized only in the mito-
chondrion, unlike that of A. thaliana (Moriyama etal., 2014). We
performed the localization analysis using a construct starting from
the second methionine codon or starting from the ATA codon
located upstream of the first methionine codon; however, none of
the constructs showed plastid localization. We also examined the
organellar localization of RPAs in Cyanidioschyzon merolae, and
even though they have no extension sequence at the N-terminus,
they were localized to the nucleus. Based on these findings, the
plastidial SSB in red algae remains unidentified.

PRIMER REMOVAL ENZYME

In E. coliy RNA primers are removed by nick translation with
the 5'-3" exonuclease and polymerase activities of DNA poly-
merase I (Langston etal.,, 2009; Sanyal and Doig, 2012). In
contrast, RNaseH1 performs this role in human mitochondria
(Kasiviswanathan etal., 2012). Although there are no reports of
RNA primer removal enzymes that are specific to the organelles
in green plants, two 5'-3 exonucleases (5'-3'EXO1 and 2) having
sequence homology to the 5'-3’ exonuclease domain of E. coli Poll
are predicted to be localized to chloroplasts or mitochondria (Sato
etal., 2003).

Cyanidioschyzon merolae has a gene with high sequence homol-
ogy to bacterial Poll (Moriyama etal., 2008). The corresponding
protein, CmPoll, contains 5-3’ exonuclease and polymerase
domains. We demonstrated the plastid localization of CmPoll by
immunoblotting and observation of a CmPolI-GFP fusion protein
(Moriyama etal., 2008, 2014). Because CmPoll has low processive
polymerase activity and no 3'-5" exonuclease activity, the enzyme
appears to function in repair and primer removal by nick transla-
tion, similar to Poll in E. coli. We also showed that Cyanidioschyzon
merolae RNase HII is localized to the mitochondrion, and that
DNAZ2 nuclease/helicase and FEN1 are localized to the nucleus
(Moriyama etal., 2014).

PHYLOGENETIC DISTRIBUTION OF ORGANELLAR
REPLICATIVE ENZYMES

ORIGIN OF ENZYMES RELATED TO ORGANELLAR GENOME REPLICATION
Phylogenetic analyses of bacterial-type replicative enzymes have
been performed (Moriyama etal., 2014). We previously suggested
that POP did not originate from the Poll of a-proteobacteria or
cyanobacteria (Figure 1, Moriyama etal., 2008). However, the
analyses indicated that red algal DnaB helicase and DnaG pri-
mase originated from cyanobacteria (Figure 3A). Gyrases A and
B also originated from cyanobacteria in both green plants and
red algae (Figure 3B). Type IA topoisomerase was derived from
a-proteobacteria in green plants and from cyanobacteria in red
algae (Figure 3C). SSB and 5’3’ exonuclease/Poll originated from
a-proteobacteria in green plants and red algae (Figure 3D). With
regard to Poll, as green plants have enzymes with 5-3’ exonu-
clease domain, but lack 3'-5" exonuclease and DNA polymerase
domains (Figure 3F), phylogenetic analysis of the 5'-3' exonu-
clease domain in bacteria and photosynthetic eukaryotes was

performed (Figures 3D,E). These results suggest that the organelle
replication apparatus of both green plants and red algae is com-
posed of enzymes of various origins, including a-proteobacteria,
cyanobacteria, and eukaryotes.

REPERTOIRE OF ENZYMES RELATED TO ORGANELLAR GENOME
REPLICATION IN PLANTS AND ALGAE

The enzymes related to organellar DNA replication and recom-
bination in a species of angiosperm, fern, moss, filamentous
terrestrial alga, two green algae, and two red algae are listed in
Table 1. The proteins conserved in the all examined species are
POP, TWINKLE, Gyrases, type IA-TOP1, TOP2, and LIG1. DnaB
and DnaG are conserved only in red algae. The retention of SSBs
is highly variable in photosynthetic eukaryotes. Bacterial-type
SSB proteins are conserved in land plants and Cyanidioschy-
zon merolae, whereas OSB proteins are conserved among land
plants, including A. thaliana, Physcomitrella patens, and Kleb-
sormidium flaccidum. It was reported that OSB proteins contain a
few PDF motifs in addition to an SSB-like domain (Zaegel etal.,
2006). According to this classification, Physcomitrella patens and
K. flaccidum have a single OSB, which contains one and two
PDF motifs, respectively, in addition to the SSB-like domain.
RECA and Whirly (WHY) are recombination-related proteins
and are also not uniformly conserved in photosynthetic eukary-
otes. For example, Selaginella moellendorffii and Porphyridium
purpureum do not have RECA, red algae do not encode WHY,
and Physcomitrella patens has neither RECA nor WHY. Con-
servation of origin-binding protein (ODB) is more limited, as
only land plants have this protein. Poll containing 5-3" exonu-
clease and DNA polymerase domains is retained only in red
algae. However, a protein with the 5-3’ exonuclease domain
is found in photosynthetic eukaryotes, with the exception of
Cyanidioschyzon merolae. Therefore, all photosynthetic eukary-
otes contain proteobacteria-derived Poll. RNase H having high
homology to RNase HII of Cyanidioschyzon merolae is conserved
in most plants and algae, with the notable exception of A. thaliana.
The observed distribution of enzymes that play key roles in repli-
cation indicates that they are essentially conserved in all plants
and algae. In contrast, because recombination-related enzymes
and SSBs are non-uniformly distributed among plants and algae,
these enzymes are considered to exhibit high plasticity during
evolution.

Based on the presence of enzymes related to organellar genome
replication in plant genomes, we propose a model for the substi-
tution of these enzymes in photosynthetic eukaryotes (Figure 4).
In this model, the ancestor of photosynthetic eukaryotes, prior
to its divergence into green and red lineages, contained POP,
TWINKLE, DnaB, DnaG, gyrases, type-IA TOP1, TOP2, Poll,
RNase HII, SSB, and LIGI. Several of these enzymes, including
POP, TWINKLE, gyrases, type-IA TOP1, TOP2, LIG1, and Poll
(or 5'-3' exonuclease), were retained by all plants. In the early
green lineage, WHY was obtained, and mitochondrial TWINKLE
became dually localized in mitochondria and plastids. However,
the dual-localization of TWINKLE resulted in the loss of DnaB
and DnaG in the green lineage. After the divergence of Chloro-
phyta, the ancestor of land plants obtained the SSBs, OSB, and
ODB. The acquisition of these SSBs, in addition to WHY, in the
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FIGURE 3 | Phylogenetic trees of enzymes related to organellar genome replication. Simplified phylogenetic trees (A-D). A detailed phylogenetic tree
based on plant 5'-3" exonuclease and the 5'-3’ exonuclease domains of bacterial Poll (E). Schematic comparison of the structure of Poll and plant 5'-3'

Cyanobacteria

green lineage may have partially contributed to exploration of ter-
restrial habitats, as the high recombinant/repair activity of these
enzymes would have potentially allowed the repair of DNA dam-
aged by direct sunlight. The sets of RECA and WHY, and RECA
and OSB were lost in Bryophyta and Pteridophyta, respectively,
followed by the loss of RNase HII (homolog of Cyanidioschyzon
merolae CMT626C) in Angiospermae. In red algae, most repli-
cation enzymes in the ancestor of photosynthetic eukaryotes are
found in present-day species.

CONCLUDING REMARKS

In the past decade, most enzymes related to plastid and mitochon-
drial DNA replication in plants and algae have been identified.

These studies have revealed that the core enzymes and components
involved replication are identical in the plastids and mitochondria
of land plants. Because the nuclear genomes of green plants and
algae encode these core replicative enzymes, such as POP, TWIN-
KLE, gyrases, TOP1, TOP2, LIG1, and 5-3’ exonuclease, which
frequently contain putative dual-targeting sequences at the N-
terminus (Table 1), it is presumed that the green lineage contains
a similar set of plastid and mitochondrial enzymes. In contrast,
SSBs and recombination-related enzymes are not universally con-
served in the green lineage, suggesting that these enzymes are
possibly susceptible to exchange or loss during evolution, leading
to the acquisition or creation of species-specific enzymes. Unlike
the green lineage, red algae contain different replicative protein
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FIGURE 4 | Proposed model for the exchange of organellar replication
enzymes during the evolution of photosynthetic eukaryotes.

profiles in plastids and mitochondria. Red algal plastids contain
numerous replication proteins that originated from cyanobacteria
(Moriyama et al., 2014), suggesting that the mechanism of genome
replication in these plastids might be similar to that found in
bacteria.

To date, a number of organelle-localized enzymes have been
identified. However, biochemical data are lacking for the majority
of organellar replication enzymes in plants. The role of an enzyme
predicted by homology searches against known enzymes might
differ from its actual function or properties. For example, soybean
plastid DNA replication ODB shares homology with bacterial and
A. thaliana SSB, but only binds to dsDNA of the oriA sequence in
plastid DNA, and not to ssDNA (Lassen etal., 2011).

The regulatory mechanisms controlling the initiation of plant
organellar genome replication and the number of organellar DNA
copies remains to be explored. Recently, chloroplast DNA replica-
tion was shown to be regulated by the cellular redox state in the
green alga Chlamydomonas reinhardtii (Kabeya and Miyagishima,
2013). Specifically, chloroplast DNA replication was activated

and inactivated by the addition of reducing and oxidative agents,
respectively, in both in vivo and in vitro assays. Light-dependent
genome replication was also reported in cyanobacteria, in which
DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea], an inhibitor
of electron transport between the PSII complex and plastoquinone
pool, inhibits DNA replication initiation, and DBMIB (2,5-
dibromo-3-isopropyl-6-methyl-p-benzoquinone), an inhibitor of
electron transport between plastoquinone and cytochrome bgf
complex, inhibits the initiation and elongation of replication
(Watanabe etal., 2012; Ohbayashi etal., 2013). Thus, the light-
mediated replication of plastid DNA in algae may have originated
from cyanobacteria. However, organellar replication in land plants
and multicellular plants appears to be regulated by other mech-
anisms. In land plants, the replication of organellar genomes is
restricted to meristematic tissues, and is not associated with the
cycle or organellar division (Hashimoto and Possingham, 1989;
Fujie etal., 1993). These findings suggest that land plants have
more complex regulatory mechanisms controlling the replication
of organellar genomes than those operating in algae.

ACKNOWLEDGMENTS

This work was supported in part by Core Research for Evolu-
tional Science and Technology (CREST) from the Japan Science
and Technology Agency (JST), and Grants-in-Aid for Young Sci-
entists (B) from the Japan Society for the Promotion of Science
(JSPS; no. 25870155).

REFERENCES

Arnold, J., Smidansky, E., Moustafa, I., and Cameron, C. (2012). Human mitochon-
drial RNA polymerase: structure-function, mechanism and inhibition. Biochim.
Biophys. Acta 1819, 948-960. doi: 10.1016/j.bbagrm.2012.04.002

Carrie, C., Kiihn, K., Murcha, M., Duncan, O., Small, I., O’Toole, N., etal. (2009).
Approaches to defining dual-targeted proteins in Arabidopsis. Plant J. 57, 1128—
1139. doi: 10.1111/j.1365-313X.2008.03745.x

Carrie, C., and Small, I. (2013). A reevaluation of dual-targeting of proteins to
mitochondria and chloroplasts. Biochim. Biophys. Acta 1833, 253-259. doi:
10.1016/j.bbamcr.2012.05.029

Chavalitshewinkoon-Petmitr, P., Chawprom, S., Naesens, L., Balzarini, J., and
Wilairat, P. (2000). Partial purification and characterization of mitochondrial
DNA polymerase from Plasmodium falciparum. Parasitol. Int. 49, 279-288. doi:
10.1016/S1383-5769(00)00057-X

Cho, H. S, Lee, S. S., Kim, K. D., Hwang, I., Lim, J., Park, Y., etal. (2004). DNA
gyrase is involved in chloroplast nucleoid partitioning. Plant Cell 16, 2665-2682.
doi: 10.1105/tpc.104.024281

Christensen, A., Lyznik, A., Mohammed, S., Elowsky, C., Elo, A., Yule, R,
etal. (2005). Dual-domain, dual-targeting organellar protein presequences in
Arabidopsis can use non-AUG start codons. Plant Cell 17, 2805-2816. doi:
10.1105/tpc.105.035287

Cupp, J. D., and Nielsen, B. L. (2013). Arabidopsis thaliana organellar DNA
polymerase IB mutants exhibit reduced mtDNA levels with a decrease in
mitochondrial area density. Physiol. Plant. 149, 91-103. doi: 10.1111/ppl.
12009

Cupp, J. D., and Nielsen, B. L. (2014). Minireview: DNA replication in plant
mitochondria. Mitochondrion doi: 10.1016/j.mit0.2014.03.008 [Epub ahead of
print].

Diray-Arce, J., Liu, B., Cupp, J. D,, Hunt, T., and Nielsen, B. L. (2013). The Ara-
bidopsis At1g30680 gene encodes a homologue to the phage T7 gp4 protein that
has both DNA primase and DNA helicase activities. BMC Plant Biol. 13:36. doi:
10.1186/1471-2229-13-36

Edmondson, A. C,, Song, D., Alvarez, L. A., Wall, M. K., Almond, D., McClellan, D.
A., etal. (2005). Characterization of a mitochondrially targeted single-stranded
DNA-binding protein in Arabidopsis thaliana. Mol. Genet. Genomics 273, 115—
122. doi: 10.1007/500438-004-1106-5

Frontiers in Plant Science | Plant Physiology

September 2014 | Volume 5 | Article 480 | 41


http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive

Moriyama and Sato

Organellar genome replication in plants

Evans-Roberts, K. M., Breuer, C., Wall, M. K., Sugimoto-Shirasu, K., and Maxwell,
A. (2010). Arabidopsis thaliana GYRB3 does not encode a DNA gyrase subunit.
PLoS ONE 5:€9899. doi: 10.1371/journal.pone.0009899

Fujie, M., Kuroiwa, H., Kawano, S., and Kuroiwa, T. (1993). Studies on the behav-
ior of organelles and their nucleoids in the root apical meristem of Arabidopsis
thaliana (L.) Col. Planta 189, 443—452. doi: 10.1007/BF00194444

Gualberto, J. M., Mileshina, D., Wallet, C., Niazi, A. K., Weber-Lotfi, F, and Diet-
rich, A. (2014). The plant mitochondrial genome: dynamics and maintenance.
Biochimie 100, 107-120. doi: 10.1016/j.biochi.2013.09.016

Hashimoto, H., and Possingham, J. (1989). DNA levels in dividing and developing
plastids in expanding primary leaves of Avena sativa. J. Exp. Bot. 40, 257-262. doi:
10.1093/jxb/40.2.257

Holmes, A. M. (1981). Studies on the inhibition of highly purified calf thymus 8S
and 7.3S DNA polymerase alpha by aphidicolin. Nucleic Acids Res. 9, 161-168.
doi: 10.1093/nar/9.1.161

Ishibashi, T., Kimura, S., and Sakaguchi, K. (2006). A higher plant has three
different types of RPA heterotrimeric complex. J. Biochem. 139, 99-104. doi:
10.1093/jb/mvjo14

Ttoh, R., Takahashi, H., Toda, K., Kuroiwa, H., and Kuroiwa, T. (1997). DNA gyrase
involvement in chloroplast-nucleoid division in Cyanidioschyzon merolae. Eur. J.
Cell Biol. 73, 252-258.

Kabeya, Y., and Miyagishima, S. (2013). Chloroplast DNA replication is reg-
ulated by the redox state independently of chloroplast division in Chlamy-
domonas reinhardtii. Plant Physiol. 161, 2102-2112. doi: 10.1104/pp.113.
216291

Kaguni, L. (2004). DNA polymerase gamma, the mitochondrial replicase.
Annu. Rev. Biochem. 73, 293-320. doi: 10.1146/annurev.biochem.72.121801.
161455

Kasiviswanathan, R., Collins, T., and Copeland, W. (2012). The interface of tran-
scription and DNA replication in the mitochondria. Biochim. Biophys. Acta 1819,
970-978. doi: 10.1016/j.bbagrm.2011.12.005

Kimura, S., Uchiyama, Y., Kasai, N., Namekawa, S., Saotome, A., Ueda, T., etal.
(2002). A novel DNA polymerase homologous to Escherichia coli DNA poly-
merase I from a higher plant, rice (Oryza sativa L.). Nucleic Acids Res. 30,
1585-1592. doi: 10.1093/nar/30.7.1585

Kobayashi, Y., Kanesaki, Y., Tanaka, A., Kuroiwa, H., Kuroiwa, T., and Tanaka, K.
(2009). Tetrapyrrole signal as a cell-cycle coordinator from organelle to nuclear
DNA replication in plant cells. Proc. Natl. Acad. Sci. U.S.A. 106, 803—807. doi:
10.1073/pnas.0804270105

Korhonen, J., Pham, X., Pellegrini, M., and Falkenberg, M. (2004). Reconstitu-
tion of a minimal mtDNA replisome in vitro. EMBO J. 23, 2423-2429. doi:
10.1038/sj.emboj.7600257

Kornberg, A., and Baker, T. A. (1992). DNA Replication, 2nd Edn. New York: W. H.
Freeman and Company.

Kiihn, K., Bohne, A,, Liere, K., Weihe, A., and Borner, T. (2007). Arabidopsis phage-
type RNA polymerases: accurate in vitro transcription of organellar genes. Plant
Cell 19, 959-971. doi: 10.1105/tpc.106.046839

Langston, L. D., Indiani, C., and O’Donnell, M. (2009). Whither the replisome:
emerging perspectives on the dynamic nature of the DNA replication machinery.
Cell Cycle 8,2686-2691. doi: 10.4161/cc.8.17.9390

Lassen, M. G., Kochhar, S., Kocchar, S., and Nielsen, B. L. (2011). Identification of a
soybean chloroplast DNA replication origin-binding protein. Plant Mol. Biol. 76,
463-471. doi: 10.1007/s11103-011-9736-6

Lecrenier, N., and Foury, E. (2000). New features of mitochondrial DNA replication
system in yeast and man. Gene 246, 37—48. doi: 10.1016/S0378-1119(00)00107-4

Leinbach, S. S., Reno, J. M., Lee, L. E, Isbell, A. F,, and Boezi, J. A. (1976). Mecha-
nism of phosphonoacetate inhibition of herpesvirus-induced DNA polymerase.
Biochemistry 15, 426-430. doi: 10.1021/bi00647a029

Maréchal, A., and Brisson, N. (2010). Recombination and the maintenance of
plant organelle genome stability. New Phytol. 186, 299-317. doi: 10.1111/j.1469-
8137.2010.03195.x

Matsuzaki, M., Misumi, O., Shin-I, T., Maruyama, S., Takahara, M., Miyagishima,
S. Y., etal. (2004). Genome sequence of the ultrasmall unicellular red alga
Cyanidioschyzon merolae 10D. Nature 428, 653-657. doi: 10.1038/nature02398

Mori, Y., Kimura, S., Saotome, A., Kasai, N., Sakaguchi, N., Uchiyama,
Y., etal. (2005). Plastid DNA polymerases from higher plants, Arabidopsis
thaliana. Biochem. Biophys. Res. Commun. 334, 43-50. doi: 10.1016/j.bbrc.2005.
06.052

Moriyama, T., and Sato, N. (2013). “The plant and protist organellar DNA repli-
cation enzyme POP showing up in place of DNA polymerase gamma may be a
suitable antiprotozoal drug target,” in The Mechanisms of DNA Replication, ed. D.
Stuart (Rijeka: InTech), 287-311.

Moriyama, T., Tajima, N., Sekine, K., and Sato, N. (2014). Localization and phy-
logenetic analysis of enzymes related to organellar genome replication in the
unicellular rhodophyte Cyanidioschyzon merolae. Genome Biol. Evol. 6, 228-237.
doi: 10.1093/gbe/evu009

Moriyama, T., Terasawa, K., Fujiwara, M., and Sato, N. (2008). Purification and
characterization of organellar DNA polymerases in the red alga Cyanidioschyzon
merolae. FEBS J. 275, 2899-2918. doi: 10.1111/j.1742-4658.2008.06426.x

Moriyama, T., Terasawa, K., and Sato, N. (2011). Conservation of POPs, the
plant organellar DNA polymerases, in eukaryotes. Protist 162, 177-187. doi:
10.1016/j.protis.2010.06.001

Moriyama, T., Terasawa, K., Sekine, K., Toyoshima, M., Koike, M., Fujiwara,
M., etal. (2010). Characterization of cell-cycle-driven and light-driven gene
expression in a synchronous culture system in the unicellular rhodophyte
Cyanidioschyzon merolae. Microbiology 156, 1730-1737. doi: 10.1099/mic.0.
037754-0

Nielsen, B. L., Cupp, J. D., and Brammer, J. (2010). Mechanisms for maintenance,
replication, and repair of the chloroplast genome in plants. J. Exp. Bot. 61, 2535~
2537. doi: 10.1093/jxb/erq163

Ohbayashi, R., Watanabe, S., Kanesaki, Y., Narikawa, R., Chibazakura, T.,
Ikeuchi, M., etal. (2013). DNA replication depends on photosynthetic elec-
tron transport in cyanobacteria. FEMS Microbiol. Lett. 344, 138-144. doi:
10.1111/1574-6968.12166

Ono, Y., Sakai, A., Takechi, K., Takio, S., Takusagawa, M., and Takano, H. (2007).
NtPoll-likel and NtPoll-like2, bacterial DNA polymerase I homologs isolated
from BY-2 cultured tobacco cells, encode DNA polymerases engaged in DNA
replication in both plastids and mitochondria. Plant Cell Physiol. 48, 1679-1692.
doi: 10.1093/pcp/pcm140

Parent, J., Lepage, E., and Brisson, N. (2011). Divergent roles for the two Poll-
like organelle DNA polymerases of Arabidopsis. Plant Physiol. 156, 254-262. doi:
10.1104/pp.111.173849

Parsons, P, and Simpson, M. V. (1967). Biosynthesis of DNA by isolated mitochon-
dria: incorporation of thymidine triphosphate-2-C-14. Science 155, 91-93. doi:
10.1126/science.155.3758.91

Sakai, A. (2001). In vitro transcription/DNA synthesis using isolated organelle-
nuclei: application to the analysis of the mechanisms that regulate organelle
genome function. J. Plant Res. 114, 199-211. doi: 10.1007/PL00013984

Sakai, A., Suzuki, T., Nagata, N., Sasaki, N., and Miyazawa, Y. (1999). Comparative
analysis of DNA synthesis activity in plastid-nuclei and mitochondrial-nuclei
simultaneously isolated from cultured tobacco cells. Plant Sci. 140, 9-19. doi:
10.1016/S0168-9452(98)00207-6

Sanyal, G., and Doig, P. (2012). Bacterial DNA replication enzymes as targets
for antibacterial drug discovery. Expert Opin. Drug Discov. 7, 327-339. doi:
10.1517/17460441.2012.660478

Sato, N., Terasawa, K., Miyajima, K., and Kabeya, Y. (2003). Organization, devel-
opmental dynamics, and evolution of plastid nucleoids. Int. Rev. Cytol. 232,
217-262. doi: 10.1016/S0074-7696(03)32006-6

Shiraki, K., Okuno, T., Yamanishi, K., and Takahashi, M. (1989). Phosphonoacetic
acid inhibits replication of human herpesvirus-6. Antiviral Res. 12,311-318. doi:
10.1016/0166-3542(89)90058-2

Shutt, T., and Gray, M. (2006). Twinkle, the mitochondrial replicative DNA helicase,
is widespread in the eukaryotic radiation and may also be the mitochondrial DNA
primase in most eukaryotes. J. Mol. Evol. 62, 588-599. doi: 10.1007/5s00239-005-
0162-8

Spelbrink, J. N., Li, F Y., Tiranti, V., Nikali, K., Yuan, Q. P., Tarig, M., etal. (2001).
Human mitochondrial DNA deletions associated with mutations in the gene
encoding Twinkle, a phage T7 gene 4-like protein localized in mitochondria. Nat.
Genet. 28, 223-231. doi: 10.1038/90058

Spencer, D., and Whitfeld, P. R. (1967). DNA synthesis in isolated chloro-
plasts. Biochem. Biophys. Res. Commun. 28, 538-542. doi: 10.1016/0006-
291X(67)90347-6

Sunderland, P. A., West, C. E., Waterworth, W. M., and Bray, C. M. (2004). Choice of a
start codon in a single transcript determines DNA ligase 1 isoform production and
intracellular targeting in Arabidopsis thaliana. Biochem. Soc. Trans. 32, 614-616.
doi: 10.1042/BST0320614

www.frontiersin.org

September 2014 | Volume 5 | Article 480 | 42


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

Moriyama and Sato

Organellar genome replication in plants

Sunderland, P. A., West, C. E., Waterworth, W. M., and Bray, C. M. (2006). An
evolutionarily conserved translation initiation mechanism regulates nuclear or
mitochondrial targeting of DNA ligase 1 in Arabidopsis thaliana. Plant J. 47,
356-367. doi: 10.1111/j.1365-313X.2006.02791.x

Suzuki, K., Ehara, T., Osafune, T., Kuroiwa, H., Kawano, S., and Kuroiwa, T. (1994).
Behavior of mitochondria, chloroplasts and their nuclei during the mitotic cycle
in the ultramicroalga Cyanidioschyzon merolae. Eur. J. Cell Biol. 63, 280—288.

Takeuchi, R., Kimura, S., Saotome, A., and Sakaguchi, K. (2007). Biochemical
properties of a plastidial DNA polymerase of rice. Plant Mol. Biol. 64, 601-611.
doi: 10.1007/s11103-007-9179-2

Taylor, R. M., Hamer, M. J., Rosamond, J., and Bray, C. M. (1998). Molecular cloning
and functional analysis of the Arabidopsis thaliana DNA ligase  homologue. Plant
J. 14, 75-81. doi: 10.1046/j.1365-313X.1998.00094.x

Tewari, K. K., and Wildman, S. G. (1967). DNA polymerase in isolated tobacco
chloroplasts and nature of the polymerized product. Proc. Natl. Acad. Sci. U.S.A.
58, 689-696. doi: 10.1073/pnas.58.2.689

Wall, M., Mitchenall, L., and Maxwell, A. (2004). Arabidopsis thaliana DNA gyrase
is targeted to chloroplasts and mitochondria. Proc. Natl. Acad. Sci. U.S.A. 101,
7821-7826. doi: 10.1073/pnas.0400836101

Wanrooij, S., and Falkenberg, M. (2010). The human mitochondrial replica-
tion fork in health and disease. Biochim. Biophys. Acta 1797, 1378-1388. doi:
10.1016/j.bbabio.2010.04.015

Wanrooij, S., Fusté, J., Farge, G., Shi, Y., Gustafsson, C., and Falkenberg, M.
(2008). Human mitochondrial RNA polymerase primes lagging-strand DNA
synthesis in vitro. Proc. Natl. Acad. Sci. U.S.A. 105, 11122-11127. doi:
10.1073/pnas.0805399105

Watanabe, S., Ohbayashi, R., Shiwa, Y., Noda, A., Kanesaki, Y., Chibazakura, T.,
etal. (2012). Light-dependent and asynchronous replication of cyanobacterial
multi-copy chromosomes. Mol. Microbiol. 83, 856—865. doi: 10.1111/j.1365-
2958.2012.07971.x

Weiser, T., Gassmann, M., Thommes, P., Ferrari, E., Hafkemeyer, P., and Hiibscher,
U. (1991). Biochemical and functional comparison of DNA polymerases alpha,
delta, and epsilon from calf thymus. J. Biol. Chem. 266, 10420-10428.

Williams, A. J., Wernette, C. M., and Kaguni, L. S. (1993). Processivity of mitochon-
drial DNA polymerase from Drosophila embryos. Effects of reaction conditions
and enzyme purity. J. Biol. Chem. 268, 24855-24862.

Wintersberger, E. (1966). Occurrence of a DNA-polymerase in isolated yeast
mitochondria. Biochem. Biophys. Res. Commun. 25, 1-7. doi: 10.1016/0006-
291X(66)90630-9

Zaegel, V., Guermann, B., Le Ret, M., Andrés, C., Meyer, D., Erhardt, M., et al. (2006).
The plant-specific ssDNA binding protein OSB1 is involved in the stoichiometric
transmission of mitochondrial DNA in Arabidopsis. Plant Cell 18, 3548-3563.
doi: 10.1105/tpc.106.042028

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.

Received: 22 July 2014; paper pending published: 16 August 2014; accepted: 30 August
2014; published online: 17 September 2014.

Citation: Moriyama T and Sato N (2014) Enzymes involved in organellar DNA replica-
tion in photosynthetic eukaryotes. Front. Plant Sci. 5:480. doi: 10.3389/fpls.2014.00480
This article was submitted to Plant Physiology, a section of the journal Frontiers in
Plant Science.

Copyright © 2014 Moriyama and Sato. 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) or licensor
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 | Plant Physiology

September 2014 | Volume 5 | Article 480 | 43


http://dx.doi.org/10.3389/fpls.2014.00480
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive

{frontiers in
PLANT SCIENCE

REVIEW ARTICLE
published: 03 July 2014
doi: 10.3389/fpls.2014.00316

=

Nuclear-encoded factors associated with the chloroplast
transcription machinery of higher plants

Qing-Bo Yu'?, Chao Huang'? and Zhong-Nan Yang'?*

" Department of Biology, College of Life and Environmental Sciences, Shanghai Normal University, Shanghai, China
2 Institute for Plant Gene Function, Department of Biology, Shanghai Normal University, Shanghai, China

Edited by:
Thomas Pfannschmidt, University
Joseph Fourier Grenoble, France

Reviewed by:

Jin Chen, Michigan State University,
USA

Takashi Shiina, Kyoto Prefectural
University, Japan

*Correspondence:

Zhong-Nan Yang, Department of
Biology, College of Life and
Environmental Sciences, Shanghai
Normal University, No.100,

Rd. GuiLin, Shanghai 200234, China
e-mail: znyang@shnu.edu.cn

Plastid transcription is crucial for plant growth and development. There exist two
types of RNA polymerases in plastids: a nuclearencoded RNA polymerase (NEP) and
plastid-encoded RNA polymerase (PEP). PEP is the major RNA polymerase activity in
chloroplast. Its core subunits are encoded by the plastid genome, and these are embedded
into a larger complex of nuclearencoded subunits. Biochemical and genetics analysis
identified at least 12 proteins are tightly associated with the core subunit, while about
34 further proteins are associated more loosely generating larger complexes such as the
transcriptionally active chromosome (TAC) or a part of the nucleoid. Domain analyses
and functional investigations suggested that these nuclearencoded factors may form
several functional modules that mediate regulation of plastid gene expression by light,
redox, phosphorylation, and heat stress. Genetic analyses also identified that some
nuclearencoded proteins in the chloroplast that are important for plastid gene expression,
although a physical association with the transcriptional machinery is not observed. This
covers several PPR proteins including CLB19, PDM1/SEL1, OTP70, and YS1 which are
involved in the processing of transcripts for PEP core subunit as well as AtECB2, Prin2,
SVR4-Like, and NARAG that are also important for plastid gene expression, although their

functions are unclear.

Keywords: plastid transcription, RNA polymerase, PEP, NEP, functional modules

INTRODUCTION

Plastids are specific organelles in plant and algal cells that are
responsible for photosynthesis and some important metabolic
pathways. They possess their own genetic material and are gen-
erally considered to be of endosymbiotic origin (McFadden and
van Dooren, 2004). Similar to bacteria, the DNA is organized
into dense particles, the nucleoids (Pfalz and Pfannschmidt,
2013). The genome size from plastids of vascular plants ranges
from 120 to 180kbp and the encoded gene set is highly con-
served (Sugiura, 1992). They can be categorized into three groups
according to their molecular function of the encoded compo-
nents: (1) Components of the plastid gene expression machinery
(RNA polymerase, ribosomal proteins, tRNAs, and rRNAs); (2)
Subunits of photosynthesis-related complexes (Rubisco, PSII, the
cytochrome béf complex, PSI, NAPH dehydrogenase, and ATP
synthase), and (3) a few proteins involved in other processes
(e.g., ClpP1 and YCF3) (Sugiura, 1992). The chloroplast pro-
teome is estimated to be between 2100 and 3600 proteins (Leister,
2003). Most of the chloroplast proteins are encoded by the nuclear
genome and are imported from the cytosol (Li and Chiu, 2010),
due to the limited coding capacity of the chloroplast genome.
However, chloroplast gene expression is still essential for the
development of chloroplasts and the maintenance of chloroplast
functions. It involves the action of numerous nuclear-encoded
factors, besides proteins encoded by the plastome. Recently, pro-
teomics data (Pfannschmidt et al., 2000; Ogrzewalla et al., 2002;

Suzuki et al., 2004; Pfalz et al., 2006; Steiner et al., 2011; Melonek
et al., 2012) and genetic analysis (Chi et al., 2008; Ogawa et al.,
2009; Wu and Zhang, 2010; Qiao et al., 2011, 2013; Kindgren
et al., 2012; Pyo et al., 2013; Yu et al., 2013) identified that
numerous nuclear-encoded proteins with various functions are
associated with the transcriptional machinery and are involved in
chloroplast gene expression. In this paper, we focused on these
nuclear-encoded factors for chloroplast transcription.

TWO TYPES OF PLASTID RNA POLYMERASES IN HIGHER PLANTS

Plastid genes are transcribed by two RNA polymerases, the
nuclear-encoded RNA polymerase (NEP) and the plastid-
encoded RNA polymerase (PEP). NEP is a phage-type RNA
polymerase with a single subunit (Chang et al., 1999; Lerbs-
Mache, 2011). In Arabidopsis, the nuclear genome encodes three
NEPs. RpoTp is targeted to chloroplast, RpoTm is targeted to
mitochondria, and RpoTmp is dually targeted to both organelles
(Hess and Borner, 1999). NEP is important for plant develop-
ment. Inactivation of RpoTp results in defects in plastid gene
expression and leaf development (Hricova et al., 2006; Swiatecka-
Hagenbruch et al., 2008) while plants with inactivated RpoTmp
exhibit several defects, including a plastid gene expression defect,
delayed greening and growth retardation of leaves and roots
(Courtois et al., 2007). The dysfunction of both NEPs resulted
in seedling lethality at a very early developmental stage (Hricovd
et al., 2006). Although NEP is generally considered to be a single
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subunit RNA polymerase, recent biochemical analysis revealed
that RPOTmp interacts with a thylakoid RING-H2 protein. This
protein might mediate the fixation of RPOTmp to thylakoid
membranes in order to regulate the transcription of the plastid
rrn genes (Azevedo et al., 2008).

PEP is composed of four core subunits encoded by the genes
rpoA, rpoB, rpoCl, and rpoC2 that are located on the plas-
tid genome. PEP exhibits a certain sensitivity to inhibitors of
bacterial transcription, such as tagetitoxin, and the group of
rifampicin-related drugs, indicating a distinct degree of conserva-
tion of these eubacterial-type RNA polymerase during evolution
(Liere et al., 2011). Like for bacterial RNA polymerases, the activ-
ity/specificity of the PEP core enzyme is regulated by sigma-like
transcription factors that are encoded by the nuclear genome of
higher plants. In Arabidopsis, there exist six chloroplast sigma
factors (SIG1-SIG6). These sigma factors might have overlap-
ping as well as specific functions for recognizing a specific set
of promoters during chloroplast development (Schweer, 2010;
Liere et al., 2011). Besides the sigma factors, however, the core
subunits of PEP are associated also with additional proteins (see
below) that mediate a number of additional functions to the PEP
complex.

NEP and PEP play different roles in plastid gene transcription
during plastid development and plant growth (Liere et al., 2011).
Based on their transcription by the different RNA polymerases,
plastid genes can be grouped into three classes (Hajdukiewicz
etal., 1997; Ishizaki et al., 2005). Transcription of photosynthesis-
related genes (such as psbA, psbD, and rbcL) depend largely on
PEP (class I), whereas a few house-keeping genes (mostly encod-
ing components of the transcription/translation apparatus, such
as rpoB) are exclusively transcribed by NEPs (class IIT). Most of
plastid genes, however, are transcribed by both PEP and NEPs
(class II). Generally, NEP is more active in the young, non-green
tissues early in leaf development. It transcribes housekeeping
genes including the four core subunits of PEP polymerase which
primarily constitute the plastid gene expression machinery. Once
PEP is formed in later developmental stages, it thereafter tran-
scribes the photosynthesis-related genes (Hajdukiewicz et al,
1997; Lopez-Juez and Pyke, 2005; Schweer et al., 2010b) and
plastid tRNAs (Williams-Carrier et al., 2014). In the mature
chloroplast, the activity of NEP is barely detected, while PEP
activity maintains high for chloroplast development and plant
growth. Nevertheless, recent investigations demonstrated that
both NEP and PEP are present in seeds, and PEP is also impor-
tant for seed germination. This indicates that PEP exists also
in non-photosynthetically active seed plastids (Demarsy et al.,
2006).

PEP IS ASSOCIATED WITH NUMEROUS NUCLEAR-ENCODED PROTEINS
Early biochemical analysis demonstrated that two different forms
of the PEP complex exist in higher plant, that is, PEP-A and
PEP-B (Pfannschmidt and Link, 1994). PEP-B is composed only
of the rpo core subunits and is present in both etioplasts and
greening chloroplasts. During light-dependent chloroplast devel-
opment, this PEP-B enzyme is reconfigured into an eukaryote-like
enzyme complex, the PEP-A, by association of numerous proteins
(Pfannschmidt and Link, 1997; Steiner et al., 2011; Pfalz and

Pfannschmidt, 2013). PEP-A is the major RNA polymerase in
matured chloroplast of higher plant. Attempts have been focused
on the isolation of the plastid RNA polymerase complex and
its associated proteins for many years (Pfalz and Pfannschmidt,
2013). Biochemical analyses uncovered that the core rpo sub-
units of PEP are present in both the insoluble RNA polymerase
preparation called transcriptionally active chromosome (TAC),
and the soluble RNA polymerase preparation (SRNAP) (Krause
and Krupinska, 2000; Pfalz et al., 2006; Melonek et al., 2012).
The TAC fraction was isolated from lysed plastids through one
or two gel filtration chromatography steps and subsequent ultra-
centrifugation, while the soluble RNA polymerase (sRNAP) is
prepared from isolated and lysed plastids via several chromato-
graphic purification steps without precipitation by centrifugation
(Pfalz and Pfannschmidt, 2013). Based on gel filtration and
mass spectrometry analysis from different organisms, includ-
ing Nicotiana tabacum (Suzuki et al., 2004), spinach (Melonek
et al., 2012), mustard (Sinapis alba) (Pfannschmidt et al., 2000;
Pfalz et al., 2006; Steiner et al., 2011), and Arabidopsis (Pfalz
et al., 2006) it is estimated that the TAC complex contains 43
nuclear-encoded proteins (Table1). Ten proteins were repro-
ducibly found to be tightly associated with PEP core subunits
in mustard seedlings and, therefore, were named polymerase-
associated proteins (PAPs) (Steiner et al., 2011). The other pro-
teins were found in the previous reported TAC complex and
might represent more loosely attached components of the tran-
scription machinery (Pfalz et al., 2006). Two TAC components,
PTAC7 (Yu et al., 2013) and MurE-like (Garcia et al., 2008), were
not identified as PAPs in mustard (Steiner et al., 2011), how-
ever, based on their mutant phenotype in T-DNA inactivation
mutants of Arabidopsis these two proteins were proposed to be
PAPs (Pfalz and Pfannschmidt, 2013). One essential common fea-
ture of all PAPs is that they are essential for PEP activity. The
Arabidopsis knock-out lines for the corresponding genes show
all an albino/ivory or pale-green phenotype with severe defects
in chloroplast development and PEP-dependent transcription
(Table 1) (Pfalz et al., 2006; Garcia et al., 2008; Myouga et al.,
2008; Arsova et al., 2010; Schroter et al., 2010; Gao et al., 2011;
Steiner et al., 2011; Gilkerson et al., 2012; Yagi et al., 2012; Yu
et al., 2013). The phenotype of these PAP mutants is identi-
cal to that of rpo-gene knock-out mutants in tobacco (Allison
et al., 1996; Hajdukiewicz et al., 1997; De Santis-Maclossek et al.,
1999). In the knockout mutants of AtECB1/SVR4/MRL7 (Qiao
et al., 2011; Yu et al., 2014), PEP-Related Development Arrested
1 (PRDA1) (Qiao et al., 2013), and Delayed Greening 1 (DG1)
(Chi et al., 2008), the expression of PEP-dependent chloroplast
genes is also severely reduced. These proteins have not been iden-
tified in PEP complex by previous proteomic analyses (Krause
and Krupinska, 2000; Suzuki et al., 2004; Pfalz et al., 2006; Steiner
et al., 2011). Nevertheless, they interacts with some members of
the PEP/TAC complex (Chi et al., 2010; Qiao et al., 2011, 2013;
Kindgren et al., 2012; Yu et al., 2014) and are either loosly or
temporarily attached.

Based on proteomic analysis and protein interaction inves-
tigation, the TAC complex contains at least 50 proteins of
which 46 are nuclear-encoded (Tables1, 2). These nuclear-
encoded proteins can be classified into several groups including
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Melonek et al.,

Molecular function* ***

N.A.
A

Protein domain***
AP2 DNA binding
Armadillo-type fold,

Molecular
phenotype* ****
N.A.

N.A

Localization**
Chloroplast
Chloroplast

Species*
Spinach
Spinach

AGI number
AT3G14320
AT2G27430

Table 1 | Continued

AT2G27430

Gene name
AT3G14320

armadillo-like helical

2012

Melonek et al.,

N-CoR and TFIIIB DNA N.A.

binding domains

N.A.

Chloroplast

Spinach

AT5G02320

AT5G02320

N.A. Melonek et al., 2012

RecF/RecN/SMC

N.A.

Chloroplast

Spinach

AT5G36780

AT5G36780

N-terminal domain

DNA binding

2012

Melonek et al.,

N.A.

N.A.

Chloroplast?

Spinach

AT3G16000

MFP1

*Species that chloroplast proteomics experiments were performed are indicated.

**Localization information is from GFP- fusion data and or chloroplast proteomics data /immune analysis.

***Protein domain information is from PPDB database.

****Molecular function data is given based on the reference. N.A. means that its detailed molecular function remains unclear.

**¥***The phenotypes of the knockout lines in Arabidopsis are indicated. N.A. means that the phenotype remains unclear.

4These factors are essential for PEP activity.

b ocalization information is from individual GFP-fusion experiment or immune analysis.

DNA/RNA binding proteins, thioredoxin proteins, kinases, ribo-
some proteins and proteins with unknown function (Table 1).
Yeast two-hybrid and other biochemical assays revealed the
relationship of some proteins in the PEP complex (Figure1).
The interactions between these PAPs are consistent with the
biochemical experiments that identified these proteins in the
PEP complex under the stringent condition (Steiner et al,
2011). Currently, proteins directly interacting with the PEP
core subunits have not been identified in the PEP complex.
Immunoprecipitation analysis demonstrated that pTAC3 is asso-
ciated with the rpo subunits (Yagi et al., 2012). However, the direct
interaction between pTAC3 and PEP core subunits has not been
verified.

PROTEINS IN THE PEP COMPLEX WITH DNA/RNA BINDING DOMAIN
The eukaryotic transcriptional machinery consists of RNA poly-
merases and various DNA binding proteins, such as transcription
factors. These DNA-binding proteins recognize the promoter
to regulate downstream gene transcription. In the TAC com-
plex, there are at least 14 proteins with DNA-binding domains
(Table 1) (Pfalz et al.,, 2006; Steiner et al.,, 2011; Pfalz and
Pfannschmidt, 2013). pTAC3 belongs to the SAP protein fam-
ily. The ptac3 mutant exhibits an albino phenotype with reduced
PEP-dependent plastid transcription. It is unclear yet if pTAC3
can bind to a specific DNA region in order to regulate plastid gene
transcription (Yagi et al., 2012). pTACS is essential for chloro-
plast transcription (Pfalz et al., 2006) since the expression of the
psbA gene was barely detectable in the ptac6 mutant, compared
with that in ptac2 and ptracl2 (Pfalz et al., 2006). It is likely that
pTACS is a specific regulator for psbA (Pfalz et al., 2006), however,
to date its function remains enigmatic. In bacteria, there exist
two transcription termination mechanisms; Rho-independent
transcription termination and Rho-dependent termination. The
mitochondrial transcription termination factor (mTERF) family
was identified to regulate mitochondrial gene expression includ-
ing transcription termination (Kleine, 2012). pTAC15 is a mem-
ber of the mTERF protein family (Pfalz et al., 2006). Whether it
can terminate the transcription of PEP-dependent plastid genes
needs to be verified.

The TAC complex contains at least six RNA-binding proteins
including ZmWhyl, pTACI10, the elongation factor EF-Tu, and
three ribosomal proteins, S3, L12-A, and L26 (Table 1). Whirly
proteins belong to a small nuclear transcription factor family
commonly found in plants. In Arabidopsis, pTAC1/AtWhyl and
PTAC11/AtWhy3 can bind DNA (Xiong et al., 2009). They are
required to maintain the stability of the plastid genome (Maréchal
et al., 2009). The whirly 1 ortholog in maize (ZmWHY1/pTAC1)
can bind both RNA and DNA, and co-immuno-precipitated
with chloroplast RNA splicing 1 (CRS1) (Prikryl et al., 2008).
pTACIO contains a S1 domain and has RNA binding activity
in tobacco (Jeon et al., 2012), and it may be one substrate of
chloroplast-target casein kinase 2 (cpCK2) (Reiland et al., 2009).
The phosphorylation of pTAC10 may affect its RNA binding. The
detailed function of the elongation factor EF-Tu and the riboso-
mal proteins S3, L12-A, and L26 in chloroplast is not reported.
The existence of these RNA-binding proteins, however, suggests
that there exists a translation subdomainin the TAC/nucleoid.
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FIGURE 1 | Model of the PEP complex regulating chloroplast
transcription. The reported interactions of PEP components are included.
Light, redox status, phosphorylation and heat stress are involved in
chloroplast transcription. Several PPR proteins including CLB19,

—
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PEP-dependent genes

PDM1/SEL1, OTP70, and YS1 are involved in the processing of PEP core
subunit transcripts to regulate PEP activity. AtECB2, Prin2, SVR4-Like and
NARAS are also important for plastid gene expression, but their
mechanisms are unclear.

CONNECTIONS OF REGULATORY MODULES WITH THE RNA
POLYMERASE

Light plays highly important roles in the regulation of plastid gene
transcription. The majority of PAPs (Pfalz and Pfannschmidt,
2013) and most sigma factor genes of higher plants are light-
induced (Lerbs-Mache, 2011). Plastome-wide PEP-DNA associ-
ation is also a light-dependent process (Finster et al., 2013). In
plants, light plays an important role in almost every facet of plant
growth and development through the action of photoreceptors.
Interestingly, pTACI12 is an intrinsic subunit of the PEP complex
(Pfalz et al., 20065 Steiner et al., 2011), but it was also identified
as HEMERA and localized in both the nucleus and the chloro-
plast (Chen et al., 2010). pTAC12/HEMERA was considered as a
proteolysis-related protein involved in phytochrome signaling in
the nucleus (Chen et al., 2010). Its function in the PEP complex is
unknown so far, but it was uncovered that pTAC12 interacts with
PTAC14 in the yeast-two-hybrid system (Gao et al., 2011) sug-
gesting that these two proteins might be also interaction partners
in the native complex.

Chloroplasts are the site of photosynthesis that also produces
reactive oxygen species (ROS). During photosynthesis, unbal-
anced excitation of the two photosystems affects the redox state
of the electron transport chain which in turn serve as signals for
plant acclimation responses. The PEP complex is a major target
of such photosynthetic redox signals (Dietz and Pfannschmidt,
2011). Thioredoxin z (Trx Z) is a novel thioredoxin protein

with disulfide reductase activity in vitro. It interacts with two
fructokinase-like proteins FLN1 and FLN2 in the yeast two hybrid
system and is also a component of the PEP complex (Pfalz
etal., 2006; Steiner et al., 2011) (Figure 1). Trx-Z mediated redox
change of FLN2 during light—dark transitions (Arsova et al,
2010). Recent studies identified AtECB1/MRL?7 as a thioredoxin-
fold like protein with thioredoxin activity (Yu et al., 2014) that
interacts with Trx Z in the PEP complex (Powikrowska et al.,
2014; Yu et al., 2014). These two proteins thus may form a func-
tional module to mediate redox signaling from thylakoids toward
the RNA polymerase but the functional details of these interac-
tions are completely unknown. Further redox mediators might be
Fe Superoxide Dismutase 2 (FSD2) and FSD3, two iron superox-
ide dismutases, and PRDALI is a chloroplast protein without any
known domain. prdal and fsd2 fsd3 knock out mutants are highly
sensitive to oxidative stress (Myouga et al., 2008; Qiao et al., 2013).
These proteins, therefore, may act as ROS scavengers in order to
protect the PEP complex. The interactions between AtECB1 and
PRDA1, FSD2, FSD3 suggest that the redox signaling pathway and
ROS scavengers are eventually associated.

Protein phosphorylation is a very important post-translational
modification in eukaryotic cells that regulates many cellular pro-
cesses. In chloroplast, the phosphorylation of chloroplast proteins
affects photosynthesis, metabolic functions and chloroplast tran-
scription (Baginsky and Gruissem, 2009). The PEP complex
appears to interact with a so-called plastid transcription kinase
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(PTK), named cpCK2 (Ogrzewalla et al., 2002). The Arabidopsis
sigma factor 6 was reported to be phosphorylated by cpCK2
(Schweer et al., 2010a). Furthermore, pTAC5, pTAC10, and
PTAC16, were also predicated to be phosphorylated by cpCK2
(Reiland et al., 2009). The enzyme activity of cpCK2 was inhibited
by GSH, which suggests that cpCK2 is generally under SH-group
redox regulation (Baginsky et al., 1999; Turkeri et al., 2012).
Biochemical analyses of mustard seedlings during photosynthetic
acclimation suggested that redox signals in chloroplasts are linked
to chloroplast transcription via the combined action of phos-
phorylation and thiol-mediated regulation events (Steiner et al.,
2009). Proteins related with phosphorylation and redox signaling
are closely located in the PEP complex which is in agreement with
the results of the physiological studies for plastid gene expression.

Heat stress is a major abiotic factor for plants, that leads to
severe retardation in plant growth and development. To maintain
the process of chloroplast transcription under heat stress and to
support the survival of the plant, the chloroplast transcriptional
machinery needs to deal with heat stress to a certain extent. The
protein pTACS5 is a C4-type zinc finger Dna]J protein with disulfide
isomerase activity. Its expression is induced by heat stress (Zhong
et al., 2013) and, subsequently, pTAC5 and Heat Shock Protein
21 (HSP21) form a heterocomplex, although they are not PAP
members of the PEP complex (Zhong et al., 2013). pTACS5 as well
as HSP21 may protect chloroplast transcription under heat stress.

OTHER NUCLEAR ENCODED FACTORS THAT REGULATE PEP ACTIVITY
In addition to the intrinsic components of PEP complex, multi-
ple additional factors were identified to regulate the processing
of PEP core subunit transcripts and PEP activity by indi-
vidual mutant analysis. Both Chloroplast Biogenesis19 (CLBI19)
(Chateigner-Boutin et al., 2008) and Pigment-Deficient Mutant
I1(PDM1) (Wu and Zhang, 2010; Yin et al., 2012) genes encode
pentatricopeptide repeat proteins. CLB19 is involved in the edit-
ing of the rpoA transcript (Chateigner-Boutin et al., 2008), while
PDM1 is associated with rpoA polycistronic for rpoA cleavage (Wu
and Zhang, 2010; Yin et al., 2012). Recent investigations demon-
strated that PDM1/Seedling Lethall (SEL1) was also involved in
accD RNA editing (Pyo et al., 2013). The PPR protein OTP70 was
reported to affect the splicing of the rpoCI transcript (Chateigner-
Boutin et al., 2011). The gene Yellow Seedling 1 (YSI1) encoding
a PPR-DYW protein is required for editing of rpoB transcripts
(Zhou et al., 2009). The common feature of the Arabidopsis
knockout lines for all these proteins is that the plastid expression
pattern in these mutants is similar to that of rpo-gene knock-out
mutants in tobacco (Chateigner-Boutin et al., 2008, 2011; Zhou
et al., 2009; Wu and Zhang, 2010; Pyo et al., 2013).

Functional analyses revealed that several proteins including
Arabidopsis Early Chloroplast Biogenesis 2 (AtECB2) (Yu et al.,
2009), Plastid redox insensitive 2 (Prin2) (Kindgren et al., 2012),
SVR4-Like (Powikrowska et al., 2014), and NARAS5 (Ogawa et al.,
2009), are also essential for PEP-dependent chloroplast transcrip-
tion. However, it is unclear if they are directly associated with the
PEP complex. AtECB2 encodes a pentatricopeptide repeat pro-
tein, and is involved in editing of accD and ndhF chloroplast tran-
scripts (Yu et al., 2009; Tseng et al., 2010). The defective editing
in ecb2 is unlikely to affect PEP-dependent plastid gene expres-
sion. How AtECB2 affects plastid gene expression is still unclear.

NARA5 encodes a chloroplast-localized phosphofructokinase
B-type carbohydrate kinase family protein, which might be
involved in massive expressions of plastid-encoded photosyn-
thetic genes in Arabidopsis (Ogawa et al., 2009). The Prin2 is a
small protein possibly involved in redox-mediated retrograde sig-
naling in chloroplast (Kindgren et al., 2012) and the SVR4-like is
a homolog of AtECB1/SVR4/MRL?7, encoding a chloroplast pro-
tein essential for proper function of the chloroplast in Arabidopsis
(Powikrowska et al., 2014). All these proteins may reversibly asso-
ciate with the PEP complex but detailed studies are necessary to
understand their functional roles and connections with the RNA
polymerase. Alternatively, these proteins may act as signaling fac-
tors in order to mediate environmental stimuli and plastid gene
expression.

CONCLUDING REMARKS

Plants grow under very different environment conditions and
photosynthesis is the major function of chloroplast which is
important for plant growth and development. Plastid gene
expression is essential for chloroplast development and nor-
mal functions including photosynthesis. The PEP complex is
the major RNA polymerase activity in mature chloroplasts.
Proteomic and genetic analyses identified that at least 50 nuclear-
encoded proteins in higher plant are important for PEP depen-
dent plastid gene expression. These proteins may form several
functional modules within the nucleoid or TAC in order to medi-
ate plastid gene expression in response to light, redox changes,
phosphorylation and heat stress or to protect the PEP com-
plex from ROS damage. The large number of nuclear-encoded
proteins reveals the complexity of plastid gene expression and reg-
ulation that is greatly different from the gene expression in the
nucleus or in prokaryotes. However, the current knowledge about
plastid transcription is quite limited and the investigation of the
relationship between transcription, post-transcriptional process-
ing as well as translation in the nucleoid could provide novel
insights into chloroplast gene expression.
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INTRODUCTION

Chloroplasts are believed to have arisen from an endosymbiotic
event between a photosynthetic cyanobacterium and the ances-
tral eukaryotic cell. Although chloroplasts of modern plants
and algae have retained the genome of the symbiont, that
genome has markedly shrunk over endosymbiotic evolution.
Many chloroplast-encoded genes were lost or transferred to the
nucleus soon after endosymbiosis. Thus, chloroplast genomes of
extant land plants have only 50 protein-coding genes involved
in photosynthesis, gene expression, lipid metabolism and other
processes, 30 tRNA genes and full sets of rRNA genes. In spite
of their small genomes (0.15 Mbp in land plant chloroplasts
versus 3 Mbp in cyanobacteria), chloroplast gene expression
is regulated by more complex systems compared to the sim-
ple prokaryotic regulatory system. Chloroplast gene expression
is mediated by two distinct types of RNA polymerase (RNAP)
and is highly dependent on post-transcriptional regulation, such
as the processing of polycistronic transcripts, intron splicing
and RNA editing. Moreover, recent RNA-seq analyses of chloro-
plast transcripts identified unexpected diversifications of RNA
molecules, such as non-coding and antisense RNAs (Hotto etal.,
2011; Zhelyazkova etal., 2012). However, the genes encoded in
chloroplast genomes are insufficient to regulate their compli-
cated gene expression, and so the chloroplast gene expression
machinery includes various nucleus-encoded regulatory compo-
nents.

Although basic chloroplast gene expression is mediated by
prokaryotic machineries derived from the ancestral cyanobac-
terium, chloroplasts lost their homologs of bacterial regulatory
elements such as transcription factors (TFs) and nucleoid pro-
teins at an early stage of their evolution. Genomics and pro-
teomics analyses of chloroplast proteins in Arabidopsis thaliana
have suggested that 60% of the chloroplast proteome may have

Chloroplasts are semiautonomous organelles which possess their own genome and gene
expression system. However, extant chloroplasts contain only limited coding information,
and are dependent on a large number of nucleus-encoded proteins. During plant evolution,
chloroplasts have lost most of the prokaryotic DNA-binding proteins and transcription
regulators that were present in the original endosymbiont. Thus, chloroplasts have a unique
hybrid transcription system composed of the remaining prokaryotic components, such
as a prokaryotic RNA polymerase as well as nucleus-encoded eukaryotic components.
Recent proteomic and transcriptomic analyses have provided insights into chloroplast
transcription systems and their evolution. Here, we review chloroplast-specific transcription
systems, focusing on the multiple RNA polymerases, eukaryotic transcription regulators
in chloroplasts, chloroplast promoters, and the dynamics of chloroplast nucleoids.

Keywords: chloroplast, transcription, PEP, NEP, pTAC, nucleoid

been newly acquired from the nuclear genome of host cells
after the endosymbiotic event (Abdallah etal., 2000). Indeed,
recent analyses of the chloroplast nucleoid proteins identified
many non-bacterial components that play critical roles in chloro-
plast gene expression including transcription, post-transcriptional
RNA processing, and translation. Here, we summarize the current
knowledge regarding the chloroplast gene expression system.

TWO BASIC CHLOROPLAST TRANSCRIPTION MACHINERIES
WITH DIFFERENT EVOLUTIONARY ORIGIN

Chloroplast gene expression is largely dependent on prokaryotic
machineries derived from the ancestral cyanobacterium. The bac-
terial multi-subunit RNAP is composed of a core Rpo complex,
which has the catalytic enzyme activity, and a sigma factor, which
recognizes promoter sequences (Ishihama, 2000). Chloroplasts
contain the bacterial-type RNAP, called plastid-encoded plastid
RNAP (PEP), which shares functional similarity with the bac-
terial RNAP (Igloi and Kossel, 1992; Figure 1A) However, all
genes for chloroplast sigma factors have been transferred to the
nuclear genome, whereas genes for core subunits are typically
retained in the chloroplast genome as rpoA, rpoB, rpoCl, and
rpoC2.

Early work demonstrated that almost all photosynthesis-related
transcripts are significantly reduced in PEP-deficient plants, such
as ribosome-deficient mutants of barley (Hordeum vulgare), iojap
mutants of maize and tobacco mutants with disrupted rpo genes
generated by gene targeting using chloroplast transformation
(Han etal., 1992; Hess etal., 1993, 1994; Allison etal., 1996; De
Santis-Maclossek etal., 1999), whereas a set of housekeeping
genes are still active in these mutants. The inhibitor sensitiv-
ity of this transcription activity is similar to that of phage T7
RNAP, but not to that of bacterial RNAP (Kapoor etal., 1997;
Sakai etal., 1998). In Arabidopsis, three phage-type RNAP genes
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FIGURE 1 | Overview of chloroplast transcription. (A) Basic transcriptional
machinery in higher plants. Higher plants have two distinct types of chloroplast
RNA polymerase: plastid-encoded plastid RNA polymerase (PEP; left panel) and
nucleus-encoded plastid RNA polymerase (NEP; right panel). PEP is a
bacterial-type multi-subunit RNA polymerase composed of the core enzymatic
subunits a, B, B/, B’ (blue) and a sigma subunit (red) that is responsible for
promoter recognition. Plastid sigma factors are divided into six subgroups,
SIG1-SIG6, and selectively recognize bacterial-type promoters in the plastid.
NEP (right panel) is a monomeric enzyme that resembles mitochondrial T7-type
RNA polymerases. NEP is involved in the transcription of housekeeping genes
such as rpo genes for PEP core subunits, and ribosomal protein-coding genes.
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Positioned upstream of genes transcribed by NEP are three distinct types of
promoter structures (Type-la, Type-Ib, and Type-Il). (B) The chloroplast nucleoid
subdomain and its components. Chloroplast nucleoids are attached to the
membrane (envelope or thylakoid) by anchor proteins (PEND and MFP1). The
plastid transcription active chromosome (pTAC) is one of the nucleoid
subdomains, which contains the transcription factory. Chloroplast genomic
DNAis packed by chloroplast-specific nucleoid-associated proteins (NAPs;
orange circle). The mature chloroplast contains a large PEP complex with
several PEP associate proteins (PAPs; red circles). Recent proteome analysis
suggested that chloroplast nucleoids contain additional subdomains, which
regulate post-transcriptional RNA maturation and translation.

were identified and their subcellular localization was determined
(RpoTp: chloroplasts, RpoTim: mitochondria, RpoTmp: chloroplast
and mitochondria; Hedtke etal., 1997, 2000; Weihe and Borner,
1999; Figure 1A). RpoTmp and RpoTp likely represent nuclear
encoded RNAP (NEP) enzyme in chloroplasts [reviewed in (Liere
etal.,2011)], while RpoTmp has been identified in dicotyledonous
plants such as Arabidopsis and tobacco but not in monocotyle-
donous plant genomes (Chang etal., 1999; Ikeda and Gray, 1999;
Emanuel etal., 2004).

Only one RpoT gene has been identified in green algae, such as
Chlamydomonas reinhardtii, Ostreococcus tauri, and Thalassiosira
pseudonana, which likely encodes mitochondrial RNAP (Maier
etal., 2008). Similarly, the genome of the lycophyte Selaginella
moellendorffii contains only one RpoT gene, the product of which
has been shown to target mitochondria (Yin etal., 2009). On
the other hand, the moss Physcomitrella patens has three RpoT

genes. However, all GFP-fused moss RpoTs were detected exclu-
sively in mitochondria, suggesting that the moss RpoT genes
also encode mitochondrial RNAP (Kabeya etal., 2002; Richter
etal,, 2002, 2013). Moreover, phylogenetic analysis of plant RpoT
genes suggests that NEP appeared through the gene duplication
of mitochondrial RNAP after the separation of angiosperms from
gymnosperms (Yin etal., 2010).

SELECTIVE CHLOROPLAST TRANSCRIPTION BY PEP AND
NEP

Chloroplast genes can be categorized into three subgroups, classes
I-IIIL: class I photosynthesis-related genes are mainly transcribed
by PEP; Class II includes many housekeeping genes (clpP and the
rrn operon) that are transcribed by both PEP and NEP; class III
genes (accD and the rpoB operon) are exclusively transcribed by
NEP (Allison etal., 1996; Hajdukiewicz et al., 1997).
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PEP recognizes standard chloroplast promoters resembling
the bacterial 67° type promoters with —10 and —35 consen-
sus elements (Gatenby etal., 1981; Gruissem and Zurawski,
1985; Strittmatter etal., 1985; Shiina etal., 2005; Figure 1A). A
genome-wide mapping of transcription start sites (TSSs) by RNA
sequencing in barley green chloroplasts demonstrated that 89%
of the mapped TSSs have a conserved —10 element (TAtaaT)
at three to nine nucleotides upstream, while the —35 element
was mapped upstream of the —10 element in only 70% of the
TSSs (Zhelyazkova etal., 2012). These results suggest that most
genes are transcribed from o”-type promoters by PEP in green
leaves.

Higher plants have multiple sigma factors that are expected
to confer promoter specificity upon the PEP core complex
(Shiina etal., 2005; Lerbs-Mache, 2011). Molecular genetic anal-
yses revealed that SIG2 is responsible for the transcription of a
group of tRNA genes, but not photosynthesis genes (Kanamaru
etal., 2001), while SIG6 is essential for the transcription of a wide
range of photosynthesis-related genes at an early stage of chloro-
plast development (Ishizaki etal., 2005). It seems likely that SIG2
and SIG6 work in cooperation during light-dependent chloroplast
development (Hanaoka etal., 2003; Ishizaki etal., 2005). In addi-
tion, SIG3 and SIG4 have been shown to specifically target psbN
and ndhF genes in Arabidopsis (Favory etal., 2005; Zghidi etal.,
2007). Recently, ChIP analysis of SIG1 revealed the target genes
(psaAB, psbBT, psbEFL], rbcL, and clpP; Hanaoka et al., 2012). SIG5
is a unique sigma factor whose expression is rapidly induced by
various environmental stresses such as a high osmolarity, or salin-
ity, a low temperature as well as high-light stress (Tsunoyama et al.,
2002; Nagashima etal., 2004). SIG5 likely recognizes specific pro-
moters, including the psbD light-responsive promoter (LRP), and
mediates stress-induced transcription in chloroplasts (Nagashima
etal., 2004; Tsunoyama et al., 2004). Taken together, it is likely that
each chloroplasts sigma factor is responsible for the transcription
of a distinct set of genes, and plays specific roles in transcriptional
regulation in response to developmental and/or environmental
cues.

Phylogenetic analysis revealed that chloroplast sigma factors
are related to essential group 1 and non-essential group 2 sigma
factorsin bacteria. Chlamydomonas, a single-celled green alga, pos-
sesses a single sigma factor that is related to SIG2 in land plants,
suggesting the absence of multiple sigma factor-mediated tran-
scriptional regulation in chloroplasts. Endosymbiosis of ancestral
cyanobacteria in plant cells may have reduced the need for tran-
scriptional regulation in chloroplasts and caused the reduction of
the number of sigma factors in green algae. On the other hand,
in liverwort (M. polymorpha L.) and moss (P. patens), three sigma
factors related to SIG1, SIG2, and SIG5 are encoded in the nucleus
(Shiina etal., 2009; Ueda etal., 2013). The multiple sigma fac-
tors in bryophytes may show a promoter preference and play roles
in tissue-specific and stress-responsive transcriptional regulation
in chloroplasts (Hara etal., 2001; Ichikawa etal., 2004; Kanazawa
etal., 2013; Ueda etal., 2013).

Most NEP promoters (rpoB, rpoA, and accD) share a core
sequence, the YRTA motif (type-Ia; Liere and Maliga, 1999; Weihe
and Borner, 1999; Hirata et al., 2004; Figure 1A). The YRTA motif
is similar to motifs found in promoters of plant mitochondria

(Binder and Brennicke, 2003; Kuhn et al., 2005). In addition, GAA-
box has been identified upstream of the YRTA motif in a subclass
of NEP promoters (type-Ib; Kapoor and Sugiura, 1999). In con-
trast to these standard NEP promoters, type-II NEP promoters
mapped upstream of the dicot cIpP gene lack the YRTA motif and
are dependent on downstream sequences of the TSS (Weihe and
Borner, 1999). Furthermore, it has been shown that the rrn operon
and certain tRNAs are transcribed from other non-consensus-type
NEP promoters [Reviewed by (Liere etal., 2011)].

Although the class I genes have been clarified as being exclu-
sively transcribed by PEP, the genome-wide mapping of TSSs in
barley revealed that most genes including photosynthesis genes
have both PEP and NEP promoters. It seems likely that NEP sup-
ports transcription of photosynthesis genes at the early stage of
seedling greening (Zhelyazkova etal., 2012). Interestingly, 73% of
NEP-dependent TSSs possess the YRTA motif typical for type-
Ta and -Ib NEP promoters, whereas GAA-boxes have been barely
mapped upstream of the barley NEP promoters. These results sug-
gest that type-Ia, but not type-Ib NEP promoters play a major role
in transcription by NEP in barley chloroplasts. In contrast, type-II
NEP promoters, which are dependent on downstream sequences
of the TSSs, were identified in barley as well as tobacco.

THE LARGE TRANSCRIPTION COMPLEX IN HIGHER PLANT
CHLOROPLASTS

Two types of PEP-containing preparation have been biochemi-
cally isolated in mustard and Arabidopsis: soluble RNAP (sRNAP)
and plastid transcriptionally active chromosome (pTAC) attached
to chloroplast membranes (Hess and Borner, 1999). Transcrip-
tion by sRNAP is dependent on exogenously added template
DNA, whereas the pTAC can initiate transcription from the
endogenous chloroplast DNA (Igloi and Kossel, 1992; Krause
etal.,, 2000). Interestingly, protein compositions of highly puri-
fied SRNAP fractions are dependent on chloroplast development
(Pfannschmidt and Link, 1994). The sRNAP of etioplasts in
dark-grown leaves is a naked RNAP without additional subunits
similar to the E. coli RNAP core complex. Etioplasts convert to
photosynthetically active chloroplasts in the presence of light.
During chloroplast development in mustard, the RNAP develops
a more complex form that contains 13 additional polypeptides
(Pfannschmidt and Link, 1994). It seems likely that the simple
SRNAP in etioplasts converts to a more complex SRNAP in chloro-
plasts by recruiting additional components during chloroplast
development.

Proteomic analyses of pTAC fractions isolated from
mature chloroplasts of Arabidopsis and mustard have iden-
tified 35 polypeptides including 18 novel proteins termed
pTAC1-pTACI1S8, in addition to PEP core subunits, DNA poly-
merase, DNA gyrase, Fe-dependent superoxide dismutases (FeS-
ODs), phosphofructokinase—B type enzymes (PFKB1 and PFKB2),
thioredoxin, and three ribosomal proteins (Pfalz etal., 2006).
DNA- and/or RNA-binding domains, protein—protein interac-
tion domains, or epitopes with other reported cellular functions
have been identified in some of pTAC proteins. Most Arabidop-
sis knockout mutants of pTAC proteins exhibit seedling-lethal
symptoms or chlorophyll-deficient phenotypes. PEP-dependent
transcription is significantly impaired in the pTAC mutants,
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whereas NEP-dependent transcription is up-regulated. These
phenotypes and chloroplast gene expression patterns are remi-
niscent of those of rpo mutants (Allison etal., 1996; Hajdukiewicz
etal., 1997), suggesting a critical role for pTAC proteins in PEP
transcription.

Affinity purification of the tobacco PEP (Suzuki etal., 2004)
and more recent analysis of subunits of the PEP complex in mus-
tard (Steiner etal., 2011) and tobacco complex identified at least
10 PEP-associated proteins (PAPs). Recently, chromatin immuno-
precipitation assays were performed with one of the typical PAPs,
PTAC3/PAP1. The results revealed that pTAC3/PAP1 associates
with the PEP complex in all three steps of the transcription cycle
including initiation, elongation and termination, suggesting that
pTAC3/PAP1 is an essential component of the chloroplast PEP
complex (Yagi etal., 2012). Several studies on protein—protein
interactions among PAPs have been reported [reviewed in (Pfalz
and Pfannschmidt, 2013)]. Almost all PAP genes, except for Trx-
z, are conserved among all land plants, but not in the green
alga Chlamydomonas. It seems likely that terrestrial plants may
have acquired non-cyanobacterial novel PEP components during
land plant evolution to regulate plastid transcription (Pfalz and
Pfannschmidt, 2013).

It has been suggested that a series of checkpoints control the
establishment of the chloroplast transcription machinery (Steiner
etal., 2011; Pfalz and Pfannschmidt, 2013). In imbibed seeds,
predominant NEP is responsible for transcription of housekeep-
ing genes. NEP also transcribes chloroplast-encoded rpo genes
for PEP core subunits to produce a basic PEP-B complex (NEP-
PEP cascade). PEP-B is responsible for the major activity in
etioplasts and in an early stage of greening. This step may be
the first checkpoint. Subsequently, PEP-B associates with PAPs
and converts them into a larger PEP complex (PEP-A) dur-
ing light-dependent chloroplast development. PEP-A formation
is strictly dependent on light. Indeed, it has been reported
that expression of the pTAC3/PAPI gene is induced by light
during the greening process (Yagi etal., 2012). PAP mutants
mostly show the aberrant development of chloroplasts and tran-
scription of chloroplast-encoded genes, suggesting their essential
roles in PEP-A. Furthermore, recent genome-wide analysis of
the chloroplast transcriptome revealed reduced expressions of
numerous chloroplast tRNAs in several PAPs mutants (pTAC2,
PTAC12, MurE, PRIN2), suggesting that PAPs play a major role
in tRNA transcription in chloroplasts (Williams-Carrier etal.,
2014). Thus PAPs are also responsible for protein translation
in chloroplasts. Therefore, the assembly of PAPs in the PEP-A
complex may be the second checkpoint in the establishment of
the chloroplast transcription machinery. To prevent uncontrolled
chloroplast development under adverse conditions, these check
points likely play critical roles in the control of chloroplast gene
transcription.

THE PLASTID NUCLEOIDS: DYNAMICS AND UNIQUE
COMPONENTS

The plastid DNA exists as large protein-DNA complexes named
the plastid nucleoid. Plastid nucleoids contain an average of 10-20
copies of the plastid DNA (Kuroiwa, 1991), and their size, shape,
and distribution vary depending on the plastid type (Miyamura

etal., 1986; Sato etal., 1997). Each chloroplast contains ~20
nucleoids that are randomly located on the thylakoid membranes.
Immature proplastids in seeds contain only one nucleoid that is
located at the center of the organelle. The plastid nucleoids divide
into a few small dots and redistribute to the inner envelope mem-
branes during early chloroplast development. At a later stage of
chloroplast development, nucleoids are relocated to the thylakoid
membranes. It has been suggested that plastid nucleoid orga-
nization and dynamics are involved in the regulation of plastid
function, gene expression and differentiation. Two DNA-binding
proteins, PEND and MFP1, are likely responsible for the associ-
ation of nucleoids with chloroplast membranes (Sato etal., 1998;
Jeong etal., 2003; Figure 1B).

In E. coli, chromosome DNA packaging patterns affect gene
expression, and are regulated by nucleoid-associated proteins
(NAPs) such as HU, H-NS, and FIS [reviewed by (Dillon and
Dorman, 2010)]. Among bacterial NAPs, HU is one of the major
DNA-binding proteins and is involved in chromosome DNA pack-
aging. HU-like proteins (HLPs) are conserved in cyanobacteria,
the red alga Cyanidioschyzon merolae (Kobayashi etal., 2002), and
the green alga Chlamydomonas (Karcher etal., 2009). The HLP
in Chlamydomonas has roles in nucleoid maintenance and gene
expression, indicating conserved roles of HU during chloroplast
evolution (Karcher etal., 2009). However, land plants including
mosses and flowering plants have not only lost the HU genes,
but also other prokaryotic DNA-binding proteins (Figure 2).
Nevertheless, atomic force microscopy observations revealed that
plastid nucleoids are highly organized and form a beads-on-a-
string structure similar to that observed in bacterial nucleoids,
suggesting that another host cell-derived DNA-binding protein
took over the functions of HU (Melonek etal., 2012). Recently,
eukaryotic SWIB (SWI/SNF complex B) domain containing pro-
teins have been identified from the proteome of a further-enriched
pTAC fraction (TAC-II) of spinach chloroplasts (Melonek etal.,
2012). SWIB4 that has a histone H1 motif, can functionally
complement an E. coli mutant lacking the histone-like nucleoid
structuring protein H-NS, indicating that SWIB4 is the most likely
counterpart of the bacterial NAPs in chloroplasts. EM observa-
tion of isolated pTAC identified chromatin-like beaded structures
with several protruding DNA loops, suggesting that pTACs rep-
resent a subdomain of the chloroplast nucleoid (Yoshida etal,,
1978; Briat etal., 1982). These findings suggest that pTAC forms
a central core of the plastid nucleoid and a transcription factory
(Figure 1B).

The proteomes of highly enriched nucleoid fractions have
been characterized in maize proplastids and mature chloroplasts
(Majeran etal., 2012). As expected, the chloroplast nucleoids
contain all PEP core Rpos and PAPs, and almost all other
pTAC proteins. Furthermore, additional proteins involved in
post-transcriptional processes, such as pentatricopeptide repeat
proteins (PPR proteins), mitochondrial transcription factor
(mTERF)-domain proteins, 70S ribosomes and ribosome assem-
bly factors have been identified in the proteome of the chloroplast
nucleoids, suggesting that several post-transcriptional events
including RNA processing, splicing and editing, and translation,
occur in nucleoids, and that these processes are co-regulated with
transcription (Figure 1B). Human mitochondrial nucleoids have
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FIGURE 2 | Evolution of components of the chloroplast transcription
machinery. Ancient cyanobacteria have a prototype of PEP including
Rpo subunits and several types of sigma factors, several transcription
factors (TFs), and various nucleoid-associated proteins (NAPs). After
endosymbiosis, the primary chloroplast lost its sigma factors, except the

Hu Plant NAPs?

pTACs NEP
Plant NAPs
>
Moss Higher plants
! ll |
PEP PEP
Sigma factors Sigma factors
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679 type, and all TFs. During the evolution of land plants, chloroplasts
acquired more complicated transcription machinery with a variety of
pTACs. In higher plants, there are multiple RNA polymerases (PER
multiple sigma factors, PEP-pTAC complex, and NEP), and plant-specific
NAPs.

been shown to form layered structures, the central core involved
in replication and transcription, and the peripheral region where
translation and complex assembly may occur (Bogenhagen etal.,
2008). By analogy, the further characterization of plastid nucleoids
will provide insights into the structural specialization of plastid
nucleoids; DNA maintenance and transcription in a core domain
and various aspects of RNA metabolism in several subdomains.

PERSPECTIVE

Recent proteomic and transcriptomic researches and the devel-
opment of novel ChIP and imaging technologies have advanced
the understanding of the molecular basis of RNAP complexes
and nucleoid architecture. In land plants, neither the nuclear nor
chloroplast genome encodes prokaryotic transcription factors and
nucleoid proteins, whereas chloroplasts retain prokaryotic-type
RNAP (Figure 2). In fact, land plants have a number of novel host
cell-derived transcription regulators and DNA-binding proteins
that are involved in the regulation of chloroplast transcription.
Thus, it seems likely that chloroplast transcription is mediated
by a hybrid system of prokaryotic and eukaryotic origin. Fur-
ther molecular characterization of pTACs and plastid nucleoid
proteins would provide novel insights into the unique plastid
gene expression system and as yet known mechanisms of plastid
differentiation.
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INTRODUCTION

Plants contain a nuclear gene family for plastid sigma factors, i.e., proteins that associate
with the “bacterial-type” organellar RNA polymerase and confer the ability for correct
promoter binding and transcription initiation. Questions that are still unresolved relate
to the “division of labor” among members of the sigma family, both in terms of their
range of target genes and their temporal and spatial activity during development. Clues
to the in vivo role of individual sigma genes have mainly come from studies of sigma
knockout lines. Despite its obvious strengths, however, this strategy does not necessarily
trace-down causal relationships between mutant phenotype and a single sigma gene, if
other family members act in a redundant and/or compensatory manner. We made efforts
to reduce the complexity by genetic crosses of Arabidopsis single mutants (with focus on
a chlorophyll-deficient sig6 line) to generate double knockout lines. The latter typically had
a similar visible phenotype as the parental lines, but tended to be more strongly affected
in the transcript patterns of both plastid and sigma genes. Because triple mutants were
lethal under our growth conditions, we exploited a strategy of transformation of single and
double mutants with RNAI constructs that contained sequences from the unconserved
sigma region (UCR). These RNAi/knockout lines phenotypically resembled their parental
lines, but were even more strongly affected in their plastid transcript patterns. Expression
patterns of sigma genes revealed both similarities and differences compared to the
parental lines, with transcripts at reduced or unchanged amounts and others that were
found to be present in higher (perhaps compensatory) amounts. Together, our results
reveal considerable flexibility of gene activity at the levels of both sigma and plastid gene
expression. A (still viable) “basal state” seems to be reached, if 2-3 of the 6 Arabidopsis
sigma genes are functionally compromised.

Keywords: chloroplast transcription, plant sigma factors, nuclear gene family, knockout mutants, RNA interference,
plastid target gene expression

Work carried out with Arabidopsis knockout lines containing

Despite the small number of genes in the chloroplast genome
(Sugiura, 1992), plastid transcription is a surprisingly com-
plex process. It involves two different RNA polymerases com-
monly named NEP (nuclear-encoded polymerase) and PEP
(plastid-encoded polymerase) (Hedtke et al., 1997; Maliga,
1998). The latter is surrounded by multiple transcription factors
(Shiina et al., 2005), important representatives of which are the
nuclear-encoded sigma factors. Like their bacterial counterparts
(Ishihama, 1988; Burgess and Anthony, 2001), these plant factors
are thought to direct the (PEP) polymerase complex to its cognate
promoters and ensure faithful transcription initiation. Again, as is
the case in bacteria, the plastids of higher plants typically contain
more than a single sigma factor species (e.g., a family comprising
six proteins ATSIG1 - 6 in Arabidopsis thaliana) (Isono etal., 1997;
Tanaka et al., 1997; Fujiwara et al., 2000; Shiina et al., 2009). This
obvious analogy has therefore stimulated research addressing the
role of individual members of the plant sigma factor family.

T-DNA insertions in single sigma genes has provided an initial
picture, demonstrating the presence or absence of a recognizable
mutant phenotype depending on the affected sigma gene as well
as the developmental stage investigated (Tsunoyama et al., 2002;
Hanaoka et al., 2003; Privat et al., 2003; Nagashima et al., 2004;
Favory et al., 2005; Ishizaki et al., 2005; Loschelder et al., 2006;
Schweer et al., 2006, 2009; Zghidi et al., 2007). A readily notice-
able phenotype is evident for instance in the case of AtSIG6,
where mutant lines tend to have strong chlorophyll deficiency
and altered plastid target gene expression patterns, yet only in
seedlings but not, e.g., in plants during the subsequent rosette leaf
stages (Ishizaki et al., 2005; Loschelder et al., 2006; Schweer et al.,
2006, 2009).

Unlike the situation in bacteria (Ishihama, 1988), none of the
plastid sigma factors seems to have a “primary” essential role in
a sense that its loss would confer a lethal or seriously compro-
mised phenotype (Ortelt and Link, 2014). What then might be
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the reasons for the variable (non-lethal) phenotypes noticeable
in plant sigma knockout lines? A perhaps most direct expla-
nation would be that the plastid factors function in a partially
overlapping manner, yet in a highly flexible way at different
developmental stages, in different organs, and under variable
environmental conditions. Clues supporting this idea come, e.g.,
from the modular architecture of the plant sigma factors, each
of which has a C-terminal conserved region (CR) responsible for
basal sigma activity and a N-terminal unconserved region (UCR)
of regulatory function (Ortelt and Link, 2014).

Nevertheless, it seems likely that the current functional
description of the underlying network is not yet complete. For
instance, knocking out one single sigma gene may or may not
have the consequence that a second (or third, fourth etc.) member
of the factor family is functionally recruited in a specific devel-
opmental context. To reduce the complexity of the Arabidopsis
sigma family, we took advantage of single and double mutant
lines and also adopted RNAi (RNA interference) techniques (Fire
et al., 1998) for that purpose. We then analyzed the gene expres-
sion situation (at RNA level) both for plastid target genes as well
as for the members of sigma gene family themselves. We reasoned
that such work could add novel information to help explain the
flexibility of the plant sigma factor network and its phenotypic
consequences.

MATERIALS AND METHODS

ARABIDOPSIS MUTANT AND RNAi LINES, GROWTH CONDITIONS,
SCREENING

Single mutant lines sigl-2 (“sigl”), sig3-2 (“sig3”), and sig6-
2 (“sig6”) in the Col-0 (ecotype Columbia) background of
Arabidopsis thaliana were obtained from the GABI-Kat collection
of T-DNA insertion lines (www.gabi-kat.de) (Rosso et al., 2003).
Double knockouts sigl sig6 and sig6 sig3 were generated from the
single mutants by genetic crosses. Both single and double knock-
outs were transformed with sigma UCR sequences cloned into
RNAI vector pHELLSGATE12 (Wesley et al., 2001) (www.csiro.
au) using the Gateway system (Life Technologies). PCR-amplified
sigma cDNA representing the full-size UCR (555 bp after the start
codon for AtSIG1, 768 bp for AtSIG3, and 696 bp for AtSIG6) was
inserted into the donor vector pDONR/zeo (Life Technologies)
and mobilized to the destination vector as described in the
Gateway manual (www.invitrogen.com). It was then introduced
into Arabidopsis by Agrobacterium-mediated floral dip transfor-
mation (Clough and Bent, 1998) and progeny were screened using
antibiotic selection, PCR and Southern blot analyses as described
(Loschelder et al., 2006). The criteria for successful generation of
double mutants, i.e., absence of an amplified PCR product using
primers that flank the T-DNA insertion and presence of a prod-
uct using a primer pair across the junction between T-DNA and
sigma gene sequence, were tested for each candidate line (signal.
salk.edu/tdnaprimers.2.html). Only those lines that fulfilled these
requirements were further propagated and subsequent experi-
ments were carried out with at least three independent T3 lines for
each construct. Seeds were sown on MS medium (Murashige and
Skoog, 1962) containing 0.4% (w/v) gelrite and 1% (w/v) sucrose,
stratified at 4°C for 2 d, and then transferred to 24°C for ger-
mination and growth under short-day conditions (8 h light/16 h

dark, 60 mmol m~2 s™!). Seedlings were harvested at day 6 or
10, or growth was continued until day 14, at which time plantlets
were transferred to sterile soil for another 6 d until day 20. Tissue
samples were immediately frozen in liquid nitrogen and stored
at —85°C until use.

PHYSIOLOGICAL PARAMETERS (CHLOROPHYLL CONTENT, ROOT
LENGTH MEASUREMENTS)

Chlorophyll content was measured using 8 replicates of 10
seedlings or young plantlets at each time-point (6 d, 10 d, 20 d
after sowing) and measurements were repeated twice using inde-
pendently grown plant material. Following weighing of seedlings,
they were ground in 80% (v/v) acetone. The extract was cen-
trifuged at 10,000 g for 10 min and the supernatant was used for
photometric chlorophyll determination at 663 and 645 nm. For
root lengths measurements, seedlings were grown as described
above, yet using vertical positioning of Petri dishes. Length deter-
mination was carried out using Image] (http://imagej.nih.gov/ij)
followed by graphical presentation. Values were means of three
independent replicates each obtained from 20 seedlings.

RT-qPCR DETECTION OF TRANSCRIPTS

Total seedling RNA (2 jLg) was prepared and reverse-transcribed
into cDNA as described by Loschelder et al. (2006), yet using
oligo-(dT)-primers and the Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV; Promega). Quantitative real-time
RT-PCR (RT-qPCR) was in an Illumina Eco System (www.
illumina.com) with KAPA SybrFast qPCR MasterMix Universal
(Peqlab) in a volume of 20 pl. Upon amplification (50°C for
2 min, 95°C for 10 min, followed by 40 cycles at 95°C for 10s,
60°C for 30s, and 72°C for 15s), melting curve analysis was
carried out, using the Actin2 C; value as a reference for normaliza-
tion. For each primer pair, the real-time experiments were carried
out with at least three biological and technical replicate samples.
Primers (Table 1) were selected on the basis of minimal sequence
homology among the members of the Arabidopsis sigma gene
family (Schweer et al., 2009).

NORTHERN BLOT HYBRIDIZATION

Total RNA was isolated as described by Chomczynski and Sacchi
(1987). RNA (2ng per lane) was fractionated, blotted, and
hybridized, using gene-specific RNA probes (Table 1). The lat-
ter were generated by cloning of PCR-amplified gene segments
into pGEM-T Easy (Promega), followed by in vitro transcription
of constructs using T7 RNA polymerase (Promega) as described
(Loschelder et al., 2006; Schweer et al., 2006). DIG (digoxi-
genin) labeling conditions and immunological detection using
anti-digoxigenin antibody (Roche) were as detailed in the DIG
user’s manual (www.roche-applied-science.com).

RESULTS

CHARACTERIZATION OF SIGMA-DEFICIENT SINGLE AND DOUBLE
MUTANTS

To raise information on the fine-tuning and complex regula-
tion within the sigma gene family from Arabidopsis, we ana-
lyzed single and double sigma mutants. Starting material were
the three single mutant lines sigl-2, sig3-2, and sig6-2 defective
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Table 1| Primers used for construction of RNAi lines, northern
hybridization, and RT-qPCR.

Gene Forward primer (5 — 3') Reverse primer (5’ — 3’)

RNAi CONSTRUCTS

SIGT  GGGGACAAGTTTGTACAAAAAA GGGGACCACTTTGTACAAGAAAG
GCAGGCTCCATGGCTACTGC CTGGGTCCTACTTTCCACTAGAAA
AGCTGTTATAGGA CATCAGAAAC

SIG2  GGGGACAAGTTTGTACAAAAA GGGGACCACTTTGTACAAGAAAG
AGCAGGCTCCATGTCTTCTTGT CTGGGTCCTAATTATGATCAACTT
CTTCTTCCTCAG CCTGCGCAAC

SIG4  GGGGACAAGTTTGTACAAAAA GGGGACCACTTTGTACAAGAAAG
AGCAGGCTCCATGGCGACGAC CTGGGTCCTATCCAACAACAGGA
GATTCCCACTACA ACACTAATTGT

NORTHERN HYBRIDIZATION

atpB GGGGAACCCGTTGATAATTT AACGCTCAATTTTTCGTGCT

rbcL  TCGGTGGAGGAACTTTAGGC TGCAAGATCACGTCCCTCAT

RbcS  TGGCTTCCTCTATGCTCTCTTC GCTGAGGCGAGTTCACAAC

mn16  CGGTATCTGGGGAATAAGC GAAATTCCCTCTGCCCCTAC

trnE CTACCCCCAGGGGAAGTC AGGACTTGGTGATCTGCTACC

RT-qPCR

SIGT  TTTTCTGCATGGTGGTTTGA GTGGCACAGACAAATCGAGA

SIG2  TGTGCCCCTAAACACAACAA GCTTTGCGACATCAAGCATA

SIG3  GTTGGGGGCTGCTGAGTTAT TTCGGCGTAGTATCCACCAA

SIG4  CGTCTCCTCCTGTCCCTACA TAGTGTCACCGCAAACCAGA

SIG5  AAGCCGATGATTCCAGCA GAACACGAAGGAGCCGAAT

SIG6  CTGGAGAGGAGGCAGTTTGA CCGGCAATTTCGTTTCAGATG

Actin2 CGCCATCCAAGCTGTTCT TCACGTCCAGCAAGGTCA

in AfSIGI, AtSIG3, and AtSIG6, respectively (Figure 1A). These
lines were then used in crosses to generate double mutants and
selfed progeny lines were tested by genomic PCR for presence of
the T-DNA insertion. As shown in Figure 1B, the amplification
products detectable with wildtype DNA (using the primer pairs
detailed in Table 1) were absent in either the single or double
mutant lines, indicating a loss of sigma gene function in all these
lines. This was confirmed by using primer pairs across the junc-
tion between T-DNA and sigma gene sequence, which generated
amplification products (data not shown).

The single mutant lines sigl-2 and sig3-2 each have a visible
phenotype resembling that of the wildtype (Figure 1C, panels 2
and 3). In contrast, the two double mutants sigl sig6 and sig6
sig3, each resulting from crosses with the sig6 mutant line (panels
4), both reveal yellowish to white cotyledons, with only mini-
mal light-green leaf primordia recognizable at day 10 (panels 5
and 6). Previous work (Ishizaki et al., 2005; Loschelder et al.,
2006; Schweer et al., 2006) had shown that mutant alleles of
the Arabidopsis sigma gene AtSIG6 account for reduced chloro-
phyll content during seedling development. As is evident from
Figure 1D, the sig6-2 line (in comparison with the wildtype)
reveals approximately 80% loss of chlorophyll at the 6 d and 10 d
stages, respectively, but only 20% loss in 20 day old rosette plants.
Chlorophyll quantification of the double mutants likewise shows
highly reduced amounts, which (in sigl sig6) are similar to or
(in sig6 sig3) are even more pronounced than those of the sig6
parental line at the 6 d and 10 d time-points. At day 20, there is
an even further reduction by 15% in sigl sig6 and by almost 30%
in sig6 sig3 beyond the sig6-2 level.

Root length (Figure 1E) is likewise reduced in the single
mutants compared to wildtype, with a stronger effect noticeable
for sig6 than for sigl-2 and sig3-2. The double mutant lines again
show similar (sig! sig6) or even greater (sig6 sig3) length reduction
compared to sig6-2.

PLASTID GENE EXPRESSION AT RNA LEVEL IN WILDTYPE, SINGLE AND
DOUBLE KNOCKOUT MUTANTS

To assess consequences of sigma gene inactivation on plastid
transcript patterns, we carried out northern blot analyses using
total RNA from 6- and 10-day old single and double mutant
lines. Since many plastid genes give rise to distinct (single or
multiple) transcripts of relatively high abundance, this tech-
nique was selected to rapidly reveal stage-specific RNA expression
patterns of organellar target genes of sigma-dependent tran-
scription. Representatives of all three major classes of plastid
genes, i.e., those for proteins (atpB and rbcL, the genes for the
B subunit of the organellar ATP synthase and the large subunit
of ribulose-1,5-bisphospate carboxylase-oxygenase or abbrevi-
ated Rubisco, respectively), ribosomal RNAs (rrnl6, the gene
for 16S rRNA) and transfer RNAs (trnE, the gene for glu-
tamic acid-specific tRNA), were included in this analysis (for
map position and sequence see www.ncbi.nlm.nih.gov/nuccore/
7525012).

Using plastid RNA probes rrnl6, trnE, and rbcL (Figure 2),
no appreciable deviation from the Col-0 wildtype pattern (lane 1
and 7) was noticeable at 6 or 10 days for either the sig3-2 or sigl-2
mutant lines (lane 2, 3 and 8, 9), except for a relative increase in
intensity of the rrn16 signal at 6 d in the sig3-2 line (lane 3). The
atpB probe (top panel) revealed another difference, i.e., preferen-
tial loss of the 2.6 kb (PEP-dependent) transcript (Schweer et al.,
2006) in the sigl-2 line (lane 2 and 8). Unlike both the sig3-2 and
sigl-2 lines, the sig6-2 line shows overall less intense hybridiza-
tion bands compared to wildtype (lane 4 and 10), although to a
variable extent depending on the gene investigated. This is most
evident for atpB (Loschelder et al., 2006), with a loss of the
2.6kb (PEP-dependent) transcript and concomitant appearance
of the 4.8 kb (NEP-dependent) “SOS” transcript (Schweer et al.,
2006), particularly at the 6 day stage. Another gene showing dra-
matic down-regulation of transcript intensity in the sig6 line is
trnE, whereas the rbcL (Loschelder et al., 2006) and rrnl6 gene
expression appears somewhat less affected and that of a nuclear
(RbcS) control gene remains substantially unaffected (lane 4
and 10).

The double mutant lines sigl sig6 and sig6 sig3 (lane 5, 6 and
11, 12) show a reduction in transcript intensities, which however
only partly reflects the patterns of their parental single mutant
lines. Following hybridization with the atpB probe (top panels),
both double mutants show highly reduced signal intensity at the
position of the 2.6 kb transcript (lane 2, 5, 6 and 8, 11, 12). In
addition, also the 2.0 kb (NEP-dependent) signal is reduced at day
6 but reappears at day 10. The transcript detected with the rrnl6
probe (second panels) is present in reduced amounts in the sigl
sig6 mutant (lane 5, 11) and is virtually absent in sig6 sig3 (lane 6
and 12). The trnE signal (third panels) is not detectable in both
double mutants at either time-point. In the sig6 sig3 mutant (lane
6 and 12), the intensity of the rbcL hybridization signal (forth
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FIGURE 1 | Characterization of Arabidopsis thaliana sigma mutants.

(A) Exon/intron architecture of AtSIGT (At1G64860), AtSIG3 (At3G53920),
and AtSIG6 (At2g36990). Regions colinear with the mature messenger RNA
are boxed, including protein-coding (gray) and non-coding regions (white),
while regions corresponding to introns of the RNA precursor are depicted as
a single line. -DNA insertion sites (in exon 9 of AtSIG1, exon 7 of AtSIG3,
and exon 5 of AtSIG6, respectively) are marked by triangles. Genomic
sequence, without DNA, is drawn to scale (scale bar on top). (B) RT-PCR
detection of sigma factor transcripts in single mutant lines. RT-PCR detection
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of sigma factor transcripts in wildtype (Col-0) and mutant lines sig7-2 (SIG1),
sig3-2 (SIG3), and sig6-2 (SIG6). Total RNA was prepared from 10 d
seedlings, reverse transcribed, and cDNA was amplified using gene-specific
full-length primer pairs (Table 1) as described in “Materials and Methods.”
(C) Visible phenotype. Arabidopsis wildtype (Col-0) as well as sigma single
and double knockout lines were photographed at three different time-points
during seedling and rosette leaf development (6, 10, and 20 d after sowing).
Scale bars: 2mm. (D) Chlorophyll content of 6 d, 10 d, and 20 d seedlings. (E)
Root lengths measuments (for details, see “Materials and Methods").
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FIGURE 2 | Northern-blot analysis of plastid gene expression. Col-0
wildtype as well as single and double knockout mutants were grown for 6 d
(left panels) or 10 d (right panels). Total RNA (2 jug/lane) was fractionated,
blotted and hybridized with the DIG-labeled RNA probes (atpB, rrn16, trnE,
rbeL, and RbcS) as indicated the left margin. Ethidium bromide-stained
loading controls (25S rRNA) are shown at the bottom. These experiments
were carried out at least in triplicate with RNA from independent
preparations. Right margin: transcript sizes (kb).
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panels) resembles that of the parental sig6-2 single mutant (lane
4, 10) and is diminished compared to the sig3-2 signal (lane 3
and 9). The sigl sig6 signal (lane 5 and 11), however, is increased
relative to that for sig6-2 (lane 4 and 10) at both time points. It is
comparable to that for sigl-2 (lane 2) at 6 d (lane 5) but shows
some relative decrease at 10 d (lane 11 vs. lane 8). Finally, the
nuclear (RbcS) control reveals more uniform transcript intensity
in all tested lines at 6 d (lane 1-6) than at 10 d (lane 7-12). At the
latter time-point, the most notable effect is the relative increase
in signal intensity for the sigl sig6 line (lane 11) compared to
the parental mutants and even the wildtype. This may reflect
the known plastid to nuclear signaling (Woodson et al., 2012)
in response to altered sigma-dependent chloroplast transcription
(see “Discussion”).

SIGMA GENE EXPRESSION NETWORK IN SIGMA SINGLE AND DOUBLE
KNOCKOUT LINES

To assess correlations between plastid target gene expression and
sigma gene activity, transcript levels for all members of the sigma
family were determined. To detect and quantitate these low-
abundant transcripts, real-time qPCR rather than northern-blot
hybridization was used. Whole-cell RNA preparations from 10
day-old homozygous single and double knockout lines as well
as from the Col-0 wildtype were reverse-transcribed and sub-
jected to real-time qPCR. Data were normalized to Actin2 RNA
expression levels (see “Materials and Methods”). As the RNA pat-
terns of plastid target genes (Figure 2) indicated a close similarity
of double mutant lines primarily with the sig6-2 single mutant
line, we tested these lines for correlation of target gene expression
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FIGURE 3 | Sigma transcripts in 10 d old knockout lines. (A) RT-gPCR
analysis. Transcript levels were calculated using the comparative threshold
cycle method (Pfaffl, 2001) with wildtype plants as control and Actin2
(At3g18780) as reference gene. Data are given as percentage of wildtype
values (means £ SD of three biological replicates). Significance of deviation
from Col-0 values was tested using Student’s t-test and is indicated by two
or tree asterisks (P < 0.05 and P < 0.001, respectively). (B) RT-PCR
detection of a partial SIG7 transcript spanning the distance between the
start AUG and T-DNA insertion site. Total RNA was prepared from 10 d old
seedlings of the Col-0 wildtype (lane 2), sig1-2 single knockout (lane 3), and
sig1 sig6 double knockout line (lane 4). Following reverse transcription, the
cDNA was amplified using the primer pair 5-ATGGCTACTGCAGCTG
TTATA-3 and 5'-GAGTGTTGCACTTATA AGCTT-3' for detection of partial
SIGT transcripts. RNA markers (Promega) were used in lane 1 and their
sizes (ntd) are given in the left margin.

with sigma gene expression patterns themselves. As shown in
Figure 3A for the sig6-2 single mutant line, most sigma tran-
scripts are down-regulated compared to wildtype, while the SIG1
transcript seems to be strongly enhanced. In both double mutant
lines, however, all six sigma transcripts including that of SIGI are
reduced. Hence, except for SIGI, the expression phenotype of the
sigma gene family in each double knockout substantially reflects
that of the sig6-2 parental line.
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To test for possible similarity with other parental mutants, we
also investigated sigl-2 and sig3-2 lines. In terms of their real-time
transcript patterns (Figure 3A), these two lines each can be clearly
set apart from sig6-2 as well as from the two double mutants. In
the sig3-2 single knockout line, the only strong down-regulation
is noticeable for transcripts detected by the SIG3 primers, which
is consistent with a major or full loss of SIG3-related transcripts
in this mutant. While SIG4 transcript levels are almost at wild-
type level, those of SIG2 and SIG5 are moderately elevated and
transcript levels of SIGI and SIG6 are even strongly enhanced.

The sigl-2 knockout line reveals transcript levels that are
decreased in the case of SIG3 and SIG5, but are increased for
SIG2, SIG4, and SIG6. In addition, despite the T-DNA inser-
tion interrupting the SIGI gene (Figure 1A) and the concomitant
loss of a full-size SIGI transcript (Figure1B), the RT-qPCR
data for the sigl-2 line (Figure 3A) suggested the existence of
significant amounts of SIGI-related transcripts. The latter may
represent partial (non-functional) transcripts upstream of the
T-DNA insertion site. To test this, RT-PCR was carried out with
primers that flank the distance from the ATG of the first exon
to a site directly in front of the T-DNA insertion (Figure 3B).
Both the wildtype (lane 2) and the sigI-2 single mutant (lane 3)
showed a PCR signal consistent with a transcript spanning the
entire region defined by this primer pair. In contrast, such signal
was not detectable in the double mutant line (sig! sig6) (lane 4).

CHARACTERIZATION OF RNAi-MODIFIED SIGMA KNOCKOUT LINES
Attempts to further reduce the complexity of the sigma fam-
ily were initially hampered by our inability to generate sigma
triple-mutant lines, possibly because of their lethality. We there-
fore chose RNAi in combination with the existing single and
double sigma mutants as an alternative strategy. “Combined”
RNAi/knockout lines were created by transformation of the sig6-2
and sig6 sig3 mutants using constructs that contain the complete
sequence for the unconserved sigma region (UCR) in pHELLS-
GATE12 (Wesley et al., 2001). Lines that could be stably main-
tained included those with the UCR sequences of SIG2 or SIG4
in the sig6-2 single mutant background as well as those with the
UCR sequences of SIGI or SIG4 in the sig6 sig3 double mutant
background.

At each time-point (6, 10, and 20 days after sowing) in
Figure 4A, the combined RNAi/knockout line sig6::UCRSIG4
(panels 3) has a pigment-deficient visible phenotype which
resembles that of the parental sig6 line (panels 1). The same is
true for sig6::UCRSIG2 (panels 2) as well as for combined lines
sig6 sig3::UCRSIGI (panels 5) and sig6 sig3::UCRSIG4 (panels
6), and their parental double mutant line sig6 sig3 (panels 4)
(see also Figure 1C). The pigment-deficient visible appearance of
all investigated RNAi/knockout lines is reflected by their chloro-
phyll content (Figure 4C). Likewise, root length measurements
(Figure 4D) establish growth deficiency similar to that noticeable
for the parental single (sig6-2) and double mutant lines (sig6 sig3)
(see Figures 1D,E).

As shown in Figure 4B, transcripts of plastid target genes were
found to be even more compromised than those of the (single and
double mutant) parental lines (see also Figure 2), although differ-
entially and to a variable extent. For instance, except for the loss

of the 4.8 kb atpB transcript, the relative intensity of hybridiza-
tion signals of sig6::UCRSIG4 (panels 5 and 6) is comparable to
that of sig6-2 (panels 1 and 2) both at 6 d and 10 d, respectively.
In contrast, sig6:: UCRSIG2 (panels 3 and 4) shows a weak but dis-
cernible signal (especially at 6 d) at the position of the 4.8 kb atpB
transcript, while all other signals are virtually absent or highly
reduced at both time-points in comparison with sigé (panels 1
and 2). This also includes the 2.0kb band at the position of the
NEP-dependent atpB transcript (Schweer et al., 2006), whereas
the PEP-dependent 2.6 kb atpB transcript is absent both in sig6
itself and in all sig6-derived lines. The transcript patterns of sig6
sig3::UCRSIGI (lanes 9 and 10) and sig6 sig3::UCRSIG4 (panels 11
and 12) are similar to, but are more strongly affected than, that of
their parental line sig6 sig3 (panels 7 and 8). While all three lines
show the 4.8 kb atpB transcript (at day 10 but not day 6), none of
them reveals the 2.6 kb (PEP-dependent) atpB transcript and the
2.0kb (NEP-dependent) transcript seems to be diminished in the
combined RNAi/double knockout lines (panels 9-12). The trnE
transcript is absent in all three lines (panels 7-12), and the rbcL
transcript is highly reduced in the “combined” lines (lanes 9-12)
compared to the parental double knockout (panels 7 and 8).

The same RNAi/knockout lines were also tested for their sigma
transcript patterns in comparison with those of the sig6 and sig6
sig3 parental lines (Figure 5). In the case of the sig6::UCRSIG4
line, the steady-state transcript concentrations of all sigma genes
are further reduced compared to those of sig6 itself. In contrast,
sig6::UCRSIG2 shows a more diverse pattern, with a moderate
further reduction of the SIG2, SIG3, and SIG6 transcripts com-
pared to the sig6-2 line, substantially unchanged levels of the
SIGI and SIG5 transcripts, and strongly increased concentration
of the SIG4 transcript (Figure 5A). The RNAi/double knockout
lines sig6 sig3::UCRSIGI and sig6 sig3::UCRSIG4 (Figure 5B) both
reveal moderate to strong further reduction of the SIG2-SIG6
transcripts but enhanced levels of the SIGI transcript compared
to the parental sig6 sig3 line. Their transcript patterns thus seem
more similar to one another than to those shown in Figure 5A.

DISCUSSION

This work was carried out to help reach a fuller understanding
of the plant sigma genes, i.e., the small nuclear gene family for
chloroplast transcription factors resembling the bacterial sigma
transcription initiation factors. We sought to analyze phenotypic
and molecular consequences of altered patterns of sigma gene
activity in Arabidopsis thaliana. Such changes can be “homeo-
static,” i.e., balanced and compensatory, which can be anticipated
during developmental and/or physiological transitions. In more
extreme situations, however, the sigma network can be thought
to become “disrupted,” i.e., (irreversibly) imbalanced and ren-
dered non-functional, as might be expected in lethal or heavily
compromised mutants and/or under strong environmental stress.
To narrow down the limits of homeostatic vs. imbalanced states
of the sigma gene family, we have chosen strategies to differen-
tially affect the sigma network, including single and double sigma
mutants in combination with RNAI.

The parental single mutants, sigl-2, sig3-2, and sig6-2, were
chosen for reasons of their specific phenotypic characteristics.
SIG6 single mutant lines reveal a clear-cut chlorophyll-deficient
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FIGURE 4 | “Combined” RNAi/knockout lines. The single knockout line represent the full-size UCR of sigma factors SIG1, SIG2, or SIG4, respectively
sig6 and the double knockout line sig6 sig3 each were transformed with the (Table 1). (A) Phenotype of the RNAi/knockout lines and their parental lines
pHELLSGATE12 vector carrying SIG1, SIG2, or SIG4 cDNA segments that (Continued)
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FIGURE 4 | Continued

during development (6, 10, and 20 d after sowing). Scale bars: 2mm.
(B) Northern blot analysis of plastid gene expression in RNAi/knockout
lines and their parental lines. Total RNA (2 g/lane) from 6 and 10 d old
seedlings was fractionated, blotted and hybridized with atpB, trnE, or
rbclL probes as indicated in the left margin. Ethidium bromide-stained
loading controls (256S rRNA) are shown at the bottom. These experiments
were carried out at least in triplicate with RNA from independent
preparations. Right margin: transcript sizes (kb). (C) Chlorophyll content of

seedlings and young plantlets 6 d, 10 d, or 20 d after sowing.
Measurements involved 8 replicates of 10 samples each from three
series of independently grown plant material. Weighed samples were
ground in 80% (v/v) acetone and photometric chlorophyll determination at
663 and 645nm was carried out. (D) Root lengths. Following growth of
seedlings and young plantlets on vertically positioned Petri dishes, length
measurements were carried out using ImageJ (http://imagej.nih.gov/j).
Values were means of three independent replicates using samples
representing 20 seedlings or plantlets each.

Primer:

O sigl
0 sig2
O sig3
B sigd
B sig5
¥ sigh

800 800 <

700 700 4
600 600 -
500 < 500 4
400 400 4
300 4 300

200 o 200 4

relative transcript levels (in % of sig6)
relative transcript levels (in % of sig6xsig3)

100 - 100 -

B N Fre)
5'\%6' ' 5’\%6' ' 5'\%6 ’

FIGURE 5 | RT-qPCR analysis of sigma transcript levels in 10 d old
RNAi/knockout lines compared to their parental lines sig6 (A) and sigé
sig3 (B). Data are percent values of those of the parental mutant lines (set
to 100%) and were normalized using Actin2 as a reference gene. Data are
means + SD (n = 3). Asterisks indicate statistically significant differences
compared to wildtype as tested by Student's t-test (P < 0.05).

and developmental-stage-specific (seedling) phenotype, indicat-
ing a specialized and/or functionally dominating role of this factor
(Ishizaki et al., 2005; Loschelder et al., 2006; Schweer et al., 2006,
2009). In contrast, sig3 lines do not show pronounced pigment
deficiency and the corresponding factor SIG3 has been assigned
a functionally redundant role, perhaps as a possible safeguard in
case of loss of other sigma factor(s) (Schweer, 2010; Lerbs-Mache,
2011). Although sigI knockout mutants of Arabidopsis have not
yet been presented in terms of their gene expression characteris-
tics, such mutants are of considerable interest in view of recent
findings that sigma factor 1 (SIG1) is subject to phosphoryla-
tion control (Shimizu et al., 2010), as is known for sigma factor 6
(Schweer et al., 2010a,b; Tiirkeri et al., 2012).

To reduce the number of functional sigma genes, the sig6-2
knockout line (Loschelder et al., 2006; Schweer et al., 2006,
2009) was crossed with either of two other single mutant lines,
sigl-2 and sig3-2, giving rise to the double mutants sigl sig6
and sig6 sig3. The latter reveal a growth-retarded and highly
chlorophyll-deficient phenotype at seedling stage, even exceed-
ing that of the parental sig6-2 knockout. Plastid target gene

expression at RNA level was strongly compromised in both dou-
ble mutants. Assessment of sigma gene expression itself using
RT-qPCR showed both losses but also increases in transcript fre-
quency for individual members of the gene family in the single
mutants. In contrast, however, a global decrease of sigma tran-
scripts was noticeable in the double mutants. Hence, due to
functional redundancy and compensation of sigma family mem-
bers, a homeostatic balance seems still to prevail in the single
knockout lines, while the balance may be strongly shifted or
completely lost in the double mutants.

Attempts to further reduce the complexity of the sigma fam-
ily by construction of triple mutants were unsuccessful, likely
because of lethality of the progeny from these crosses. As an
alternative, we therefore combined knockout mutant with RNAi
technology. Using various sigma-specific unconserved regions
(UCRs) in the pHELLSGATE12 RNAI vector, single (sig6) and
double (sig6 sig3) mutant lines were transformed by constructs
based on this vector. Resulting progeny lines generated by trans-
formation of sig6 showed a chlorophyll-deficient phenotype sim-
ilar to or even stronger than that of the parental knockout line.
Those generated from sig6 sig3 did not reveal a further enhanced
phenotype compared to the parental double knockout line, sug-
gesting that a “basal” (minimal) state which cannot be further
reduced without loss of viability may have been reached already
in the latter.

An argument against this notion, however, comes from
results of the target gene expression studies, showing that the
rbcL transcript is readily detectable in sig6 sig3 but is highly
reduced or absent in the “combined” RNAi/double knockout lines
(Figure 4B). Furthermore, the RT-qPCR analysis (Figure 5B)
shows enhanced transcript levels of the SIGI transcript in
sig6 sig3:UCRSIGI and sig6 sig3::UCRSIG4 as compared to the
parental line sig6 sig3, which may reflect a still balanced func-
tional state of the sigma gene family in these lines. In any case,
it is notable that down-regulation of the expression of a single
sigma gene can both negatively or positively affect that of another
family member. For instance, the expression of SIGI and SIG6
seems to be regulated in an opposite manner in single knockout
lines (Figure 6), indicating functional redundancy and mutual
compensation.

A perhaps unexpected finding is the partial or even dramatic
loss of the 2.0kb (NEP-dependent) atpB transcript (Schweer
et al., 2006) in all RNAi/knockout lines (Figure 4B). Sigma fac-
tor SIG6 was previously implicated in retrograde signaling from
the chloroplast to nucleus (Woodson et al., 2012), i.e., a mecha-
nism that can affect the expression of nuclear genes in response
to altered sigma factor function and chloroplast transcription
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FIGURE 6 | Scheme symbolizing the transcript pattern of the sigma
family in Arabidopsis mutant lines as revealed by RT-qPCR

(Figure 3A). For simplicity, the balanced network of sigma factor
transcripts (SIGT—SIG6) in the wildtype is indicated by equal length and
strength of the arrows arranged in a hexagonal pattern (top). As indicated
by the altered length and strength of arrows, the contribution of individual
sigma transcripts varies considerably in the single (middle portion) and
double mutant lines (bottom). Compensation of a completely lacking
and/or non-functional transcript by overexpression of different member(s)

of the gene family is noticeable in the single mutants (shifted, but
probably still balanced, network). In the double mutants, this “valve” may
no longer be available, as is suggested by the down-regulation of all
remaining transcripts (imbalanced scrambled network). It should be noted,
however, that the majority of the “combined” RNAi/knockout lines
(Figure 5) still reveal increased (compensatory?) transcript levels of a
single sigma gene (not shown here), suggesting that a (still viable) “basal
state” may not have been reached yet in the double knockout mutants
(bottom row).

(Pfannschmidt, 2010). It can be envisaged that the nuclear-
encoded plastid polymerase might be regulated via this route,
which in turn could explain the loss of the 2.0 kb NEP-dependent
atpB transcript (Hanaoka et al., 2005).

Concerted regulation of both the PEP and NEP transcrip-
tion systems via functional alterations of one or several sigma
factors can be considered as efficient and flexible mechanism
to achieve interorganellar integration. For instance, it might be
interesting to investigate if the increased RbcS transcript level
seen in the sigl sig6 double mutant (Figure 2) is primarily due
to an altered sigma network in this mutant and/or involves
NEP-dependent regulation. Clearly, differential and compen-
satory expression of sigma genes as studied here is only one
of several control levels. Posttranslational modification such as
phosphorylation (Schweer et al., 2010a,b; Shimizu et al., 2010)
as well as interactions of sigma facors with other regulatory pro-
teins are equally important (Morikawa et al., 2002; Chi et al,,
2010), as is the topology of the plastid transcriptome (Yagi et al.,
2012; Zhelyazkova et al., 2012). In any case, our current work
points to a causal relationship between the expression status of

the sigma gene family and responses at the level of target gene
expression.

Finally, it should be recalled that all RNAI lines described here
were generated using the “constitutive” pHELLSGATEI12 silenc-
ing vector (Wesley et al., 2001). A somewhat similar picture also
emerges from initial recent work with chemically inducible dex-
amethasone (DEX)-responsive) RNAI lines based on the pOpOff2
vector (Wielopolska et al., 2005), providing proof of principle
for DEX-responses that are visible at both target gene and sigma
expression patterns (data not shown). Usage of such inducible
“knock-down” system, also including, e.g., virus-induced gene
silencing (VIGS) (Ratcliff et al., 1997), can be expected to open
up new avenues in studies on temporal and spatial activities
of the gene-containing plant cell organelles. This way, it should
become possible to successfully analyze stages throughout the
entire Arabidopsis life cycle.
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INTRODUCTION

Chloroplast biogenesis and function is essential for proper plant embryo and seed develop-
ment but the molecular mechanisms underlying the role of plastids during embryogenesis
are poorly understood. Expression of plastid encoded genes is dependent on two different
transcription machineries; a plastid-encoded bacterial-type RNA polymerase (PEP) and
a nuclearencoded phage-type RNA polymerase (NEP), which recognize distinct types
of promoters. However, the division of labor between PEP and NEP during plastid
development and in mature chloroplasts is unclear. We show here that PLASTID REDOX
INSENSITIVE 2 (PRIN2) and CHLOROPLAST STEM-LOOP BINDING PROTEIN 41 kDa
(CSP41b), two proteins identified in plastid nucleoid preparations, are essential for proper
plant embryo development. Using Co-IP assays and native PAGE we have shown a
direct physical interaction between PRIN2 and CSP41b. Moreover, PRIN2 and CSP41b
form a distinct protein complex in vitro that binds DNA. The prin2.2 and csp41b-2 single
mutants displayed pale phenotypes, abnormal chloroplasts with reduced transcript levels of
photosynthesis genes and defects in embryo development. The respective csp41b-2prin2.2
homo/heterozygote double mutants produced abnormal white colored ovules and shrunken
seeds. Thus, the csp41b-2prin2.2 double mutant is embryo lethal. /n silico analysis of
available array data showed that a large number of genes traditionally classified as PEP
dependent genes are transcribed during early embryo development from the pre-globular
stage to the mature-green-stage. Taken together, our results suggest that PEP activity and
consequently the switch from NEP to PEP activity, is essential during embryo development
and that the PRIN2-CSP41b DNA binding protein complex possibly is important for full PEP
activity during this process.

Keywords: chloroplast, PEP, NEP, embryo development, photosynthesis, PRIN2, CSP41b

2010; Belmonte etal., 2013). Furthermore, it has been indicated

The chloroplasts house the photosynthetic light reactions where
sunlight is converted into chemical energy. Plastids are also
the location of a number of vital metabolic pathways, includ-
ing primary carbon metabolism and the biosynthesis of fatty
acids, amino acids, and tetrapyrroles. Chloroplast function is
required throughout the life cycle of the plant and compromised
activity can result in embryo lethality. Abortion of developing
embryos is known to occur when amino acid, nucleotide or
fatty acid biosynthesis is impaired, or when import of chloro-
plast proteins and translation are disrupted (McElver etal., 2001;
Tzafrir etal., 2003; Hsu etal., 2010; Bryant etal., 2011). In con-
trast, disrupting components of the photosynthetic apparatus
leads to reduced pigmentation and changed physiology rather
than embryo lethality (Tzafrir etal., 2003; Bryant etal., 2011).
Chloroplasts are detected as early as at the globular stage of
the embryo (Tejos etal., 2010) and transcript profiling during
embryo development showed a significant increase in the expres-
sion of nuclear genes encoding components involved in energy
production, carbon fixation and photosynthesis already from
the globular embryogenic stage (Spencer etal., 2007; Le etal.,

that chloroplasts can provide the embryo with energy and O,
required for biosynthesis and respiration (Rolletschek et al., 2003).
Additionally, it was shown that Brassica embryos were able to
fix CO; and contributing to embryo growth rate and biomass
(Goffman etal., 2005).

Chloroplasts, like mitochondria, evolved from free-living
prokaryotic organisms that entered the eukaryotic cell through
endosymbiosis. The gradual conversion from endosymbiont
to organelle during the course of evolution has clearly been
accompanied by a dramatic reduction in genome size as the
chloroplasts lost most of their genes to the nucleus. The genes
remaining in the chloroplast genome are related to photosyn-
thesis or encode components of the plastid gene expression
machinery (Wakasugi etal., 2001; Martin etal., 2002). The chloro-
plast genes of higher plants are transcribed by at least two
types of RNA polymerases; the nuclear encoded plastid RNA
polymerase (NEP), a T3-T7 bacteriophage type that predomi-
nantly mediates the transcription of the house keeping genes
(Hedtke etal., 1997, 2000; Puthiyaveetil etal., 2010). The other
type, plastid encoded RNA polymerase (PEP) is a bacterial-type
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multi-subunit enzyme that predominantly mediates the tran-
scription of photosynthesis-related genes (Allison etal., 1996;
De Santis-Maclossek et al., 1999). Most chloroplast genes can be
transcribed by both polymerases but they utilize different pro-
moter elements (Hajdukiewicz etal., 1997; Pfannschmidt and
Liere, 2005). The PEP enzyme recognizes the —10 and —35 cis-
elements, similar to those found in bacterial promoters whereas
the NEP enzyme recognizes the YRTA-motif, which can also be
found upstream of several genes with PEP promoters indicat-
ing that these genes can be transcribed by both polymerases
(Pfannschmidt and Liere, 2005). Transcription of the plastid
encoded photosynthesis genes during chloroplast development
and the activation of the photosynthetic reactions are accom-
panied by a switch from NEP to PEP activity (Hanaoka etal,
2005). However, the mechanisms underlying this change in major
RNA polymerase activity and the division of labor between NEP
and PEP in the chloroplast are unknown (Zhelyazkova etal,
2012).

A large number of proteins have been shown to be asso-
ciated with the PEP complex and the components associated
with PEP changes in response to developmental signals and
changes in the environment (Pfalz and Pfannschmidt, 2013).
The variation in the composition of the PEP complex suggests
that regulation of plastid gene expression is both complex and
sophisticated. PLASTID REDOX INSENSITIVE 2 (PRIN2) is a
novel plant protein localized to the plastid nucleoids and plas-
tid transcriptome analyses demonstrated that PRIN2 is required
for full expression of genes transcribed by PEP (Kindgren etal,
2012). The role of the PEP associated proteins is unclear and
whether these proteins contribute to the regulation of plastid gene
expression by environmental and developmental cues remains to
be determined. In order to shed light on the complex regula-
tion of PEP activity and to understand the function of PRIN2
we pursued an assay to identify interacting protein partners
of PRIN2. We report here a direct interaction between PRIN2
and CHLOROPLAST STEM-LOOP BINDING PROTEIN 41 kDa
(CSP41b) using three different biochemical methods. CSP41b
was described as an RNA binding protein identified in nucleoid
preparation and was attributed numerous plastid functions, for
example CSP41b was suggested to stimulate both transcription
and translation in the chloroplast (Pfannschmidt etal., 2000;
Yamaguchi etal., 2003; Suzuki etal., 2004; Hassidim etal., 2007;
Bollenbach etal., 2009). We also demonstrate that PRIN2 and
CSP41b form a distinct DNA binding protein complex in vitro
and that the csp41b-2prin2.2 double mutant is embryo lethal.
Taken together, our results suggest that PEP activity and con-
sequently the switch from NEP to PEP activity, is essential also
during embryo development and that the PRIN2-CSP41b protein
complex potentially is important for full PEP activity during this
process.

MATERIALS AND METHODS

PLANT MATERIAL AND GROWTH CONDITIONS

Seedlings of Arabidopsis thaliana were grown on phytoagar
plates containing 1 x Murashige and Skoog salt mixture supple-
mented with vitamins (Duchefa) and 2% sucrose. The T-DNA
insertion lines: prin2.2 (GK-772D07-024643) and csp41b-2

(SALK_021748), were obtained from the European Arabidopsis
Stock Centre. All genotypes are in Colombia ecotype. Seedlings
and rosette plants were grown on soil at 23°C (16 h light 150 pmol
photons m~2 s~ 1) and 18°C (8 h dark).

MORPHOLOGICAL ANALYSIS

Embryo isolation was done according to (Perry and Wang,
2003). Briefly, The siliques at the desired stage of DAP were
dissected under a stereo microscope and the seeds were col-
lected. Embryos were gently extruded from the seed coat by
applying pressure on a glass plate covering them. Embryo/seed
coat mixture was loaded a 25% Percoll gradient in isolation
buffer (10 mM potassium phosphate, pH 7.0, 50 mM NaCl,
0.1 M sucrose) and centrifuged for 10 min at 800 g. The pel-
let was subjected to another round of purification using the
25% Percoll gradient. The pellet was re-suspended in isolation
buffer and used for subsequent analysis. For transmission elec-
tron microscopy (TEM) pictures, 3-weeks-old plants grown on
soil and the isolated seed embryos were prepared according to
(Barajas-Lopez Jde etal., 2013).

RNA ISOLATION, cDNA SYNTHESIS AND REAL-TIME PCR

Total RNA was isolated using Plant RNA Mini Kit (EZNA)
and genomic DNA contamination was removed by DNase treat-
ment (Fermentas). ¢cDNA was synthesized using the iScript
c¢DNA kit (Bio-Rad) according to the manufacturer’s instruc-
tions and 10 x diluted. Real-Time PCR was performed
using iQSYBR Green Supermix (Bio-Rad), with a final vol-
ume of 10 pL. The PCR amplification was done using two-
step protocol using the CFX96 Real-Time system (C1000
Thermal Cycler; Bio-Rad). All experiments were performed
with three biological and three technical replicates, the rel-
ative gene expression was normalized to the expression of
RCEl (At4g36800) and PP2AA3 (Atlgl3320). Data analy-
sis was done by CFX manager (Bio-Rad) and LinRegPCR
software.

EXPRESSION AND PURIFICATION OF RECOMBINANT PROTEINS

The coding sequences of PRIN2 and CSP41b were amplified with
PCR. The PCR products were cloned using the Ncol-Accl sites into
pET_Hisla vector. BL21 Escherichia coli cells were transformed
with the expression constructs and induced for 6 h with 1 mM
IPTG. Overexpressed proteins were affinity purified on Ni?*-
NTA agarose resin (Qiagen). The pET-Hisla expression vector
was kindly provided by Giinter Stier, Umeé University, Sweden.

EMSA

The 197 bp probe containing —196 to +1 PsaA promoter region
was PCR amplified and labeled at the 3’-end with biotin-14-
dCTP using biotin labeling kit (Invitrogen) according to the
manufacturer’s instructions. DNA—protein interactions were per-
formed in 25 mcL reactions containing following reagents: 2.5 mcL
of x 10 binding buffer (100 mM Tris HCl, 250 mM KCI, and
10 mM DTT), 1 mcg poly dIdC (Sigma-Aldrich), 2,5% glyc-
erol, 0.05% Triton X-100, 5 mM MgCI2, 10 mM EDTA. The
reaction mixture was incubated with DNA and protein at room
temperature for 30min and was run on 6% native TBE-PAGE in
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x0,5 TBE buffer at 100 V. DNA was transferred to nylon + mem-
brane (Amersham) and was UV cross-linked to the membrane,
incubated with Streptavidin-HRP and detected by Chemolumi-
nescence Nucleic Acid Detection Module (Pierce) according to
manufacturer’s instructions (Shaikhali et al., 2012a,b).

Co-IP

To identify PRIN2 interacting partners, a 35S promoter linked
to the full length PRIN2 coding sequence was cloned into the
PGWBI16_myc expression construct. Col-0 plants were then
transformed with 35S_pGWBl6myc_PRIN2 using the floral-
dip method (Clough and Bent, 1998). Two weeks old stable
transformants overexpressing PRIN2 were used for chloro-
plast isolation in a two-step 50-25% Percoll gradient as
described previously (Aronsson and Jarvis, 2002). Chloroplast
proteins were extracted and incubated with 3 mg of anti-
c¢cMYC monoclonal antibody (Bio-Site) bound to the protein
G-coated magnetic beads (Dynabeads Protein G Immuno-
precipitation, Invitrogen) for 1 h at 4°C. All the wash-
ing steps were performed at 4°C according to the manufac-
turer’s instructions. Immunoprecipitated PRIN2 protein com-
plexes were eluted in SDS loading buffer containing 100 mM
B-mercaptoethanol and proteins were separated on 6-12% SDS
PAGE. Non-transformed Col-0 plants were used as negative con-
trol. For direct protein Co-IP assay, full length PRIN2 and
CSP41b coding sequences were cloned into NcoI-Ncol sites of
pRT104_3myc and into SacI-NotI sites of pRT104_3HA vec-
tor, respectively. Protoplasts obtained from Arabidopsis Ler-0
cell culture were transformed with pRT104_PRIN2_myc and
pRT104_CSP41b_HA constructs as described previously by
(Doelling and Pikaard, 1993).

ISOLATION OF THYLAKOID COMPLEXES AND BLUE NATIVE PAGE
Chloroplasts were isolated on a two-step 50-25% Percoll gradient
from 4 weeks old rosette plants grown in short day as described pre-
viously (Aronsson and Jarvis, 2002). Thylakoid membranes were
then purified (Hall et al., 2011) and protein complexes were solubi-
lized in BN-solubilization buffer (30 mM HEPES, pH 7.4; 150 mM
potassium acetate; 10% glycerole, 4% digitonin (SIGMA); 1% b-
Dodecylmaltoside (SIGMA) for 40 min, 4°C. DM and digitonin
in a mixture was shown to be suitable for better preservation of
megacomplexes and at the same time good for solubilization (Jdrvi
etal., 2011). 35 micro gram protein was loaded onto the 4-12%
Bis-Tris Gel (NuPAGEH Novex 1.0 mm, Invitrogen) from each
genotype.

RESULTS

PRIN2 AND CSP41B FORM A DISTINCT PROTEIN COMPLEX THAT BINDS
DNA

To understand the function of PRIN2 we wanted to identify
proteins interacting with PRIN2 in vivo. To achieve this a co-
IP approach was used. Full length PRIN2 protein fused to a
cMyc-tag was expressed in Arabidopsis plants, intact chloroplasts
were isolated and PRIN2-containing protein complexes were pre-
cipitated with anti-cMyc antibody, proteins were separated on
SDS PAGE and distinct bands identified using mass spectrometry
(Figure 1A). The Co-IP experiment was performed twice and as

many as 17 bands absent from the negative controls were in total
cut from the gels. Most of the identified proteins were only found
in one experiment and most likely represented unspecific inter-
actions. However, one protein, CSP41b was identified in both
experiments and several peptides with significant scores corre-
sponding to CSP41b were identified in each sample (Table S1
in Supplementary Material). CSP41b is a conserved chloroplast
protein and the csb41b-2 mutant displayed impaired chloroplast
transcription and plant development (Pfannschmidt etal., 20005
Suzuki etal., 2004; Bollenbach etal., 2009; Qi etal., 2012). The
phenotype of the csb41b-2 mutant was very similar to the phe-
notype of the prin2 mutant and it is possible that CSP41b and
PRIN2 are involved in the same process. Thus, the identified
interaction between PRIN2 and CSP41b was chosen for further
analysis.

First, to really confirm the interaction between CSP41b and
PRIN2 purified recombinant proteins were separated on 2D elec-
trophoresis (Figure 1B; Table S2). PRIN2 forms protein complexes
ranging from 20-66 kDa while CSP41b is present in high molec-
ular weight complexes ranging from 40-700 kDa. When PRIN2
and CSP41 are incubated together, PRIN2 seems to break the
high molecular weight complexes of CSP41b and form a distinct
protein complex with CSP41b suggesting heteromerization. To
further confirm in vivo that PRIN2 and CSP41b directly interact
with each other we used a third method by transiently express-
ing the full length proteins PRIN2 and CSP41b fused to cMyc-
and HA-tags, respectively, in Arabidopsis protoplasts. Two bands
of approximately 50 kDa in size correspond to CSP41b in the
CSP41b-HA transformed protoplasts and these could be cyto-
plasmic/transite peptide-processed forms of the protein and/or
proteolytic fragment of the protein. The PRIN2 protein exists in
monomeric, dimeric and oligomeric forms (unpublished data)
and migrates under these conditions as two bands of approxi-
mately 20 and 40 kDa, respectively, most likely corresponding to
monomer and dimer. CSP41b was detected in the Co-IP fraction
confirming interaction with PRIN2 (Figure 1C). Thus, using three
independent methods CSP41b and PRIN2 were shown to directly
interact.

Both PRIN2 and CSP41b were suggested to regulate transcrip-
tion of PEP dependent chloroplast genes (Bollenbach etal., 2009;
Kindgren etal., 2012). To investigate if PRIN2 and CSP41b inter-
act upon DNA binding in vitro, the proteins were incubated with
a 197 bp DNA probe containing —196 to +1 region of the psaA
promoter from Arabidopsis. In the electrophoretic mobility shift
assay (EMSA) both PRIN2 and CSP41b bound the labeled probe,
PRIN2 formed at least two distinct complexes with DNA, while
CSP41b formed only one DNA-protein complex (Figure 1D).
PRIN2 and CSP41b are about 15 and 40 kDa, respectively, and
the difference in the migration of the protein/DNA complexes of
PRIN2 and CSP41b suggests that PRIN2 forms higher molecu-
lar weight oligomeric complexes and/or binds to several regions
of the DNA probe. When PRIN2 and CSP41b were incubated
together with DNA, a new band, intermediate in size to what was
observed for the individual proteins, was detected that most likely
corresponded to a psaA197-PRIN2/CSP41b heteromeric complex.
The competition reactions with unlabeled psaA-198 bp confirm
the DNA binding capacity of PRIN2 and CSP41b. A similar
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FIGURE 1 | PRIN2 interacts with CSP41b and forms a DNA-binding
complex. (A) Native PRIN2-cMyc protein complex from Arabidopsis
chloroplasts was immunoprecipitated with anti-cMyc antibody and proteins
were separated on the SDS-PAGE. Non-transformed Col-0 chloroplasts
were used as a negative control. Protein bands were cut from the gel
and analyzed by mass spectrometry. An arrow indicates the position of
the band where CSP41b was identified. (B) PRIN2 interaction with
CSP41b detected by 2D Native PAGE/SDS PAGE gel. Recombinant PRIN2,
CSP41b and 1:1 mixture of both proteins were incubated in the binding
buffer and run on the 4-12% Native Bis-Tris Gel. Individual stripes were
then cut and loaded on the 12% SDS PAGE gel. Proteins were detected
with anti-His peroxidase. (C) Interaction between PRIN2 and CSP41b in
vivo Co-IP assay. Full length PRIN2-cMyc and CSP41b-HA fusion proteins
were expressed in Arabidopsis protoplasts and Co-IP was performed
using anti-cMyc antibody linked to protein G-covered magnetic beads.

Immunoblotted samples from input and Co-IP probes were detected with
either anti-cMyc chicken IgY fraction and rabbit HRP-linked anti-chicken IgY
(H+L) or with anti-HA peroxidase. Arrowheads indicate PRIN2 protein and
arrows show CSP41b protein bands detected by anti-HA antibody.

(D) DNA binding of PRIN2 and CSP41b and their heteromerization in
EMSA assay. Signal from psaA-198 bp biotin labeled probe was detected
by chemoluminescence nucleic acid detection module. 3 png of each
purified protein was used in every reaction, the DNA/protein molar ratio
was 1:100. DNA/protein complexes are marked with asterisks, free DNA
probe with an arrow. Competition was done with unlabeled psaA-198 bp
probe with 50-fold excess over the labeled probe. 3 pg of BSA was used
as a negative control. (1) free probe, (2) probe + PRIN2, (3) probe +
CSP41Db, (4) probe + PRIN2 4+ CSP41b, (5) probe + PRIN2 + unlabeled
probe, (6) probe + CSP41b + unlabeled probe, (7) probe + PRIN2 +
CSP41b + unlabeled probe, (8) probe + BSA.

pattern of DNA-binding could also be observed when using the
psbA-198 bp fragment as a probe, where PRIN2 and CSP41b pro-
teins form heteromeric protein/DNA complexes (Supplementary
Figure S1). Thus, both PRIN2 and CSP41b are able to interact
with DNA in the EMSA assay and the formation of the het-
eromeric PRIN2/CSP41b complex also occurs upon DNA binding
n vitro.

THE prin2.2 AND csp41b-2 MUTANTS SHOW DISTINCT PHENOTYPES
AND IMPAIRED EXPRESSION OF CHLOROPLAST ENCODED GENES

The phenotypes of the prin2.2 and csp41b-2 mutants are sim-
ilar to mutants of defined components of the PEP complex
(De Santis-Maclossek etal., 1999; Krause etal., 2000; Legen
etal., 2002; Pfalz etal., 2006). As has been demonstrated before
prin2.2 and csp41b-2 showed a clear reduction in growth rate
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and pale leaves compared to wild type (Figure 2A). The prin2.2
plants have impaired chloroplast structure with reduced thy-
lakoid membranes and grana stacks (Figure 2B). In contrast,
the ¢csp41b-2 mutant showed an increased number of thylakoid
membranes organized in grana stacks (Figure 2B). Moreover,
large areas of the chloroplasts (depicted with an arrowhead) were
devoid of any thylakoid membranes in the c¢sp41b-2 mutant.
Correlated with aberrant chloroplast structure is the observed
defect in the organization of the photosynthetic complexes in
the prin2.2 and csp41b-2 mutants. The mutants showed reduced
amounts of PSI, PSII, ATPase, and antenna complexes compared
to wild type (Figure 2C). The defect in photosynthetic complex

stoichiometry and organization was especially strong for the
prin2.2 mutant.

Expression analyses were performed for genes categorized
as genes primarily transcribed by PEP and NEP, respectively.
The psaA, psbA, psbD, and rbcL genes belong to class I genes
transcribed by the PEP polymerase. Consistent with previ-
ous studies (Bollenbach etal., 2009; Kindgren etal., 2012;
Qi etal, 2012), both prin2.2 and csp41b-2 mutants showed
decreased psaA, psbA, psbD, and rbcL expression levels com-
pared to wild type. In contrast, the expression levels of the
NEP genes, accD, rpoB, ycf2 were elevated compared to wild
type (Figure 2D). The chloroplast transcriptional machinery

Col-0 csp41b-2 prin2.2

ah

-

. PSI/PSII 4
supercomplexes

PSI dimer + LHCI

Relative gene expression, log2 scale

N e e | PSI, PSII dimer 0
ATPase 1

S— PSII monomer,
Cyt b6f 2

- LHCII assembly
i 3

[u—— | LHC trimer
4
*

LHCII monomer

FIGURE 2 | The prin2 and csp41b-2 show severe plant phenotypes. Plants
were grown on soil under long day conditions (16 h light/8 h darkness) to
characterize prin2.2 and csp41b-2 mutants (A) Representative images of
plants grown on soil for 3 weeks. (B) Representative TEM images of
chloroplasts from the Col-0, csp41b-2, and prin2.2 rosette plants. Bars
represent 1 wm (C) Blue Native PAGE of thylakoid membrane complexes

csp41b-2

prin2.2

psaA psbA  psbD  rbcL

moB  accD  ycf2

W prin2.2

O csp41b-2

isolated from Col-0, csp41b-2, and prin2.2 chloroplasts (D) Relative
expression levels of chloroplast encoded genes in prin2.2 and csp41b-2
mutant plants. Expression levels were compared to the respective Col-0
samples and calculated using Ubiquitin-protein ligase (At4g36800) as a
reference gene. Data represents the mean from three independent biological
replicates.
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that primarily utilizes PEP polymerase is clearly impaired in the
prin2.2 and csp41b-2 mutants and when the two mutants were
compared side by side the effect was stronger in the prin2.2
mutant.

THE prin2.2 AND csp41b-2 MUTANTS SHOW DEFECTS IN EMBRYO
DEVELOPMENT AND THE csp41b-2 prin2.2 DOUBLE MUTANT IS
EMBRYO LETHAL

In order to investigate the genetic interaction between PRIN2 and
CSP41b we attempted to generate a csp41b-2prin2.2 double mutant
(Supplementary Figure S2). However, the csp41b-2prin2.2 dou-
ble mutant was embryo lethal and the CSP41b-2prin2.2/csp41b-
2prin2.2 mutant produced siliques where 18% (green:albino
ovule = 240:51, Chi-square 8,67 for p < 0,05) of all ovules
appeared opaque (Figure 3A, arrows). Those impaired ovules
finally turned into shrunken, dark colored seeds unable to ger-
minate on MS media. A few ovules were also aborted at very
early developmental stages (Figure 3A, arrowheads). The fact
that theoretical 3:1 segregation green/albino is not supported by
our statistics could be explained by the observed range in the
stage at which the embryo development is arrested. Given the
embryo lethality of the double mutant we investigated if there
were any effects during embryo development in the csp41b-2
and prin2.2 single mutants. The csp41b-2 embryos were undis-
tinguishable from the wild type at the heart stage (Figure 3B).
However, at the linear cotyledon and mature green (MG) stages
the csp41b-2 embryos were not as uniformly green as the wild
type embryos. As has been shown before wild type embryos dis-
played a specific pattern of chlorophyll autofluorescence during
embryogenesis (Tejos etal., 2010). This pattern was significantly
altered at the linear cotyledon stage (LC), where the chloroplast
containing tissue was mostly localized to the epidermal layers,
in the csp41b-2 embryos (Figure 3C). Distribution of chloro-
plast containing tissue was even more altered in the prin2.2
embryos (Figure 3C). Consistent with these findings are the
light microscopy pictures demonstrating that the prin2.2 embryos
were paler than wild type embryos at all developmental stages
(Figure 3B).

To investigate the potential role of PRIN2 and CSP41b during
embryo development, we used TEM to examine morphologi-
cal differences in the embryos at the MG stage. Plastids of wild
type embryos develop normally and have numerous thylakoids
organized in grana stacks indicating that the plastids can be pho-
tosynthetically functional at this stage of embryo development
(Figure 4). However, csp41b-2 chloroplasts developed less thy-
lakoid membranes and fewer grana stacks and exhibit quite often
chloroplasts with large areas completely devoid of membranes
(Figure 4). This specific defect in chloroplast structure of csp41b-
2 was also observed for the chloroplasts from 3-week-old plants
(Figure 2B). The prin2.2 showed an even stronger impairment in
chloroplast development, the prin2-2 plastids showed numerous
vesicles and few thylakoid membranes and grana stacks. Thylakoid
membranes were also often mis-oriented (Figure 4). Similarly to
what was observed for the csp41b-2 mutant the chloroplasts from
the embryos of prin2.2 showed similar defects to what was also
seen in the adult plants (Figure 2B). Taken together our results
indicate that chloroplast development in the embryo is impaired

in both prin2.2 and csp41b-2 single mutants and that the ovules
are arrested at early developmental stages in the csp41b-2prin2.2
double mutant.

EXPRESSION OF PHOTOSYNTHESIS GENES ESSENTIAL DURING
EMBRYO DEVELOPMENT

We performed in silico analysis of available array data where
gene activity was profiled genome-wide in every organ, tissue,
and cell type of Arabidopsis seeds from fertilization through
maturity (Belmonte etal., 2013). We specifically investigated
the expression of plastid encoded genes from preglobular (PG)
to MG embryo stage. Overall transcription of chloroplast-
encoded photosynthesis associated genes was activated from
globular to MG embryo stage (Figure 5A). The highest fold
change in expression level was observed for the genes encod-
ing PSI and PSII core subunits, ATPase, and the ribosomal
subunits (Figure 5A). Thus, from the analysis of the plastid
transcriptome it is clear that photosynthesis associated com-
ponents are highly expressed during embryo development and
that therefore PEP mediated transcription most likely is acti-
vated during this process. Expression of the nuclear encoded
components associated with the PEP complex was demonstrated
to increase from PG to LC (Figure 5B). Especially the genes
encoding the PTAC proteins showed a very strong upregula-
tion during embryo development. In addition, transcript levels
of TRXZ were significantly up-regulated during the transition
from PG to LC stage. Also transcription of PRIN2 and CSP41b
were observed during the LC stage of embryo development
(Figure 5B).

The observed embryo phenotype in the prin2.2 and csp41b-2
mutants encouraged us to study expression of psaA, psbA, and
psbD at the MG embryo stage. Expression of psaA, psbA, and psbD
was strongly down regulated both in prin2.2 and csp41b-2 mutants
compared to wild type (Figure 5B; Supplementary Figure S3).
Thus, these results suggest that also under embryo development
PRIN2 and CSP41b are important for proper transcription of PEP
genes. Taken together, these results suggest that the PEP compo-
nent of the chloroplast transcription machinery is active during
embryo development and that its activity is essential for proper
embryo and seed development.

DISCUSSION

In leaf tissue, the initiation of chloroplast development in the
light and the activation of the photosynthetic reactions are
accompanied by repression of NEP activity and an increase of
PEP-mediated plastid transcription (Hanaoka etal., 2005). How-
ever, the mechanisms underlying this change in major RNA
polymerase activity and the division of labor between NEP
and PEP in the chloroplast are unknown (Zhelyazkova etal,
2012). Expression of plastid-encoded photosynthetic compo-
nents, thought to be mediated exclusively by PEP, was recently
shown both in tobacco and barley to be driven by NEP in the
absence of functional PEP, suggesting a less strict division of
target genes between NEP and PEP (Legen etal., 2002; Lyubet-
sky etal., 2011; Zhelyazkova etal., 2012). NEP is particularly
active in non-green tissues and in very young leaves (Emanuel
etal., 2006). Similarly, the expression of the previously described
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CSP41b-2prin2.2
csp41b-2prin2.2

Col-0

csp41b-2

prin2.2

FIGURE 3 | The csp41b-2prin2.2/csp41b-2prin2.2 double mutant is
lethal. (A) Siliques from self-fertilized CSP41b-2prin2.2/csp41b-2prin2.2
double mutant. Arrows indicate aborted seeds and arrowheads show
aborted ovules. (B) Embryo development of Col-0, csp41b-2, and prin2.2.
Representative images are shown for each genotype. Bars represent

(9]

Col-0

csp41b-2

prin2.2

50 wm. (C) Chlorophyll autofluorescence in Col-0, csp41b-2, and prin2.2
during specific stages of embryo development detected using confocal
microscopy (Excitation wavelength 488 nm, Emission wavelength

687 nm). Representative images are shown for each genotype. Bars
represent 50 pm.

NEP-dependent genes was distinctly higher in developing com-
pared with mature chloroplasts (Zoschke etal., 2007), indicating
that NEP is very active during the early stages of chloroplast
biogenesis. However, we have demonstrated that PEP activity
is essential during embryo development in Arabidopsis. Dur-
ing embryo development NEP was unable to compensate for

impaired PEP activity in the prin2.2 and csp41b-2 mutants.
Thus, the switch from NEP- to PEP-dependent transcription
of the plastid-encoded genes is essential for embryo and seed
development in Arabidopsis.

In silico analyses of available microarray data (Belmonte etal.,
2013) showed a gradual increase in expression of genes encoding
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FIGURE 4 | The csp41b-2 and 2prin2.2 mutants display impaired chloroplast during embryo development. Representative TEM images of chloroplasts
from the Col-0, csp41b-2, and prin2.2 mature green (MG) embryos. Bars represent 1 um.

components involved in photosynthesis and energy production
from the PG to the MG stage of embryo development (Figure 5A).
During embryogenesis, expression of RPOT encoding the plas-
tid NEP polymerase was induced and the maximum expression
level was reached as early as at the PG and globular stages (G;
Figure 5B). The RPOT expression then diminished already at
the heart stage (H; Figure 5B). The NEP promoter is the only
promoter in the rpoBC operon, and expression of rpoA, rpoB,
and rpoC1/C2 followed the induction of RPOT. The core com-
ponents of PEP were transcribed from the globular stage but
in contrast to RPOT, expression was maintained all through
the different embryo developmental stages (Figure 5A). The
expression profile of the nuclear encoded sigma factors, espe-
cially SIGB (SIG2) was similar to the profiles of rpoA, rpoB,
and rpoCI/C2 (Figure 5B). Correlated with the induction of
the genes encoding the core components of PEP was a very
strong induction of the plastid encoded photosynthesis genes.
Expression of psbA,B,C,D,E, and psaA,B,], for example, increased
approximately 10-fold when the MG embryo was compared to
the PG suggesting that PEP transcription is activated during this
developmental transition. The strong induction of photosynthe-
sis related mRNAs during the PG to MG transition was also
shown in a study where three periods of seed formation was
investigated (Allorent etal., 2013). The embryo lethality of the

csp41b-2prin2.2 double mutant further indicates that PEP driven
transcription is required for effective transcription of photosyn-
thesis genes to sustain the embryo with energy. It was also shown
previously that genes associated with photosynthesis and carbon
metabolism, are active in all embryo and endosperm sub-regions
during early seed development (Belmonte etal., 2013) strongly
suggesting there is a need for photosynthetic activity to contribute
to embryo growth rate and biomass. Interestingly, at the MG
embryo stage transcription of the nuclear encoded components
of PEP was halted, suggesting that there is no need for further
expression of chloroplast genes when the seeds enter the post-MG
stage. In contrast, the chloroplast encoded photosynthesis genes
showed a delayed response and maintained high expression also
at the MG embryo stage. Possibly chloroplast transcription is sub-
ject to later anterograde regulation from the nucleus to repress
expression.

True to its cyanobacterial origin, the core subunits of PEP are
homologous to the cyanobacterial RNAP components (Martin
etal., 2002). However, PEP also requires additional nuclear-
encoded factors for its function (Pfannschmidt etal., 2000; Pfalz
etal., 2006). As many as 40—-60 proteins appear to be present
in the TAC from chloroplasts. From Arabidopsis and mustard
TACs 35 components were identified and 18 of those compo-
nents, called pTACs, were novel proteins (Pfalz etal., 2006).
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FIGURE 5 | Induction of photosynthetic gene expression during embryo
development. (A) Heatmap of plastid gene expression in Col-0 embryos at
different developmental stages. Scale from 0 (yellow) to 4.8.63 (red)
represents the relative mean signal intensity for each probe (B) Heatmap of
selected nuclear genes in wild type embryos at different developmental
stages. Scale from 0 (yellow) to 3.4.62 (red) represents the relative mean
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signal intensity for each probe. (A) and (B): PG, preglobular stage; G, globular
stage; H, heart stage; LC, linear cotyledon stage; MG, mature green embryo
stage. (C) Expression levels of psaA, psbA, and psbD in prin2.2 and csp41b-2
MG embryos compared to the respective embryos of Col-0. Relative
expression was calculated using PP2AA3 (At19g13320) as a reference gene.
Data represent means from three independent biological replicates.

In addition, TAC and sRNAP preparations from pro-plastids,
chloroplasts and etioplasts have different protein compositions,
suggesting a multifaceted regulation of PEP activity (Reiss and
Link, 1985; Pfannschmidt and Link, 1994; Suck etal., 1996). Very
high expression levels were observed for genes encoding the pTAC
components PTAC3, PTAC10, PTAC12, FLN1, PTAC6, and TRXZ

during the globular (G) to LC stages. Expression of PRIN2 and
CSP41B was also detected during the LC stage. The expression
of all these additional PEP components suggests that PEP activity
requires many different components already during embryo devel-
opment and that regulation of plastid transcription is complex and
sophisticated from the very early stages of plant development.
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PRIN2 and CSP41b were both identified in nucleoid prepa-
rations (Majeran etal., 2012) and our results suggest that these
two components and possibly the PRIN2-CSP41b complex are
essential for PEP dependent transcription during early embryo
development. Using three independent methods CSP41b and
PRIN2 were shown to directly interact (Figure 1). PRIN2 have
two conserved Cys residues that possibly are responsible for
monomer/dimer/oligomer formation upon oxidation. Consistent
with this hypothesis is the observation of two bands of 20 and
40 kDa that might correspond to PRIN2 monomer and dimer
(Figure 1C). Interestingly, the CSP41b protein migrated as con-
tinuous multimeric complex ranging from 40 to ~700 kDa on
the BN-PAGE. The presence of high molecular weight complexes
was previously described for the native CSP41b protein in chloro-
plasts (Qi etal., 2012). Moreover, the CSP41b protein contains
redox active Cys residues suggested to be putative targets of TRX
(Stroher and Dietz, 2008) and the formation of high molecular
weight complexes were also shown to be enhanced by oxidized con-
ditions in the chloroplast stroma (Qi etal., 2012). When PRIN2
and CSP41b were incubated together they migrated on the gel
as a distinct band (~66 kDa; Figure 1B) suggesting the forma-
tion of a defined heteromeric protein complex containing both
proteins. PRIN2 and CSP41b were shown to independently bind
to promoter fragments of psaA and psbA in EMSA assays. How-
ever, when PRIN2 and CSP41b were incubated together, a new
band of intermediate size was observed (Figure 1D, Supplemen-
tary data Figure S1), suggesting an interaction between PRIN2
and CSP41b also upon DNA binding in vitro. CSP41b was previ-
ously shown in RIP-chip analysis to be an RNA binding protein
with specificity toward photosynthesis-related transcripts mainly
expressed by PEP (Qi etal., 2012). However, many RNA binding
proteins have also been described to have DNA binding proper-
ties, including TFIIIA, p53, STAT1, B/f" subunits of RNAP and
070, factors well known to regulate transcription (Sakonju etal.,
1980; Clemens etal., 1993; Cassiday and Maher, 2002; Suswam
etal., 2005). Another plant specific protein that binds both DNA
and RNA is GUNI, a key component in retrograde commu-
nication between chloroplasts and nucleus (Koussevitzky etal.,
2007). Possibly, the observed DNA binding of the PRIN2-CSP41b
protein complex is required for full PEP activity as indicated
by the embryo lethality of the csp41b-2prin2.2 double mutant
(Figure 3A).

Correlated with the embryo phenotype observed in prin2.2 and
csp41b-2 single mutants was the impaired expression of chloro-
plast photosynthesis genes. The expression levels of psaA, psbA,
and psbD were significantly lower in both mutants compared
to wild type in MG embryos (Figure 5C), suggesting that the
previously described defect in PEP-mediated gene expression in
rosette plants is maintained in the mutants also during embryo
development. Thus, our results establish a link between PEP
activity and embryo development. Previously compromised trans-
lational and post-translational activities in the chloroplasts, such
as mutations in elongation factor G and PPR proteins, have been
shown to lead to embryo lethality (Ruppel and Hangarter, 2007;
Khrouchtchova etal., 2012; Sosso etal., 2012). Interestingly, in
tobacco and barley neither of the knockouts completely lack-
ing PEP activity exhibits an embryo lethal phenotype (Allison

etal., 1996; De Santis-Maclossek etal., 1999; Zhelyazkova etal.,
2012). However, it should be emphasized that an essential role
of plastid activity and embryo greening during embryogenesis
has so far only been reported for oil-seed plants such as Ara-
bidopsis and Brassica (He and Wu, 2009; Hsu etal., 2010). In
Arabidopsis, PEP activity appears essential during embryo devel-
opment and during this process NEP is unable to compensate
for the impaired PEP activity. Recently maize mutants lack-
ing several PEP-associated proteins such as PTACs and PRIN2
demonstrated deficiency of numerous plastid tRNAs. Thus, a role
for PEP, and for the PEP associated proteins, was demonstrated
for the expression of plastid transfer RNA (Williams-Carrier
etal,, 2014). These results emphasize the complex division of
labor between NEP and PEP during the initiation of chloro-
plast development and that PEP, and its associated proteins, are
also essential for the translation of the photosynthetic compo-
nents.
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Chloroplasts are the central nodes of the metabolic network in leaf cells of higher plants,
and the conversion of proplastids into chloroplasts is tightly coupled to leaf development.
During early leaf development, the structure and function of the chloroplasts differ greatly
from those in a mature leaf, suggesting the existence of a stage-specific mechanism
regulating chloroplast development during this period. Here, we discuss the identification
of the genes affected in low temperature-conditional mutants of rice (Oryza sativa). These
genes encode factors involved in chloroplast rRNA regulation (NUST), and nucleotide
metabolism in mitochondria, chloroplasts, and cytosol (V5, V3, STT). These genes are all
preferentially expressed in the early leaf developmental stage P4, and depleting them
causes altered chloroplast transcription and translation, and ultimately leaf chlorosis. There-
fore, it is suggested that regulation of cellular nucleotide pools and nucleotide metabolism
is indispensable for chloroplast development under low temperatures at this stage. This
review summarizes the current understanding of these factors and discusses their roles in

chloroplast biogenesis.

Keywords: chloroplast transcription, translation, Oryza sativa, low temperature, nucleotide metabolism

INTRODUCTION
Low temperature is a major abiotic constraint to plant growth. In
rice, two stages of development are known to be the most sensitive
to low temperatures the young seedling stage and the booting stage
(Kaneda and Beachell, 1974; Cruz etal., 2013). At the booting
stage, pollen sterility caused by low temperatures decreases the
final grain yield. At the seedling stage, low temperatures reduce
germination and delay leaf emergence and greening. Leaf chlorosis
and yellowing are common symptoms when a low temperature
prevails during this stage (Cruz etal., 2013), which suggests the
low temperature arrests chloroplast development and functioning.

The effect of a low-temperature environment on chloroplast
functions has been studied extensively (Berry and Bjorkman,
1980; Hasanuzzaman etal., 2013). A low temperature causes
swelling of the thylakoid lamellae, vesiculation of the thy-
lakoid, and ultimately breakdown of the entire chloroplast.
A low temperature also inhibits electron transport and the
carbon assimilation apparatus such as the Calvin cycle, ATP
synthase, and ribulose 1,5-bisphosphate carboxylase/oxygenase
(RuBisCO; Demmig-Adams and Adams, 1992; Asada, 1999;
Yamori etal.,, 2011; Hasanuzzaman etal., 2013). However,
these physiological symptoms have been mainly investigated in
mature leaves containing functionally established chloroplasts.
The molecular mechanisms underlying early chloroplast devel-
opment under low temperatures have not yet been extensively
studied.

virescent is a chlorotic mutant of higher plants causing young
leaves to have a reduced chlorophyll content, but the chloro-
phyll levels recover as they grow (Archer and Bonnett, 1987).
In contrast with other chlorotic mutants showing lethality such
as albino, chlorina, and xantha, the virescent mutants are not

terminal, and can reach maturity and produce seeds. Cer-
tain classes of the virescent mutations that have been reported
are low-temperature conditional. They develop chlorotic leaves
under low temperatures, but not under higher temperatures,
suggesting a temporal aberration in a factor governing chloro-
plast development under low-temperature conditions. During
the past decade, numerous genes responsible for virescent muta-
tions have been identified in rice, and they have been shown to
be involved in the chloroplast genetic system, including tran-
scription, translation, and nucleotide metabolism. Because many
of these genes are expressed temporally during early leaf devel-
opment, they are probably involved in the establishment of
the plastid genetic system at this phase under low tempera-
tures. Here, we introduce four factors involved in chloroplast
biogenesis under low-temperature conditions (NUS1, GKpm,
RNRS1, and RNRL1) that have been identified through genetic
and functional analysis of virescent mutants of rice (vq, v,, v3,
and stl).

TEMPERATURE-SENSITIVE PHASE OF virescent MUTANTS
DURING EARLY LEAF DEVELOPMENT

virescent-1, -2, and -3 (v1, v2, v3) were the first virescent mutants
reported in rice and the mutations have been used as classi-
cal genetic markers (Omura etal., 1977). They develop chlorotic
leaves at a restrictive low temperature (20°C) but nearly normal
green leaves at a permissive higher temperature (30°C; Figure 1A).
They are often hard to distinguish from each other, showing
similar phenotypes. An important characteristic of these vires-
cent mutants is that the leaf phenotype is not influenced by
growth temperature after its emergence (Iba etal., 1991). This
indicates that the leaf phenotype is irreversibly determined by
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the environmental temperature at a certain developmental stage
before emergence. Furthermore, this phenotype can be useful for
determining the temperature-sensitive period (TSP), by shifting
the temperature from restrictive to permissive during leaf devel-
opment, or vice versa. This technique was originally performed
with Drosophila (Suzuki, 1970), in which the TSP for condi-
tional mutants was limited to particular stages of development.
Temperature-shift experiments showed that the TSPs of all v;, v,
and v3 mutants was at stage P4 of leaf development (Iba etal,
1991).

Rice has the striking feature of leaf primordia production (plas-
tochron) that is synchronized with leaf emergence (phyllochron)
in shoot development (Nemoto and Yamazaki, 1993; Itoh etal.,
2005). This regularity of leaf development enables a series of suc-
cessive stages to be defined, starting with PO (leaf founder cells),
through P1 (youngest primordium), P2, P3, P4, and P5, to P6 (a
fully expanded leaf; Figure 1B). Anatomical studies have shown
that in rice the P4 stage is characterized by rapid leaf blade elonga-
tion (Itoh etal., 2005). Leaves at the P4 stage have an initial length
of 3-5 mm and reach a final size of about 8-10 cm. Chlorophyll
concentration per unit of fresh weight is negligible in the early P4
stage, and increases to about 40% in a mature leaf (Kusumi etal.,
2010a). Electron microscopic observations have indicated that
chloroplasts in the leaves at the early P4 stage have a small spher-
ical shape (below 1 pm) and poor internal thylakoid structures.
After the mid-P4 stage, thylakoid extension and grana formation
in chloroplasts has been observed within the mid-portion of the
leaf (Kusumi et al., 2010b).

The process of chloroplast development is divided roughly
into three steps: (i) plastid division and DNA replication; (ii)

establishment of the plastid genetic system; and (iii) activation
of the photosynthetic apparatus (Jarvis and Lopez-Juez, 2013;
Yagi and Shiina, 2014). These stepwise processes are partially
achieved by two plastidial RNA polymerases; a nucleus-encoded
phage-type RNA polymerase (NEP), and a plastid-encoded
bacterial-type RNA polymerase (PEP; Hajdukiewicz etal., 1997;
Yagi and Shiina, 2014). Plastid genes involved in the second step
are known to be mainly transcribed by NEP, and those involved
in the third step are transcribed by PEP (Yagi and Shiina, 2014).
Analyses for chloroplast transcript accumulation revealed that the
first step of chloroplast differentiation is likely to start in the leaves
at the PO—P3 stages, and will largely finish during the early P4 stage
(Figure 1C; Kusumi etal., 2010b). The second step occurs signif-
icantly in the leaves at mid-P4, and the decline of the second step
and onset of the third step take place during late P4 (Kusumi et al.,
2010b). The accumulation of tRNASY, a bifunctional molecule
mediating the early steps of chlorophyll synthesis, and the switch-
ing of transcription from NEP to PEP (Hanaoka etal., 2005),
showed two peaks (late-P4 and P5). The first activation of tRNAC
can be related to the NEP-PEP transition. Therefore, the TSP of v,
v2,and v3 mutants at the P4 stage suggests that they may be related
to the establishment of the chloroplast genetic system, which is the
major process occurring at this stage.

REGULATION OF CELLULAR NUCLEOTIDE POOLS INVOLVED
IN THE CHLOROPLAST DEVELOPMENT

Virescent-2 (V,) was the first gene isolated from virescent mutants
of rice (Sugimoto etal., 2007). Functional analyses showed that
V, encoded guanylate kinase (GK), a key enzyme in guanine
nucleotide biosynthesis that catalyzes the conversion of GMP to

FIGURE 1 | (A) Phenotypes of the wild-type (Wt) and virescent mutants (vq,
vp, and v3) grown at a restrictive temperature (20°C). (B) Schematic of a rice
seedling with a fully expanded third leaf. L1, L2, L3, and L4 indicate the first,
second, third, and fourth leaf, respectively. Developmental stages (PO-P6) are

Leaf developmental stage

also indicated. shoot base, SB corresponds to a 5 mm section from the
bottom of the shoot and contains pre-emerged leaves at PO-P3 stages.

(C) Plastid gene expression patterns during leaf development (Kusumi etal.,
2010a). Horizontal bars indicate the leaf developmental stages.
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FIGURE 2 | Representation of de novo purine nucleotide synthesis in
chloroplasts and cytosol (Sugimoto etal., 2007; Yoo et al., 2009; Kusumi
etal., 2011; Nomura et al., 2014). Proteins whose function has been linked to
chloroplast development at cold temperature are depicted in red. The names
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of the mutation for each protein are indicated below. Orange dotted arrows
indicate hypothetical routes for membrane transport or enzyme conversions.
PRPP 5-phosphoribosyl 1-pyrophosphate; IMP 5-monophosphate; AdS,
adenylosuccinat.

GDP (Figure 2). In bacterial and animal species, GK is local-
ized in the cytoplasm and participates in maintenance of the
guanine nucleotide pools. Plants possess two types of GK; cytoso-
lic GK (GKc) and plastid/mitochondrial GK (GKpm; Sugimoto
etal., 2007). Analysis of RNAi knockdown plants showed that
GKc is essential for the growth and development of plants, but
not for chloroplast development (Sugimoto etal., 2007). V; is
a single-copy gene encoding the GKpm protein. V;-encoded
GKpm predominantly accumulates in developing leaves at the
P0-P4 stages (Sugimoto etal., 2007), which is consistent with
a temperature-shift experiment in which the V, gene prod-
uct was shown to be necessary at the P4 stage. A chloroplast
possesses its own nucleoside diphosphate kinase that catalyzes
subsequent GDP to GTP conversion (Figure 2; Sugimoto etal.,
2007; Kihara etal., 2011; Nomura etal., 2014). Therefore, GKpm
can limit the GDP/GTP pool in the chloroplast. Reduction
of GKpm activity will cause a shortage of the GTP neces-
sary for the assembly and function of the plastid translation
machinery. In the v, mutant, Val162 has been substituted with
Ile, which caused a 20-fold reduction in specific GMP activity
(Sugimoto etal., 2007), and severely suppresses chloroplast trans-
lation (Sugimoto etal.,2004). Similarly, bacterial GTPases have
important roles in ribosome biogenesis and protein translation
(Verstraeten etal., 2011). In Arabidopsis and tobacco, plastidial
GTPases have been reported to be involved in chloroplast rRNA
processing and ribosome biogenesis in higher plants (Jeon etal.,
2014). It has also been reported that an Arabidopsis mutant defi-
cientin GTP-dependent chloroplast elongation factor G developed
pale cotyledons and greenish true leaves, as observed in the GKpm-
deficient Arabidopsis (Albrecht etal., 2006; Sugimoto etal., 2007).

This phenotypic similarity suggests the involvement of GKpm in
the regulation of plastid translation, via limitation of the GTP
pool.

Additionally, it was recently reported that GKpm is a tar-
get of regulation by guanosine 3’,5'-bisdiphosphate (ppGpp) in
chloroplasts of rice, as well as those of peas and Arabidopsis
(Nomura etal.,, 2014). In bacteria, ppGpp is a key regula-
tory molecule that controls the stringency of responses through
direct interaction with protein factors involved in gene expression
such as RNA polymerase, translation factors, and DNA primase
(Potrykus and Cashel, 2008; Tozawa and Nomura, 2011). In higher
plants, ppGpp is synthesized in chloroplasts from GTP (GDP)
and ATP (Figure 2). Major ppGpp synthase/hydrolase enzymes,
named RSH (RelA/SpoT homolog), are localized to chloroplasts
(Mizusawa et al., 2008). It has also been reported that ppGpp can
negatively regulate chloroplast RNA polymerase (Sato et al., 2009)
and the elongation cycle of translation (Nomura etal., 2012). This
suggests that ppGpp functions as a regulatory molecule in chloro-
plasts, and interaction between GKpm and ppGpp may limit the
GTP (and ATP) pool, which will subsequently retard chloroplast
transcription and translation.

Nucleotide biosynthesis in the cytosol is also involved in the
regulation of chloroplast differentiation at early leaf development
under cold stress. Yoo etal. (2009) showed that the genes respon-
sible for the v3 and stI mutants of rice encoded the large and
small subunits of ribonucleotide reductase (RNR), RNRLI and
RNRSI, respectively (Yoo etal., 2009). RNR is constructed from
large RNR () and small RNR () subunits, which associate to
form an active heterodimer complex (af,) and catalyze conver-
sion of nucleotide diphosphates (NDPs) to deoxyribonucleotide
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diphosphates (dANDPs; Figure 2). Synthesized dNDPs are rapidly
converted into dNTPs for DNA replication and repair. Therefore,
the RNR activity affects the entire de novo nucleotide synthe-
sis pathway in vivo (Elledge etal., 1992). As observed in the v3
mutant, st also caused low-temperature-dependent leaf chloro-
sis. RNRL1 and RNRS1 abundantly accumulated in the leaves
at the PO—P4 stages, and this was enhanced by low temperature
(Yoo etal., 2009). Both the v, and stI mutations caused mis-
sense mutations resulting in reduction of the first ab dimerization,
which correlated with the degree of chloroplast disruption (Yoo
etal.,, 2009). This suggests that a threshold level of RNR activ-
ity plays an important role in regulating nucleotide flow from
the cytosol to chloroplasts. The involvement of cytosolic RNR
in plastid nucleotide metabolism is further supported by the
report that RNR deficiency causes plastid DNA degradation in
pollen in Arabidopsis (Tang etal., 2012). Balancing chloroplast
biogenesis and cell division during early leaf development would
be achieved through optimization of the nucleotide pool in the
cellular compartments.

NUS1 REQUIRED FOR rRNA MATURATION AT LOW
TEMPERATURES

In bacteria, synthesis of ribosomes requires a Rho-dependent anti-
termination system for the efficient transcription of 16S, 23S, and
5S rRNA from rrn operons (Santangelo and Artsimovitch, 2011).
All rrn operons have anti-terminator sequences in their leader and
spacer regions, referred to as BoxB, BoxA, and BoxC, that allow
RNA polymerase, modified with protein factors, to transcribe
rRNA operons. Previously known protein factors that interact
with the anti-terminator include NusA, NusB, NusE, and NusG
(Santangelo and Artsimovitch, 2011). Recently, Virescent-1 (V1)
was identified from a v; mutant of rice and shown to encode a
novel chloroplast RNA binding protein, named NUS1 (Kusumi
etal.,2011). The C-terminal region of NUS1 has a structural simi-
larity to the RNA-binding domain of the bacterial NusB, which
is classified as alpha helical with seven helices. Accumulation
of NUSI specifically occurs in the developing leaves at the P4
stage, and is enhanced by low-temperature treatment (Kusumi
etal,, 2011). Although there are no regions identical to bacte-
rial Box regions within the chloroplast rrn operon in rice, the
gene order of 165-235-4.55-5S and their coding sequences are
highly conserved with those of the bacterial rrn operon (Bollen-
bach etal., 2007). RNA-immunoprecipitation and gel mobility
shift assays indicated that NUS1 binds to the upstream leader
region of the 16S rRNA precursor (Kusumi etal., 2011). The
y1 mutant had a nonsense mutation in the helical domain and
failed to accumulate the NUSI protein, and therefore proba-
bly represents the null phenotype. In the v; seedlings grown at
low temperatures, the processing and accumulation of chloro-
plast rRNA and chloroplast translation/transcription was severely
suppressed (Kusumi etal., 1997, 2011). Additionally, Arabidopsis
seedlings deficient in a NUSI ortholog also exhibited a similar
phenotype (Kusumi etal., 2011). Therefore, NUSI is likely to be
involved in the regulation of rRNA maturation, which occurs
at the P4 stage. Bacterial NusB is involved in the protein com-
plex that interacts with RNA polymerase, nascent mRNA, and
ribosomes (Santangelo and Artsimovitch, 2011; Bubunenko etal.,

2013). Recent proteomics-based techniques have allowed the iden-
tification of previously uncharacterized proteins that contribute
to the chloroplast genetic system (Majeran etal., 2012; Pfalz
and Pfannschmidt, 2013). Majeran etal. (2012) showed that in
maize, NUSI and other factors structurally similar to the bacte-
rial Nus-related factors, such as NusG and Rho, were included in
nucleoid-enriched fractions. Examination of the physical inter-
actions among these proteins, and identification of other factors
interacting with the NUS1 protein, will be vital for elucidating the
role of NUSI in the regulation of the chloroplast genetic system.

CONCLUDING REMARKS

Compared with other cereals such as wheat and barley, rice is
susceptible to cold stress, probably because of its tropical ori-
gin (Cruz etal., 2013). The degrees of low-temperature sensitivity
and damage vary according to the growth stage. Yoshida (1981)
showed that temperature sensitivity varies between stages and
that rice plants have a lower threshold temperature for cold
damage during the early young seedling stage (10-13°C) than
during the reproductive stage (18—20°C), making them less sensi-
tive to low temperature as young seedlings. In field conditions,
sudden low-temperature phases often occur during the early
seedling development in spring. Therefore, it is reasonable to
infer that rice developed this mechanism to protect leaf and inter-
nal chloroplast development against low temperature-induced
retardation.

It has been known that processes of chloroplast translation
are sensitive to cold stress. Environmental low temperature arrests
protein synthesis by causing ribosomal pausing (Grennan and Ort,
2007) or retardation of ribosomal biogenesis and RNA processing
(Millerd etal., 1969; Hopkins and Elfman, 1984; Barkan, 1993).
Furthermore, loss of translational factors such as ribosomal pro-
tein (Rogalski etal., 2008; Fleischmann etal., 2011; Ehrnthaler
etal., 2014; Song etal.,, 2014), translation elongation factor (Liu
etal., 2010), rRNA methylase (Tokuhisa etal., 1998) and the RNA
binding protein required for RNA processing (Kupsch etal., 2012)
leads to sensitivity to low temperatures. These reports suggest
the existence of a particular mechanism that protects chloro-
plast translation against cold stress, which can be expected to be
associated with NUS1, V5, V3, and ST1.

The observed involvement of control of translation and
nucleotide metabolism in low-temperature tolerance/adaptation
has also been reported in bacteria. For example, in Escherichia coli,
a temperature downshift hampers ribosome function, and ribo-
somes change their composition to function properly (Akanuma
etal., 2012). It has also been reported that cold-shock proteins are
often induced not only by low temperatures but also by transla-
tional inhibitors, such as chloramphenicol and tetracycline (Weber
and Marahiel, 2003). Therefore, a reduction in translational capac-
ity may be interpreted as a cellular signal triggering the cold
adaptation response. Furthermore, analyses of bacterial mutants
deficient in ppGpp synthesis showed that artificially induced high
levels of ppGpp diminish the expression of cold-shock proteins,
while low levels increase their production (Potrykus and Cashel,
2008). ppGpp synthesis is triggered by occupation of the ribo-
somal A-site by an uncharged tRNA (Potrykus and Cashel, 2008).
Considering the hampered ribosomal function at low temperature,
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it is possible that a decrease in cellular ppGpp levels following a
temperature downshift plays a physiological role in the regulation
of gene expression and adaptation to growth at low tempera-
ture. The bacterial NusB protein has also been reported to be
involved in cold tolerance. Cells containing a disrupted nusB gene
are viable under standard growth conditions, but are cold sensitive
(Quan etal., 2005). They are defective in rRNA synthesis and have
a decreased peptide elongation rate at low temperatures. NusA,
another host factor of the Nus complex, is also induced by cold
treatment (Phadtare and Severinov, 2010), suggesting the impor-
tance of Nus and the anti-termination system in the cold response
in bacteria. These similar properties between the chloroplast and
the bacterial low-temperature response imply that higher plants
have taken over the bacterial protective system in response to low
temperature.

Recently, several other genes have been isolated from low
temperature-conditional, chloroplast-deficient mutants of rice,
such as OsV4 (virescent 4), wipl (white leaf and panicles 1), and
tcd9 (thermo-sensitive chloroplast development 9; Gong et al., 2014;
Jiang etal., 2014; Song etal., 2014). The corresponding genes in
OsV4, wipl, and tcd9 mutants encode plastidial pentatricopeptide
repeat (PPR) protein, plastid ribosomal protein L13, and a sub-
unit of chaperonin 60 (CP60a) required for chloroplast division,
respectively. Similarly to NUSI, V;, V3, and ST1, their functions
are speculated to be involved in early chloroplast development
at low temperatures (Gong etal., 2014; Jiang etal., 2014; Song
etal,, 2014). It is possible that these factors are involved in a
closely related mechanism to chloroplast protein expression and
assembly, which is required at low temperatures, but not essen-
tial for chloroplast development during early leaf development at
higher temperatures. Therefore, the maintenance of the develop-
ing plastid genetic system will be crucial for tolerance of cold at
the seedling stage in rice.
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Protein biosynthesis is one of the key
elements of gene expression in living
cells. All proteins are synthesized on
ribonucleoprotein complexes, the ribo-
somes. In bacteria and their derivatives—
eukaryotic mitochondria and plastids—
ribosomes consist of a small and a large
subunit which together comprise more
than 50 ribosomal proteins and usually
two to four ribosomal RNAs (rRNAs).
Synthesis of the required rRNAs and
proteins, and their correct folding, mat-
uration/modification and assembly into
functional particles are highly coordi-
nated. However, whereas ribosomal com-
position and many mechanistic aspects of
their biogenesis are well understood, little
is known about the spatial organization of
the procedure in bacteria and organelles.
In eukaryotes, the individual processes
involved occur in defined regions of the
cell: ribosomal proteins are synthesized in
the cytosol, but most rRNAs are tran-
scribed, processed and modified in the
nucleolus, a distinct subnuclear compart-
ment (Lafontaine and Tollervey, 2001;
Boisvert et al., 2007). Only the transcrip-
tion of the small 55 rRNA occurs in the
nucleoplasm. After their synthesis, ribo-
somal proteins and assembly factors are
imported into the nucleus, where they are
combined with the appropriate rRNAs.
Subsequently, small and large ribosomal
subunits are exported into the cytosol,
where they pair up to form functional
ribosomes.

This Opinion Article focuses on recent
findings which support the idea that, as in
eukaryotes, ribosomal biogenesis in bac-
teria, mitochondria, and plastids is spa-
tially organized. In these systems, there is

growing evidence that rRNA processing
and ribosome assembly most likely take
place in association with the nucleoid.

rRNA PROCESSING, MATURATION
AND RIBOSOME ASSEMBLY IN
BACTERIA

The processes of rRNA maturation and
ribosome assembly are probably best
understood in Dbacteria (reviewed in
Kaczanowska and Rydén-Aulin, 2007;
Shajani et al., 2011). In E. coli, the small
30S ribosomal subunit contains 21 ribo-
somal proteins and a 16S rRNA, while the
large 50S subunit consists of 33 proteins
and two rRNAs, the 23S and 5S rRNAs
(reviewed in Melnikov et al., 2012). All
rRNAs are encoded in a polycistronic
gene cluster and transcribed as a single
precursor, which undergoes extensive pro-
cessing and maturation to generate the
mature rRNAs (reviewed in Deutscher,
2009; Shajani et al., 2011). The process-
ing reactions are carried out by the exo-
or endonucleolytic activities of at least
five ribonucleases (RNases), including
RNases III, E, G, T, and YbeY (reviewed
in Deutscher, 2009; Davies et al., 2010).
Furthermore, the 23S and 16S rRNAs
undergo methylations and pseudouridy-
lations at several positions, which are
assumed to influence ribosomal structure
and function (reviewed in Shajani et al.,
2011).

Many of these maturation steps are
coupled and take place on nascent rRNAs.
The final rRNA folding pattern is proba-
bly determined by an ordered sequence of
interactions with ribosomal proteins and
assembly factors, which induce conforma-
tional changes and stabilize the proper

rRNA structures (reviewed in Shajani
etal., 2011).

It was long believed that DNA-
associated bacterial ribosomes translate
nascent mRNAs while these are being
synthesized by the RNA polymerase
(co-transcriptional translation). Striking
evidence for this hypothesis came from
early electron microscopy studies showing
ribosome arrays (polysomes) attached to
mRNA strands that were being transcribed
from DNA by multiple RNA polymerase
(RNAP) molecules (Miller et al., 1970).
However, recent research suggests that, at
least in E. coli and B. subtilis, most trans-
lation is not coupled to transcription, and
that cotranscriptional translation may be
limited to mRNAs encoding membrane
proteins. By tracking the distribution of
RNA polymerases (as markers for the
nucleoid DNA) and ribosomes by means
of fluorescence microscopy, a clear segre-
gation of the nucleoid from ribosome-rich
regions of the cytoplasm was observed
(Lewis et al., 2000; Bakshi et al., 2012; Chai
et al., 2014). Bakshi et al. (2012) found
approximately 85% of the ribosomes in
the ribosome-rich regions, while only 10
to 15% were detected in close proximity to
the nucleoid. The majority fraction proba-
bly comprises actively translating “protein
factories.” The nucleoid-associated par-
ticles are thought to be in various stages
of assembly, as several rRNA maturation
steps occur in a cotranscriptional and
assembly-assisted manner (reviewed in
Shajani et al., 2011).

Further data support the identifica-
tion of the nucleoid as the site of early
rRNA processing events. RNase III, which
cotranscriptionally cleaves the primary
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rRNA transcript to yield 16S, 23S, and
5§ precursors, has been shown to be
required for localization of the pre-16S
rRNA 5 leader region to the nucleoid
(Malagon, 2013). In RNA-FISH assays for
single-cell visualization, Malagon (2013)
found that the nucleoid localization of the
16S 5’ leader was dependent on the cat-
alytic activity of RNase III, which provides
indirect evidence for the presence of the
enzyme in this region. Based on evidence
for interplay between the Nus transcrip-
tion elongation factors and RNase III in
the modulation of pre-rRNA biogenesis
(Bubunenko et al., 2013), Malagon further
speculated that Nus proteins might serve
to localize pre-rRNAs to the nucleoid.

LOCALIZED rRNA PROCESSING AND
RIBOSOME ASSEMBLY IN
ORGANELLES

Eukaryotic plastids and mitochondria
are descended from endosymbiotically
acquired bacteria, and have retained their
own genomes and machineries for gene
expression during evolution. It is there-
fore not surprising that many aspects of
these genetic systems, including genome
organization and ribosome structure,
resemble those of bacterial rather than
eukaryotic systems. Similarly, evidence for
sublocalization of rRNA processing and
ribosome assembly events to the organellar
nucleoids is now emerging.

MITOCHONDRIA
Evidence for rRNA maturation and ribo-
some assembly in association with the
mitochondrial nucleoid mainly derives
from studies on mammalian mitochon-
dria. Affinity purification of established
protein components of the mitochondrial
nucleoid results in copurification of ribo-
somal proteins and the ribosome assembly
factor ERALI (He et al., 2012b). ERALI,
a GTP-binding protein with RNA-binding
activity, which had previously been linked
with a number of nucleoid proteins, inter-
acts both with proteins of the small mitori-
bosomal subunit and its rRNA component
(Dennerlein et al., 2010; Uchiumi et al.,
2010). ERALI was proposed to act as a
chaperone for the small ribosomal RNA, as
its depletion leads to destabilization of the
small subunit (Dennerlein et al., 2010).
Similarly,  another  mitoribosome
assembly factor, the human GTPase NOA1

(C4orf14), a homolog of the plant Rifl
protein, has been found together with
the small ribosomal subunit and transla-
tion factors in affinity-purified nucleoids
(Flores-Pérez et al., 2008; He et al., 2012a).
This finding prompted the suggestion
that assembly of the small subunit in the
mitochondrial nucleoid enables the direct
transfer of newly transcribed mRNAs to
the ribosome.

Like bacterial rRNAs, mammalian
mitochondrial rRNAs undergo site-
specific methylations, although to a lesser
extent (reviewed in Rorbach and Minczuk,
2012). The enzymes responsible belong to
a family of rRNA methyltransferases, some
of whose members have been reported to
modify nascent rRNAs in association with
the nucleoid (Lee et al., 2013). A more
detailed analysis of one of these methyl-
transferases (named RNMTLI) revealed
an additional interaction between this
protein and the large ribosomal subunit,
suggesting that assembly of mitochon-
drial ribosomes begins before rRNA
transcription is complete (Lee et al., 2013).

Moreover, a very recent study by
Bogenhagen et al. (2014) provides evi-
dence that mammalian mitochondrial
RNA processing enzymes, like RNase P
and ELAC2 (tRNaseZp ), as well as a num-
ber of nascent mitochondrial ribosomal
proteins associate with nucleoids to initi-
ate RNA processing and ribosome assem-
bly. The authors therefore propose the
mtDNA nucleoid as a critical control cen-
ter for mitochondrial biogenesis.

PLASTIDS

An extensive body of evidence for localized
ribosome biogenesis comes from plastids.
Besides numerous ribosomal proteins, the
majority of proteins with known roles in
ribosome biogenesis have been identified
in a comprehensive proteomic analysis of
the maize chloroplast nucleoid (Majeran
et al.,, 2012; reviewed in Germain et al.,
2013). Many of these nucleoid-enriched
ribosome biogenesis factors function in
rRNA processing, maturation and modi-
fication, as well as in ribosome assembly
(summarized in Table 1).

Among the processing and splicing fac-
tors identified are many plant homologs
of bacterial RNases that have been
reported to be responsible for exo- and
endonucleolytic cleavage of the large rRNA

precursor and maturation of cotran-
scribed tRNAs (reviewed in Stoppel and
Meurer, 2012; Germain et al., 2013). Most
of the nucleoid-enriched proteins involved
in ribosome assembly and rRNA modifica-
tion are classified as either GTPases, RNA
helicases or rRNA methylases (Table 1).

Two of the nucleoid-enriched plas-
tid proteins listed in Table 1 are homol-
ogous to the mitochondrial enzymes
ERALI and NOAI, for which a nucleoid
localization has also been reported (see
above). For several others, links with the
nucleoid are further supported by alter-
native approaches as exemplified in the
following.

An immunological analysis of maize
chloroplast subfractions revealed that the
DEAD-box RNA helicase RH3, thought
to function in assembly of the 50S sub-
unit, localizes to the chloroplast stroma
and thylakoids, as well as to nucleoids
(Asakura et al., 2012). For two recently
characterized plant proteins required for
ribosome biogenesis, DER and RAP, cyto-
logical evidence for nucleoid localiza-
tion comes from GFP fusion experiments
(Jeon et al., 2014; Kleinknecht et al.,
2014). DER is a Double Era-like GTPase,
whose bacterial homolog (also known as
EngA) acts as a ribosome assembly fac-
tor in E. coli, was found to bind to
the 50S ribosomal subunit and to play a
role in pre-rRNA processing in tobacco
(Hwang and Inouye, 2006; Jeon et al.,
2014). The Arabidopsis protein RAP is a
member of the Octotricopeptide Repeat
(OPR) protein family, and binds to the 5’
leader sequence of the 16S rRNA precur-
sor (Kleinknecht et al., 2014). Depletion
of RAP specifically affected the trim-
ming/processing of the chloroplast 16S
rRNA precursor, which supports the iden-
tification of the nucleoid as the site
of 165 rRNA processing in chloroplasts.
Preliminary data imply that RAP has no
intrinsic RNase activity, and might influ-
ence 16S rRNA maturation by confer-
ring sequence specificity on an RNase or
by modulating RNA secondary structures
to control the accessibility of an RNase
recognition site within the 16S precursor
(Kleinknecht et al., unpublished results).

However, in the case of many chloro-
plast proteins reported to be involved
in various steps of ribosome biogene-
sis, GFP-based fusion studies provide no
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Table 1 | Nucleoid-localized proteins with proposed functions in rRNA processing, maturation and ribosome assembly in plant chloroplasts.

Protein

Protein family/domain

Proposed function in ribosome

Maize identifier

Arabidopsis References?

biogenesis identifier
PROCESSING/MATURATION OF rRNA PRECURSOR TRANSCRIPTS
BPG2 YqgeH -GTPase Pre-rRNA processing GRMZM2G035042_P01 AT3G57180 Komatsu et al., 2010;
Kim et al., 2012
CSP41B Endonuclease; Rossmann Processing of 23S 1st hidden break GRMZM2G080546_P02  AT1G09340  Beligni and Mayfield,
fold 2008; Bollenbach
Epimerase/dehydrogenase etal.,, 2009; Qi et al.,
2012
PNPase 3’ to 5’ exonuclease 23S rRNA 3’ end maturation GRMZM2G377761_PO01 AT3G03710  Walter et al., 2002
PRBP Similarity to DEAD box Processing of 4.5S precursors GRMZM2G436328_P01 AT2G37920  Park et al., 2011
helicases
RAP* Octotricopeptide repeat Processing of 16S rRNA precursors GRMZM2G050845_P01 AT2G31890  Kleinknecht et al.,
(OPR) protein, RNA binding 2014
RBF1 Ribosome-binding factor A Processing of 16S rRNA precursors GRMZM2G115156_P01 AT4G34730  Fristedt et al.,, 2014
family protein
RH39 DEAD box RNA helicase Processing of 23S 2nd hidden break GRMZM2G175867_P02  AT4G09730  Nishimura et al.,
2010
RHON1 Rho transcription termination  Processing of 23S-4.5S precursors GRMZM2G168335_P01 AT1G06190  Stoppel et al., 2012
domain
RimM RimM family 16S processing, ribosome assembly GRMZM2G165694_PO01 AT5G46420 Bylund et al., 1998;
(in prokaryotes) Guo et al., 2013
RNase E Endonuclease Processing of 23S-4.5S precursor GRMZM2G328309_P01 AT2G04270  Stoppel et al., 2012
RNase J 5’ to 3’ exonuclease and 5 end maturation of 16S and 23S GRMZM2G103315_P01 AT5G63420 Bollenbach et al.,
endonuclease rRNA precursors 2005; Sharwood
etal., 2011
RNase P* Endonuclease 5 end maturation of tRNA precursors  GRMZM2G002642_P01 AT2G32230 Gutmann et al.,
(PRORP1/2) GRMZM2G418206_P01 2012; Bogenhagen
etal., 2014
RNase Z* Endonuclease 3’ end maturation of tRNA precursors  GRMZM2G125844_P01 AT2G04530 Canino et al., 2009;
Bogenhagen et al.,
2014
SVR1 Pseudouridine synthase rRNA processing GRMZM2G315806_PO01 AT2G39140 VYuetal., 2008
rRNA MODIFICATION/RIBOSOME ASSEMBLY
DER* GTPase rRNA processing/ ribosome GRMZM2G302233_P01 AT3G12080 Jeon et al., 2014
(EngA) biogenesis
ERA GTPase Assembly of small ribosomal subunit ~ GRMZM2G158024_P02 AT5G66470 Dennerlein et al.,
(in prokaryotes and mitochondria) 2010; Uchiumi et al.,
2010; He et al.,
2012b
ObgC ObgC - GTPase Ribosome assembly GRMZM2G077632_P01 AT5G18570 Bang et al., 2012
PFC1 rRNA methylase 16S rRNA methylation GRMZM2G174669_P01 AT1G01860  Tokuhisa et al., 1998
RH22 DEAD RNA box helicase Assembly of 50S ribosomal subunit GRMZM2G100043_P01 AT1G59990 Chietal., 2012
RH3* DEAD box RNA helicase Assembly of 50S ribosomal subunit, GRMZM2G163072_P01 AT5G26742  Asakura et al., 2012
group Il intron splicing GRMZM2G415491_PO01
RIF1* GTPase (YgeH ) Ribosome assembly GRMZM2G384293_P01 AT3G47450  Flores-Pérez et al.,
(NOST, 2008; Liu et al., 2010
NOAT1)
RsmD rRNA methylase 16S rRNA methylation (in prokaryotes) GRMZM2G010801_PO01 AT3G28460 Lesnyak et al., 2007

All proteins listed were identified as nucleoid proteins by Majeran et al. (2012). Proteins known to be involved in ribosome biogenesis but not identified in their

nucleoid fraction, as well as factors that probably have only indirect effects on rRNA maturation and ribosome assembly, are not included in this list.

*Nucleoid localization demonstrated by groups other than (Majeran et al., 2012) (see text).
a0nly most relevant publications referring to a function in ribosome biogenesis or nucleoid localization are listed.

support for specific localization to the
plastid nucleoid. One possible reason for
this may be the use of transit peptide-GFP
instead of full-length protein fusions, as

determinants of nucleoid localization are
unlikely to be encoded in the transit
peptide. Accordingly, Park et al. (2011)
also reported the localization of the

protein PRBP, which likely functions
in 458 rRNA processing, to distinct
spots within chloroplasts, which probably
represent nucleoids. This sublocalization
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was only observed when the full-length
protein was fused to GFP and not with a
transit peptide-GFP fusion. Nevertheless,
other proteins for which full length-GFP
fusions were used could not be clearly
assigned to the nucleoid (e.g., Flores-Pérez
etal., 2008; Yu et al., 2008; Chi et al., 2012).
This might be due to weak or transient
association of the respective protein with
the nucleoid. Alternatively, some of these
proteins may perform further functions in
other organellar subcompartments leading
to ambiguous localization signals.

CONCLUSION AND FUTURE
PERSPECTIVES

Localization of rRNA processing and ribo-
some assembly to organellar nucleoids
seems to be a general phenomenon
derived from a bacterial ancestor. Unlike
the case of the eukaryotic nucleus, no
physical barrier intervenes between bacte-
rial/organellar RNA synthesis and transla-
tion. The nucleoid might therefore provide
a scaffold for an intra-organellar microen-
vironment which enables coupling of
rRNA transcription to ribosome assem-
bly. This might not only enhance the
efficiency of ribosome assembly by sub-
strate channeling, but also largely pre-
vent the precocious association of mRNAs
with immature 30S ribosomal subunits.
However, it remains to be shown whether
the colocalization of rRNA processing and
ribosome assembly with nucleoids has
functional significance or simply reflects
the rapid kinetics with which ribosome
biogenesis factors bind to nascent rRNA
targets.

Nonetheless, the growing awareness of
the requirement for sublocalized cellu-
lar processes in apparently less organized
bacteria and organelles, and the availabil-
ity of more sensitive detection techniques
including super-resolution imaging, will
undoubtedly lead to new insights into the
spatiotemporal organization of ribosome
biogenesis in the future.
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Photosynthetic eukaryotes encode two
copies of the CSP41 (Chloroplast
Stemloop binding Protein of 41kDa)
protein that are of cyanobacterial origin.
In Arabidopsis thaliana, the two CSP41
proteins belong to the group of most-
abundant chloroplast proteins. Multiple
functions have been described for CSP41
proteins, including roles in chloroplast
rRNA metabolism and transcription.
CSP41la and CSP41b interact physically.
Recent data show that CSP41b is an
essential and major component of high-
molecular weight complexes that form
in the dark, disassemble in the light, and
bind chloroplast mRNAs coding for pho-
tosynthetic proteins and some ribosomal
RNAs, but not the plastid-encoded RNA
polymerase (PEP). This, together with
the effects seen in leaves of plants lacking
CSP41b, implies that complexes contain-
ing CSP41 proteins stabilize untranslated
mRNAs and precursor rRNAs. This occurs
in a redox-dependent manner and seems
to be important in the absence light when
the translation is less active. In this sce-
nario, translation and transcription is
secondarily affected by the decreased
transcript stability.

CSP41 PROTEINS ARE ABUNDANT
AND CONSTITUENTS OF COMPLEXES
CSP41 proteins are highly abundant
chloroplast proteins. Zybailov et al. (2008)
grouped chloroplast stromal proteins into
seven abundance classes and CSP41b is
found in the group of highest abundance
together with the Calvin cycle enzymes
for instance. CSP41b is more abundant
than CSP41a, which is found in the group
of second highest abundance together
with most chloroplast ribosomal proteins.

Therefore, it does not come as surprise
that CSP41 proteins have been detected in
several stromal complexes, but not all of
these associations are necessarily of phys-
iological significance in the light of the
ubiquity of these proteins.

The first report on CSP4la function
described its binding in vitro to the 3/
end of the petD mRNA (Yang et al,
1995, 1996). Subsequently, CSP41 proteins
were also found in preparations that were
enriched for the plastid-encoded RNA PEP
(Pfannschmidt et al., 2000) or plastid ribo-
somes (Yamaguchi et al., 2003). However,
later studies could not confirm that CSP41
proteins are part of the PEP complex
(Suzuki et al., 2004; Pfalz et al., 2006).
A ribosome association of CSP41a and b
was also observed by Peltier et al. (2006)
in their analysis of the stromal proteome
in its oligomeric state extracted from
highly purified chloroplasts of Arabidopsis
thaliana. The two CSP41 proteins were
each found at three different locations of
the stromal colorless native (CN)-PAGE
native gels: (i) in a complex larger than
950kDa most likely associated with 70 S
ribosomes, (ii) at 224 kDa, and (iii) at 106—
126 kDa. At 224kDa, the only obvious
potential partners are the ribosomal pro-
teins L5 and L31. At 106—126 kDa, CSP41a
and b possibly form a heterotrimer. A fur-
ther proteomics analysis found CSP41b
mostly in 0.8-2MDa fractions of stro-
mal high-molecular-weight (HMW) com-
plexes, together with other proteins like
subunits of the 30S part of the plastid ribo-
some and subunit E2 of the plastid pyru-
vate decarboxylase (LTA2) (Olinares et al.,
2010).

Recently, Qi et al. (2012) found by
co-immunoprecipitation experiments that

the major interactor of CSP41b is the
CSP41la protein. The majority of both
CSP41 proteins comigrates in several dis-
tinct spots during 2D BN/SDS PAGE,
implying that they are present in mul-
timeric protein complexes mainly com-
prised of these two subunits. Because
the HMW CSP41 complexes are dis-
rupted by treatment with RNase, they
should be associated with RNAs (Qi
et al, 2012). RIP-chip analysis points
to chloroplast mRNAs coding for pho-
tosynthetic proteins and some riboso-
mal RNAs, but no tRNAs or mRNAs
for ribosomal proteins, as putative lig-
ands of CSP41 complexes (see below). The
only other protein, besides CSP41a, found
in immunoprecipitates of tagged CSP41b
was LTA2 (Qi et al.,, 2012), corroborat-
ing the results of the proteomic study of
Olinares et al. (2010). Interestingly, LTA2
is not a highly abundant stromal protein
(Zybailov et al., 2008); therefore, this inter-
action might be specific and not due to
contamination.

Taken together, because of their high
abundance, CSP41 proteins can be found
as contaminants in preparations of several
stromal complexes. However, the results
obtained by Qi et al. (2012) imply that
CSP41 does not functionally interact with
PEP or the plastid ribosome, as proposed
before. Indeed, CSP41 complexes appear
to contain chloroplast mRNAs coding for
photosynthetic proteins and some riboso-
mal RNAs.

CSP41 FUNCTIONS AT THE
BIOCHEMICAL LEVEL

Multiple functions have been assigned
to CSP41 proteins. (1) RNase activ-
ity, with a preference for 3’ stem-loops
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(Yang and Stern, 1997; Bollenbach and
Stern, 2003a,b). (2) Ribosomal biogene-
sis, because of the association of CSP41b
with pre-ribosomal particles (Beligni and
Mayfield, 2008). (3) Plastid transcription
(Bollenbach et al., 2009). (4) Cytosolic
functions based on its interaction with
heteroglycans in the cytosol (Fettke et al.,
2011).

Not all of the four tentative functions of
CSP41 proteins described above might be
physiologically relevant and rather repre-
sent artifacts similar to the multiple pres-
ences of CP41 proteins in HMW com-
plexes. Moreover, the high abundance of
CSP41 proteins argues against a specific
catalytic function but points in the direc-
tion of a more general function, requir-
ing relative large quantities of the protein.
Recently, Qi et al. (2012) demonstrated
by RIP-chip analysis that CSP41 can bind
various chloroplast RNAs. This includes
transcripts for the large Rubisco subunit
(rbcL), PSI (psaA, psaB), and PSII (psbA,
psbC, psbD) core proteins, and 16S and
23S rRNAs. Therefore, Qi et al. (2012)
concluded that the CSP41 proteins might
serve to stabilize RNAs. Indeed, in their
in-organello assay the stability of two tenta-
tive target RNAs (one of them 23S rRNA)
was found to be decreased in mutants
lacking CSP41b. Consequently, such desta-
bilization of the precursors of 23S and
16S rRNA might result in fewer functional
ribosomes, and in turn in a decrease of
the rate of chloroplast translation. As a
further consequence of a reduced trans-
lation rate, a decline of the levels of PEP
synthesis can be expected and, in turn,
of the rate of transcription. Nevertheless,
a direct effect on transcription/translation
through binding of CSP41 to target tran-
scripts cannot be entirely ruled out yet.

The findings that CSP41 displays
endonuclease activity in vitro (Yang et al.,
1996; Yang and Stern, 1997; Bollenbach
and Stern, 2003a,b) and CSP41 pro-
teins stabilize target RNAs in vivo are not
necessarily mutually exclusive, because
the endoribonuclease activity of CSP41
could be highly regulated in vivo, e.g., by
phosphorylation (Qi et al., 2012). Thus,
complexes of CSP41 in its inactive state
(without endonuclease activity) might sta-
bilize RNAs by binding to protect them
against degradation. Certain conditions
could then activate the ribonucleolytic

activity of CSP41, leading to the degrada-
tion of the target transcripts; however, it
remains to be clarified whether CSP41
actually plays a role as RNase in vivo.
In this context it is interesting to note
that changes in the pls of CSP41b species
between dark and light conditions suggests
that redox-dependent post-translational
modifications of CSP41 might regulate the
capacity of CSP41 complexes to bind RNA
(Qietal., 2012).

Immunoprecipitates of tagged CSP41b
contain also LTA2, the E2 subunit of the
plastid pyruvate decarboxylase (Qi et al.,
2012). Interestingly, the counterpart of
LTA2 in the green alga Chlamydomonas
reinhardtii, DLA2, binds psbA mRNA
and has been implicated in the recip-
rocal regulation of protein synthesis
and carbon metabolism for thylakoid
membrane biogenesis (Bohne et al,
2013). Therefore, their psbA transcript
binding activity might bring together
CSP41 proteins and LTA2 in the same
complex.

MUTANT ANALYSES OF CSP41
FUNCTIONS IN PLANTS

The ¢sp41b mutation affects the morphol-
ogy of chloroplasts, photosynthesis and
circadian rhythms (Hassidim et al., 2007).
Based on the observation that A. thaliana
mutants without both CSP41 proteins are
not viable, Beligni and Mayfield (2008)
proposed that CSP4la and CSP41b have
redundant functions. However, recent data
by Qi et al. (2012) argue in favor of the
notion that CSP4la and CSP41b do not
have entirely redundant functions and that
CSP41b is functionally more important
than CSP41a. (1) While loss of CSP41la
does not result in obvious phenotypic
effects, chloroplast RNA levels and plant
performance are impaired when CSP41b
is inactive. Moreover, the csp4lab dou-
ble mutant behaves like csp41b mutant
plants (Qi et al, 2012). (2) Although
CSP41 protein complexes seem to con-
tain both proteins in wild-type plants, only
CSP41b is essential for their formation. (3)
Phylogenetic analysis of CSP41 sequences

Light

WT

o
s ° ogee@e
ooo [ <
cspa1b| © 2@e @2 e
m®°e
o

O cspata M csPa41b @ 70S ribosome ‘ RNAse

etal. (2012).

FIGURE 1 | Model for action of CSP41 protein complexes. In the dark, CSP41 protein complexes
associate with various mMRNAs and some pre-rRNAs and protect them from nucleolytic cleavage.
Untranslated RNAs not stabilized by CSP41 protein complexes are degraded by ribonucleases.
Newly synthesized precursors of rRNAs are rapidly incorporated in the light into functional
ribosomes, which in turn stabilize plastid transcripts during translation. In the absence of CSP41b,
protection of mMRNAs and pre-rRNAs in the dark is impaired and HMW RNA-CSP41 complexes are
not formed. In consequence less functional ribosomes and mRNAs are available in the light.
Therefore, less photosynthetic subunits are synthesized and the translational capacity is generally
decreased. The latter can explain the pleiotropic effects seen in csp41b plants. Modified from Qi
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from A. thaliana, C. reinhardtii and the
cyanobacterium Synechocystis suggest that
CSP41a might be less constrained evolu-
tionarily (Qi et al., 2012).

The major CSP41 protein, CSP41b,
accumulates predominantly in mature
leaves (Fettke et al., 2011). Accordingly, the
function of the CSP41 proteins appears to
be particularly required in mature leaves,
as determined by measurements of trans-
lation rate and photosynthetic activity
(Qi et al., 2012). Interestingly, mutants
with reduced PEP levels show on oppo-
site behavior compared to csp41b mutant
plants with normal mature leaves but com-
promised younger leaves (Chi et al., 2008;
Chateigner-Boutin et al., 2011). Moreover,
the sets of mRNAs that are bound by
CSP41 complexes or which are transcribed
by the PEP overlap. Therefore, it can
be concluded that in young leaves suffi-
cient transcripts are synthesized by PEP
such that the function of CSP41 com-
plexes is not required. In older leaves, how-
ever, chloroplast gene expression can only
be maintained by transcript stabilization
through CSP41 complexes. In line with
this, it has been described that the stabil-
ity of chloroplast transcripts increases with
the leaf age (Klaff and Gruissem, 1991).
In fact, the post-translational modifica-
tion of CSP41 proteins could represent a
development-dependent regulatory mech-
anism by which the function of CSP41 is
controlled.

In the light with highest activity of
the chloroplast translational machinery
the CSP41 proteins fail to form signif-
icant amounts of HMW complexes. On
the contrary, darkness induces formation
of HMW CSP41 complexes that are sen-
sitive to treatment with RNase (Qi et al.,
2012). This, together with the assump-
tion that increased polysomal association
of transcripts serves to stabilize them in
the light (Qi et al., 2012), is the basis
for our working model for the mecha-
nism by which CSP41 complexes stabilize
mRNAs in the dark (Figurel). In this
model, CSP41 proteins bind in the dark
to non-translated mRNAs and rRNA pre-
cursors (which are not incorporated in
ribosomes) to protect them against degra-
dation. As soon as translation is activated
in the light, this would allow the rapid
initiation of translation and elongation
from these stabilized transcripts, as well

as de-novo assembly of ribosomes. In the
mutants that lack CSP41 complexes, un-
translated target mRNAs and precursors
of rRNAs are prone to increased degrada-
tion. A role of the chloroplast redox state in
the regulation of the association of CSP41
proteins with their RNA targets in the
dark (and their light-induced dissociation)
became evident when studying a photo-
synthetic mutant line with a more oxidized
redox state of the stroma (Qi et al., 2012):
here, HMW CSP41complexes can persist
also in the light.

CONCLUSIONS

The key to understand the multiple func-
tions of CSP41 proteins probably lies in
their abundance. Actually, CSP41 proteins
are the most abundant RNA-binding pro-
teins in the chloroplast stroma. Their func-
tion becomes critical in mature leaves
when transcripts produced by PEP might
become limiting and need to be stabilized
and protected. Therefore, lack of CSP41
proteins decreases transcripts for photo-
synthetic proteins and of some ribosomal
RNAs, which in turn, appears to result in
pleiotropic effects due to a decrease in the
translational activity of chloroplasts.
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Plant cotyledons are a tissue that is particularly active in plastid gene expression
in order to develop functional chloroplasts from pro-plastids, the plastid precursor
stage in plant embryos. Cotyledons, therefore, represent a material being ideal for
the study of composition, function and regulation of protein complexes involved in
plastid gene expression. Here, we present a pilot study that uses heparin-Sepharose
and phospho-cellulose chromatography in combination with isoelectric focussing and
denaturing SDS gel electrophoresis (two-dimensional gel electrophoresis) for investigating
the nucleic acids binding sub-proteome of mustard chloroplasts purified from cotyledons.
We describe the technical requirements for a highly resolved biochemical purification
of several hundreds of protein spots obtained from such samples. Subsequent mass
spectrometry of peptides isolated out of cut spots that had been treated with trypsin
identified 58 different proteins within 180 distinct spots. Our analyses indicate a high
enrichment of proteins involved in transcription and translation and, in addition, the
presence of massive post-translational modification of this plastid protein sub-fraction.
The study provides an extended catalog of plastid proteins from mustard being involved in
gene expression and its regulation and describes a suitable purification strategy for further
analysis of low abundant gene expression related proteins.

Keywords: Sinapis alba, cotyledon, chloroplast, nucleic acids binding protein, post-translational modification,

mass spectrometry

INTRODUCTION

Plant chloroplasts are semiautonomous cell organelles of
endosymbiotic origin that emerged from a cyanobacteria-like
ancestor (Lopez-Juez and Pyke, 2005). One evolutionary remnant
of this origin is their own genome (called plastome) compris-
ing 100-120 genes and a pre-dominantly bacteria-like gene-
expression machinery being essential for its proper expression.
The plastome gene set in vascular plants is highly conserved and
encodes mainly proteins with a function in photosynthesis and
the gene expression machinery (Sugiura, 1992). However, for full
functionality plastids require the import of many proteins that
are encoded by the nuclear compartment since during evolution
the endosymbiotic ancestor lost most of its genes to the nucleus
of the host cell via horizontal gene transfer (Martin et al., 2002;
Stoebe and Maier, 2002). These nuclear-encoded plastid proteins
are translated in the cytoplasm as precursor molecules that are
subsequently imported into plastids with the help of N-terminal
transit peptides directing them to their correct sub-compartment
(Soll and Schleiff, 2004). After removal of the transit peptide the

mature proteins are then assembled into their final configura-
tion together with the plastid-expressed proteins and, therefore,
all major multi-subunit complexes (such as photosystems, ribo-
somes, or metabolic enzyme complexes) represent a patchwork of
nuclear as well as plastid expressed proteins (Allen et al., 2011).
Based on the prediction of transit peptides and genome-scale
proteomics it was estimated that plastids may contain around
1500-4000 different proteins (Abdallah et al., 2000; Baerenfaller
et al.,, 2008; Ferro et al., 2010; van Wijk and Baginsky, 2011).
Reference proteomes generated for maize and Arabidopsis cover
1564 and 1559 proteins, respectively, so far (Huang et al., 2013)
indicating that a large part of the predicted plastid proteome
has yet not been detected. This might be caused by the fact
that plastids from different tissues (for instance roots, cotyledons,
leaves, flowers, and fruits) likely contain different protein compo-
sitions, but also from the fact that especially regulatory proteins
are present in only trace amounts that are difficult to detect in a
matrix of highly abundant proteins, e.g., from the photosynthetic
apparatus (Huang et al., 2013). Further complexity in the plastid
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protein complement may derive from the occurrence of multiple
post-translational modifications that are essential for regulatory
events.

Cotyledons display a high activity in plastid transcription and
translation being essential for the light-induced development of
chloroplasts out of the embryonic pro-plastids (Baumgartner
etal., 1989, 1993). Thus, the proteome of cotyledon plastids com-
prises a high amount of proteins implicated in gene expression
providing a useful source material for the characterization of
the nucleic acids binding proteome. The chloroplast proteome of
the dicotyledonous model organism Arabidopsis thaliana is well
studied in adult leaves, however, an analysis of that of cotyle-
dons is lacking mainly because the small size of the cotyledons is
not very suitable for the isolation of chloroplasts and subsequent
analyses of their proteins via chromatography. In recent investi-
gations, the fast growing cruciferous plant mustard (Sinapis alba)
demonstrated a high suitability for performing biochemical and
physiological analyses of plastid gene expression in cotyledons
since the seedlings and their cotyledons are much larger than
that of Arabidopsis (Oelmuller et al., 1986; Tiller and Link, 1993;
Pfannschmidt and Link, 1994; Link, 1996; Baginsky et al., 1997).
Isolation of cotyledons in the order of kilograms is easily achieved
after just 5 days of growth and provides enough material even
for the biochemical analysis of low-abundant proteins by chro-
matography followed by mass spectrometry. Since Sinapis is a
close relative of Arabidopsis, peptide data evaluation for the iden-
tification of mustard plastid proteins was found to be applicable
for well conserved proteins by using the A. thaliana or Brassicales
protein databases (Schroter et al., 2010; Steiner et al., 2011). Thus,
the use of mustard as a source for cotyledons combines the advan-
tages of mustard chloroplast preparation with the availability of
protein data of well studied organisms like A. thaliana or some
Brassica species.

In recent studies, proteins implicated in plastid gene expres-
sion in mustard have been isolated by a number of differ-
ent purification schemes. These include the isolation of the
membrane bound insoluble transcriptionally active chromosome
(TAC) by ultracentrifugation and gel filtration (Hallick et al.,
1976; Biilow et al., 1987; Pfalz et al., 2006) and the isolation
of soluble proteins such as RNA polymerases, kinases, RNA
binding proteins and sigma factors by various chromatographic
steps (Tiller et al., 1991; Nickelsen and Link, 1993; Tiller and
Link, 1993; Pfannschmidt and Link, 1994; Liere and Link, 1995;
Baginsky et al., 1999). Recently, we applied the purification
scheme of plastid isolation followed by protein enrichment via
heparin-Sepharose (HS) chromatography and visualization by
two-dimensional (2D) blue native (BN)-PAGE to isolate protein
complexes such as the RNA polymerase complex as well as a
number of gene expression related proteins (Schroter et al., 20105
Steiner et al., 2011). However, these HS purified fractions still
included a number of metabolic enzymes which exacerbate the
analysis of the nucleic acids binding sub-proteome as they tend
to cover low abundant proteins or even hinder their visualization
and identification. Here, we present a pilot characterization of the
nucleic acids binding sub-proteome of chloroplasts from mustard
cotyledons. To this end we used HS chromatography followed by a
second chromatographic step with phosphocellulose (PC) which

was shown to be very effective for isolating nucleic acids bind-
ing enzymes like RNA polymerases (Bottomley et al., 1970; Tiller
and Link, 1993). This was followed by isoelectric focussing (IF)
and 2D gel electrophoresis that allowed us to estimate the size
of the nucleic acids binding sub-proteome and the ideal IF range
for its visualization and protein determination using mass spec-
trometry. The use of 2D gel electrophoresis also revealed massive
post-translational modifications of the sub-proteome.

RESULTS

ENRICHMENT OF NUCLEIC ACIDS BINDING PROTEINS FROM
MUSTARD CHLOROPLASTS

In previous studies we analyzed gene expression related protein
complexes from isolated mustard chloroplasts using a com-
bination of HS chromatography followed by a two dimen-
sional BN/SDS polyacrylamid gel-electrophoresis (2D BN-PAGE)
and electro-spray ionization-tandem mass spectrometry (ESI-
MS/MS). Besides the plastid-encoded RNA polymerase, various
CSP41 complexes and translation related proteins, we identified
several metabolic enzyme complexes such as GAP-dehydrogenase,
ATPases, or RubisCO that co-purify in this affinity chromatog-
raphy. These abundant proteins exacerbated the identification of
further low-abundant proteins (Schroter et al., 2010; Steiner et al.,
2011). In addition, these studies were focussed on the analysis of
large native protein complexes using a BN-PAGE approach. This
limited the characterization of gene expression related proteins
that may occur in small complexes or as individual proteins. In
this study, we aimed a deeper investigation of the size, compo-
sition and complexity of the nucleic acids binding subproteome
of mustard chloroplasts. To this end, we performed chloroplast
isolation and HS chromatography from mustard cotyledons pre-
cisely as described before (Schroter et al., 2010). Bound proteins
were eluted with a high-salt step, concentrated by dialysis and, for
further enrichment of gene expression related proteins, applied
to a cation exchange column with PC as matrix as described ear-
lier (see above). Proteins were eluted by a second high-salt step
and dialyzed against a low-salt storage buffer for analysis and
further use (see Materials and Methods). A first comparison of
peak fractions with equal protein amounts of both purification
steps was done by SDS-PAGE and silver staining (Figure 1A).
The PC fraction exhibited a selective enrichment of many protein
bands between 5 and 75kDa and a strong exclusion of proteins
larger than 75-80 kDa. For a more detailed resolution of this pro-
tein fraction, we performed 2D gel electrophoresis with an IF as
first dimension followed by a SDS-PAGE (Figures 1B,C) as sec-
ond dimension. Using IPG stripes with a non-linear (NL) pH
range from 3 to 11 for the IF and a gradient polyacrylamide
gel, we could obtain an overview of the total protein content
leading to the identification of around 600 individual spots.
We observed two major areas where multiple proteins accumu-
lated on the gel which were located between approximately pH
4.5-7 and pH 9-11. Because of the non-linearity of the IF gra-
dient, proteins at the outer ranges of the IF stripe were poorly
resolved which became mainly evident at the basic pH values.
Therefore, linear IPG gels were used in addition, overlapping with
the first one between pH 3-10 and pH 6-11. The latter gradient
resolved the problem with spot accumulation especially observed

Frontiers in Plant Science | Plant Physiology

October 2014 | Volume 5 | Article 557 | 100


http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

Schroter et al.

Chloroplast nucleic acids binding proteins

FIGURE 1 | Overview of purification procedure and protein visualization
by 2D PAGE. (A) Protein peak fractions after HS and PC chromatography in a
silver stained 7-20% SDS polyacrylamide gel. Twenty microgram of protein
per lane was separated. Sizes of marker proteins are given in the right margin.
(B) Flow chart of the complete protein isolation and identification procedure.
Arrows indicate the purification stages separated by 1D (A) or 2D PAGE (C). (C)
Protein pattern of PC peak fractions in silver stained 7.5-20% SDS acrylamide
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gels using three different pH gradients in the first dimension. The pH gradient
used is indicated in the upper left corner of each gel and the pH range is given
in detail below each gel. Marker sizes are given in the right margin. Dotted
lines indicate the overlapping pH areas. Four hundred microgram of total
protein separated in each gel. (D) Numbering of protein spots visualized in the
2D gel with pH 3-11NL for first dimension as shown in (C). Marker sizes and
pH range are given in the margin or below the gel, respectively.

at the cathode. The higher resolution led to the identification of
further proteins leading to a total count of 1079 individual pro-
tein spots within the PC fraction which could be distinguished
between the different gels. We regard this as the nucleic acids

binding sub-proteome of mustard plastids. Our data indicate a
significant higher complexity of this specific sub-proteome as
it was estimated earlier from the HS fractions (Schroter et al.,
2010).
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IDENTIFICATION OF PROTEINS FROM THE PC FRACTION BY
LC-ESI-MS/MS
All 1079 spots were cut out and proteins were subjected to an in-
gel tryptic digest. In 153 cases, selected spots were pooled from
duplicate gels in order to increase the protein amount for the sub-
sequent measurements. Since a database from S. alba is currently
not available, protein identification was performed by compar-
ing the determined mass spectrometry data to the Brassicales and
A. thaliana databases (compare Materials and Methods). By this
means 225 proteins were reliably identified with at least two dif-
ferent peptides in 180 spots indicating that several spots contained
more than one protein. In addition, 36 particular proteins were
identified in more than one spot (up to 40 different ones) suggest-
ing post-translational modification of these proteins (Table 1).
In total, 58 different proteins were identified. In further analy-
ses, the identified gene models were checked for presence of a
plastid transit peptide using TargetP (Emanuelsson et al., 2000)
(Figure 2). Plastid-directing transit peptides could be predicted
for 36 of these proteins, ten of them exhibit an additional luminal
transit peptide and four plastid-encoded proteins were identified.
Considering a detection probability of 73% for a transit peptide,
we estimated the percentage of true plastid proteins within the PC
fraction to be around 94%. Some of the identified proteins were
found before in mustard (Pfannschmidt et al., 2000; Pfalz et al.,
2006; Schroter et al., 2010), but 36 were identified here for the first
time (Table 1).

Based on functional similarities and structural homologies,
a categorization of proteins into protein families or subgroups
was conducted (Figure 3). A practical classification mode is given
by the modified MapMan bin system (Thimm et al., 2004) of
the Plant Proteomics Data Base (PPDB) (Sun et al., 2009). In
Table 1, proteins were listed following the PPDB bin grouping
as given in column 2. For further comparison, we summarized
identified proteins into five major groups. The first group com-
prises transcription and transcript related proteins, namely sub-
units of the plastid encoded RNA polymerase (PEPs) and PEP
associated proteins (PAPs) as defined in Steiner et al. (2011),
other pTACs (pTAC proteins not belonging to the PAPs) and
RNA and DNA related proteins (bin 27 and 28, not belonging
to PAPs and pTACs). A second large group comprises transla-
tion related proteins (bin 29.2 and 29.5). Three further groups
cover proteins involved in protein homeostasis (bin 29 and 21
not belonging to PEPs and PAPs), photosynthesis (bin 1) and a
miscellaneous group called “others” including various enzymes
catalyzing metabolic reactions or protein modifications.

PEPs, PAPs, AND OTHER pTACs

We detected most subunits of the soluble PEP complex including
PAP3, PAP4, PAP5, PAP6, PAP8, PAP10, PAP11, PAPI2 as well
as the PEP core subunit RpoA (Pfalz and Pfannschmidt, 2013).
Other PEP core subunits (RpoB, RpoC1, RpoB) and PAP1, PAP2,
PAP7, and PAP9 were not identifiable in spots of these gels. Most
of the identified proteins of this group became visible as single
isolated spots in the acidic range (pH 3—6) on the gel (Figure 4)
and at their expected molecular weight. An exception was PAP6
representing the protein fructokinase-like 1 (FLN1) that con-
tains a protein domain of the pfkB-carbohydrate kinase family

(Arsova et al., 2010; Steiner et al., 2011). This protein appeared
in a chain of five spots of the same apparent molecular weight
but with slightly varying isoelectric points from which the two
strongest spots were identified as PAP6 here. This observation
suggests post-translational modification of this kinase. In addi-
tion, for PAP6 but also for PAP3 and PAP11 one or two spots
of lower molecular weight, respectively, were detected suggest-
ing a targeted degradation or proteolytic modification of these
two proteins (Figure 4). For PAP4 and PAP12 only a degradation
product was detectable, while a spot of the full length protein was
not identified.

Besides PEP and PAP proteins, we identified two proteins
described as component of the TAC in mustard, PTAC4 and
PTAC18 (Pfalz et al., 2006). PTAC4 is the vesicle-inducing pro-
tein in plastids 1 (VIPP1) which plays a crucial role in membrane
stability (Zhang et al., 2012). The PTAC18 protein belongs to
the cupin superfamily that merges proteins with a conserved f-
barrel fold, giving this type of protein a strong thermal stability.
It represents a family of very diverse members including enzymes
and seed storage proteins, but also transcription factors (Dunwell
et al., 2001). However, the exact function of pTAC18 is largely
unknown. PTAC18 was identified in spot 255 being smaller and
more in the acidic range as expected from the predicted pro-
tein representing likely a fragment. PTAC4 was identified in spots
243, 278, 280, and 295. Two hundred and seventy-eight and 280
are on the same size but with slightly different IPs suggesting
post-translational modification of the protein.

An exceptional constituent of the PC protein fraction repre-
sents the protein CSP41 that appears in two forms, CSP41a and
CSP41b. Originally described as the chloroplast stem-loop bind-
ing protein of 41 kDa (Yang et al., 1996) it has been discussed to
be involved in RNA processing and stabilization as well as in RNA
protection (Qi et al., 2012). As described for the HS fractions it
represents a dominant protein of the nucleic acids binding pro-
teome of plastids being present in multiple multimeric complexes
of highly variable sizes (Schroter et al., 2010; Qi et al., 2012).
In the PC fractions, the two forms of CSP41 appear to be espe-
cially enriched as they can be detected in 10 spots of the same
apparent molecular weight of around 34 kDa but with different
IPs (three for CSP41a and seven for CSP41b). The main accu-
mulation is visible in the middle of the gels between pH 5.5 and
7. The CSP41a spots are by far the strongest spots observed in
the whole gel followed by the spots for CSP41b. Roughly esti-
mated they account for 30-40% of the total protein content in
this fraction making a precise estimate difficult. In addition, the
proteins are detectable in 34 less stained and smaller spots of dif-
ferent sizes suggesting massive post-translational modifications as
well as multiple degradation or targeted proteolytic events acting
on both protein forms. These smaller protein spots of CSP41a/b
appear to contain not only random fragments of the proteins but
could be observed as reproducible spot pattern in all replicates of
nucleic acids binding sub-proteome preparations from mustard.

TRANSLATION ASSOCIATED PROTEINS

Numerous proteins identified in this work are directly or indi-
rectly related to translation. In total 12 ribosomal proteins of the
large 50S subunit of plastid ribosomes (PRPL) were identified,
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Table 1 | Functional categorization and characterization of proteins from the phosphocellulose fraction identified by LC-ESI-MS/MS.

Protein Spots MapMan bin Accession ATG cTP References
PEP, PAPs, pTACs
Chloroplast RNA steem-loop binding 8 27.3.99 15229384 AT3G63140 cTP 0.983 RC 1 Pfannschmidt
protein 41a (CSP41a) etal., 2000
Chloroplast RNA steem-loop binding 40 27 15217485 AT1G09340 - Schréter et al.,
protein 41b (CSP41b) 2010
Fructokinase-like 1 (FLN1T) 3 29.4.1 15232415 AT3G54090 cTP 0.624 RC 3 Pfalz et al., 2006
Iron superoxide dismutase 3 (FSD3) 1 216 15237281 AT5G23310 cTP 0.945 RC 2 Pfannschmidt

et al., 2000
Plastid encoded RNA polymerase 2 272 7525065 AtCg00740 - Pfannschmidt
alpha (RpoA) et al., 2000
Plastid transcriptionally active 4 29.3.3 18408237 AT1G65260 cTP 0.965 RC 1 Pfalz et al., 2006
chromosome 4 (pTAC4)
Plastid transcriptionally active 1 28.3 79318316 AT1G21600 c¢TP 0.802 RC 2 Pfalz et al., 2006
chromosome 6 (pTACB)
Plastid transcriptionally active 1 35.2 334187898 AT5G24314 cTP 0.899 RC 2 Pfalz et al., 2006
chromosome 7 (pTAC7)
Plastid transcriptionally active 3 28.3 297816052 - cTP 0.791 RC 3 Pfalz et al., 2006
chromosome 10 (pTAC10)
Plastid transcriptionally active 1 28.3 30686151 AT2G34640 cTP 0.563 RC 4 Pfalz et al., 2006
chromosome 12 (pTAC12)
Plastid transcriptionally active 1 35.2 15225202 AT2G32180 cTP 0.712 RC 4 Pfalz et al., 2006
chromosome 18 (pTAC18)
Thioredoxin z (TRX z) 1 211 15230779 AT3G06730 cTP 0.858 RC 3 Pfalz et al., 2006
UDP-N-acetylmuamoylalanyl-d- 3 28.3 240254313 AT1G63680 cTP 0.695 RC 3 Pfalz et al., 2006
glutamate-2,6-diaminopimelate ligase
(MurE)
TRANSLATION
Alpha-nascent polypeptide associated 1 29.2.4 15230476 AT3G12390 - This work
complex like protein 1 (Alpha-NAC-like
protein 1)
Alpha-nascent polypeptide associated 1 29.2.4 240256288 AT5G13850 - This work
complex like protein 3 (Alpha-NAC-like
protein 3)
Cytosolic ribosomal protein L11 1 29.2.1.2.2.11 79595462 AT2G42740 - This work
(CRPL11)
Cytosolic ribosomal protein L22-2 2 29.2.1.2.2.22 145331980 AT3G05560 - This work
(CRPL22-2)
Elongation factor 1-alpha4 (EF1-alpha4) 1 29.2.4 186532608 AT5G60390 - This work
Elongation factor tu (EFtu) 1 29.2.4 15237059 AT4G20360 cTP 0.975 RC 1 Pfalz et al., 2006
Eukaryotic translation initiation factor 1 29.2.3 334188030 AT5G35680 - This work
1A (elF1A)
Eukaryotic translation initiation factor 2 29.5.11.20 15225611 AT2G39990 c¢TP 0.797 RC 2 This work
3 (elF3)
Plastid ribosomal protein L1 (PRPL1) 21 29.2.1.1.1.21 15229443 AT3G63490 cTP 0.937 RC 1 This work
Plastid ribosomal protein L4 (PRPL4) 12 29.2.1.1.1.2.4 79317147 AT1G07320 cTP 0.826 RC 2 This work
Plastid ribosomal protein L5 (PRPL5) 1 29.2.1.1.1.2.5 15234136 AT4G01310 cTP 0.828 RC 3 This work
Plastid ribosomal protein L6 (PRPL6) 17 29.2.1.1.1.2.6 15220443 AT1G05190 cTP 0.495 RC5 Schroter et al.,

2010
Plastid ribosomal protein L10 6 29.2.1.1.1.2.10 15240644 AT5G13510 cTP 0.887 RC 2 This work
(PRPL10)
Plastid ribosomal protein L12-1 2 29.2.1.1.1.2.12 15232274 AT3G27830 cTP 0.941 RC 1 Pfalz et al., 2006
(PRPL12-1)
Plastid ribosomal protein L12-3 2 29.2.1.1.1.2.12 15232276 AT3G27850 cTP 0.955 RC 1 This work
(PRPL12-3)

(Continued)
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Table 1| Continued

Protein Spots MapMan bin Accession ATG cTP References

Plastid ribosomal protein L14 1 29.2.1.1.1.2 297848252 - - This work

(PRPL14)

Plastid ribosomal protein L15 2 29.2.1.1.1.2.15 15230931 AT3G25920 cTP 0.866 RC 2 This work

(PRPL15)

Plastid ribosomal protein L18 1 29.2.1.1.1.2.18 15221153 AT1G48350 cTP 0.863 RC 2 This work

(PRPL18)

Plastid ribosomal protein L21 2 29.2.1.1.1.2.21 15219695 AT1G35680 cTP 0.981 RC 1 This work

(PRPL21)

Plastid ribosomal protein L24 2 29.2.1.1.1.2.24 30696487 AT5G54600 cTP 0.920 RC 2 This work

(PRPL24)

Plastid ribosomal protein L29 1 29.2.1.1.1.2.29 257717595 - cTP 0.924 RC 2 Pfalz et al., 2006

(PRPL29)

Plastid ribosomal protein S5 (PRPS5) 14 29.2.1.1.1.1.5 15226167 AT2G33800 cTP 0.929 RC 1 This work

Translation initiation factor 2 (IF2) 7 29.2.3 15220055 AT1G17220 cTP 0.537 RC 3 This work

Translation initiation factor 3 (IF3) 2 29.2.3 18417644 AT4G30690 cTP 0.782 RC 2 This work

tRNA/FRNA methyltransferase (SpoU) 3 29.2.7 30680811 AT2G19870 - This work

PROTEIN HOMEOSTASIS

Chloroplast heat shock cognate 1 29.6 15240578 AT5G49910 cTP 0.993 RC 1 This work

protein 70-2 (cpHSC70-2)

Protein disulfide isomerase like 2-1 2 211 145331431 AT2G47470 - This work

(PDlI-like 2-1)

T-complex protein 1/chaperonin60 4 29.6 15242093 AT5G20890 - This work

family protein (TCP1/cpn60)

PHOTOSYNTHESIS

ATPsynthase alpha 1 1.1.4 7525018 AtCg00120 - Schroter et al.,
2010

ATPsynthase beta 3 1.1.4 7525040 AtCg004380 - Schroter et al.,
2010

Rieske Cluster 2 1.1.3 30679426 AT4G03280 cTP 0.652 RC 3 This work

RubisCO activase 2 1.3.13 30687999 AT2G39730 cTP 0.888 RC 1 This work

OTHERS

Acetyl-coenzyme A carboxylase 1 1111 30687368 AT2G38040 cTP 0.927 RC 2 This work

carboxyl transferase subunit alpha

(CAC3)

Actin 1 311 79324605 AT2G37620 - This work

Cruciferin 3 (CRU3) 2 33.1 15235321 AT4G28520 - This work

Cystein synthase 1 13.1.5.3.1 334184908 AT2G43750 cTP 0.938 RC 1 This work

Fatty acid biosynthesis z (FabZ) 2 11.1.5 72255615 - cTP 0.872 RC 2 This work

Malate dehydrogenase (MDH) 3 8.2.99 15232820 AT3G47520 cTP 0.911 RC 1 This work

Malate synthase (MLS) 4 6.2 334187411 AT5G03860 - This work

Multi-functional protein 2 (MFP2) 5 11.9.4.9 15231317 AT3G06860 - Schroter et al.,
2010

Myrosinase 1 16.5.1 127734 - This work

Phosphoserine aminotransferase 4 13.1.5.1.2 15237069 AT4G35630 cTP 0.938 RC 1 This work

(PSAT)

Pyrroline-5-carboxylate reductase 3 13.2.2.3 145334418 AT5G 14800 - This work

(P5CR)

Serine hydroxymethyltransferase 1 8 25.1 15235745 AT4G37930 - Schroter et al.,

(SHMT 1) 2010

Serine hydroxymethyltransferase 2 8 25.1 30690404 AT5G26780 - Schroter et al.,

(SHMT 2) 2010

Identified proteins are named in the first column according to the annotation of the respective gene at NCBI. They are grouped into different classes written bold at

the beginning of each group as defined in results. Proteins within each group are sorted alphabetically. Spots: number of the spots containing the respective protein.

MapMan bin: classification groups for proteins according to the modified MapMan system of the plant proteome database (ppdb) [(http.//ppdb.tc.cornell.edu/
dbsearch/mapman.aspx) ©Klaas J. van Wijk Lab, Cornell University; Sun et al., 2009] based on the MapManBins of Thimm et al. (2004); Accession: gi identification
number and At gene accession number,; cTP: possibility of a plastid transit peptide and the respective reliability class (RC); References: first identification of the

protein in mustard by mass spectrometry.
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FIGURE 2 | Numbers of total, analyzed, and identified spots of the PC
peak fractions. Proteins separated in the 2D gels shown in Figure 1C are
given in yellow boxes at the top. Protein groups corresponding to Table 1
are displayed below in colored boxes. At the left side of each box the
number of putative plastid proteins per bin being either plastid encoded or
for which a plastid transit peptide was predicted is given. At the right side
proteins without these properties are given.

namely PRPL1, -4, -5, -6, -10, -12, -14, -15, -18, -21,-24, -29.
The solely identified protein of the small 30S ribosomal sub-
unit (PRPS) is PRPS5. We also identified two ribosomal subunits
that belong to the large subunit of the cytosolic 80S ribosomes
(CRPL), CRPLI11 and -22-2. S. alba proteins of PRPL12-1 and
PRPL29 were formerly identified by Pfalz et al. (2006) and PRPL6
by Schroter et al. (2010). The remaining ribosomal proteins listed
in Table 1 are identified in mustard plastid protein samples here
for the first time.

Beside the ribosomal subunits a number of translation initia-
tion factors (IF) were present in the fractions and were detected
here for the first time in S. alba. Except of eIF1A (a subunit of the
cytosolic translation initiation complex) all of them contain a pre-
dicted plastid transit peptide. This accounts also to eIF3 which is
known as a subunit of a eukaryotic IF (eIF). IF2 and IF3 represent
plastid translation IF while elongation factors (EF) EF-Tu and
the eukaryotic EFlalpha4 are involved in translation elongation.
eIF1A, EF-Tu, and EF1-alpha4 appear as single spots while the
others were found in several spots suggesting post-translational
modifications here, too.

Furthermore, we identified a SpoU methylase that belongs to
the class of SPOUT enzymes and introduces a methylation of
2'-OH groups of tRNA or rRNA riboses (Cavaillé et al., 1999;
Tkaczuk et al., 2007), and two proteins that are subunits of

A HS fraction
PEP, PAPs, pTACs

Others
28% 24%
Translation
7%
Potein
Photosynthesis homeostasis
28% 13%

B PC fraction

Others PEP, PAPs, pTACs
22% 23%
Photosynthesis
7%
Potein
homeostasis
5% Translation

43%

C PC plastid proteins

Others
13%

PEP, PAPs, pTACs

Photosynthesis 30%
10%
Potein
homeostasis
2%
Translation
45%

FIGURE 3 | Overview and comparison of the protein content in HS and
PC fractions. (A) Distribution of the identified proteins of the HS fractions
analyzed in Schroter et al. (2010) and classification into groups in correlation
to the recent work. (B) Percentage of identified proteins of PC peak
fractions analyzed in this work and classified into groups as shown in

Table 1. (C) Distribution of solely the plastid proteins of the recent PC
fractions to functional groups according to Table 1 but with an aggregation
of “PEPs and PAPs"” with “Other pTACs"” and a part of “DNA and RNA" to
one bin “Transcription.”

the nascent polypeptide associated complex (NAC). This dimeric
complex is composed of an alpha- and beta-chain and may
reversibly bind to ribosomes (Wiedmann et al., 1994). The alpha-
NAC-like proteins identified during this work are encoded by
different genes in Arabidopsis but exhibit a strong similarity
within their amino acid sequence. The a-NAC like protein 1 and
3 were determined in the same two spots on the gels representing
double spots.

PROTEINS INVOLVED IN PROTEIN HOMEOSTASIS, PHOTOSYNTHESIS,
AND METABOLISM

We identified the chloroplast heat shock cognate protein 70-2
(cpHsc70-2) which is the analog of one of only two stromal
Hsp70s in A. thaliana plastids (Su and Li, 2008). In addition, we
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FIGURE 4 | Essential polymerase-associated proteins (PAPs) of the
soluble PEP complex. Positions of PAPs in the 2D gel after isoelectric
focussing of the PC fraction on a pH 3-11NL and pH 6-11 gradient. Spot
identity is given at the right margin. Fragments are additionally indicated by
an asterisk. Marker sizes and pH range are given at right margin and above
or below the gel, respectively. The gel is silverstained.

found a TCP-1/cpn60 family chaperonin and a protein disulfide
isomerase like 2-1 (PDIL 2-1) belonging to the thioredoxin super-
family and acting as folding catalyst. All proteins are identified in
mustard fractions here for the first time and likely function in
protein stability or formation. The correct folding of proteins is
the last but essential step of gene expression.

The group of photosynthesis related proteins contains four
proteins. The alpha and beta subunits of the plastid ATP syn-
thase were formerly identified in S. alba (Schroter et al., 2010).
Another ATPase, the RubisCO activase and the Rieske cluster of
the cytochrome b6/f complex were detected here first by mass
spectrometry in the mustard plastid proteome. These proteins are
most likely not involved in gene expression but co-purify in the
column chromatography because of their substrate affinities. This
is also true for the group of the miscellaneous proteins includ-
ing the malate dehydrogenases (MDH) and the malate synthase
(MLS), both identified in several spots.

Proteins involved in fatty acid metabolism were identified
as well. These include acetyl-coenzyme A carboxylase carboxyl
transferase subunit alpha (CAC3) and FabZ, a beta-hydroxyacyl-
acyl carrierprotein (ACP) dehydratase. An earlier study on the
purification of the acetyl-CoA carboxylase multienzyme complex
also resulted in the enrichment of nucleoid-associated proteins
(Phinney and Thelen, 2005) suggesting a potential physical link
between these two larger protein associations.

A third protein found (MFP2) is involved in lipid degra-
dation. It was already identified in the HS-fractions in former
experiments (Schroter et al, 2010). We found also a cystein

synthase and phosphoserine aminotransferase (PSAT) as well as a
pyrroline-5-carboxylate reductase (P5CR) known to be essential
for amino acid metabolism and a serine hydroxymethyltrans-
ferase (SHMT) being essential for photorespiration. The mustard
protein in the PC fractions matches to mitochondrial SHMT1
and 2 peptides of several Brassicales. The exact affiliation to one
of these SHMTs remains unclear since the matching peptides fit
to both proteins (Table 1). The PC fractions contain also the
myrosinase MB3 (involved in glucosinolate degradation) and a
cruciferin fitting best to A. thaliana CRU3 (Table 1). Finally, also
actin was detected in one spot, although mustard peptides of PC
fractions match to different actin types of different Brassicales.

DISCUSSION

THE PLASTID NUCLEIC ACIDS BINDING PROTEOME OF MUSTARD

Goal of our study was the establishment of a purification scheme
allowing the estimation of size and composition of the plas-
tid nucleic acids binding sub-proteome from mustard. By using
HS and PC chromatography coupled to IF and SDS-PAGE we
could reproducibly isolate 1079 protein spots from which we
could identify 180 protein spots by mass spectrometry. However,
to our surprise these 180 protein spots were found to represent
just 58 individual proteins indicating a high degree of post-
translational modification of this specific sub-proteome which
in part might be caused by differential phosphorylation (Reiland
et al., 2009, 2011). Since we used NaF as phosphatase inhibitor
in all preparation steps, the differential phosphorylation states of
the analyzed proteins should be well conserved. In contrast, dif-
ferent redox states of thiol groups were not maintained during
our purification procedure since reducing agents were included
in all steps. Detection of a differential redox state in these frac-
tions will require more specific methods such as redox difference
gel electrophoresis (redox-DIGE) (Hurd et al., 2007, 2009). We
also observed numerous smaller fragments from several proteins
indicating degradation events. These, however, were not random
as the spot pattern was reproducible between different prepa-
rations suggesting that it is not caused by action of proteases
during purification, but by targeted events in the chloroplast.
Whether these products represent intermediate steps of protein
degradation or whether these fragments perform distinct func-
tions remains to be determined. In summary, this high degree
of post-translational modification indicates that the size of the
sub-proteome is certainly smaller than the 1079 spots detected. If
we assume a similar percentage of individual proteins as within
the identified spots (32.2%) for the complete fraction then we
estimate 347 proteins for the total nucleic acids binding sub-
proteome. Since we identified a number of co-purifying proteins
involved in metabolic processes (29.3%), we had to reduce this
number to 236 proteins. However, our mass spectrometry deter-
mination has a certain bias since we could detect only the frac-
tion of sufficiently abundant proteins which likely is enriched
in metabolic enzymes. In addition, a significant part of post-
translational modification detected in our fractions is focussed
on only two proteins, CSP41a and b which partly compromise
our estimate. Without these two proteins, we estimate 314 pro-
teins for the chloroplast nucleic acids binding sub-proteome. This
appears a reasonable number taking into account the proteins
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that are already known to be involved in the regulation of plastid
gene expression such as NEP, PEP, PAPs, pTACs, PPRs, ribosomal
proteins and so on. It, however, leaves still some space for the dis-
covery of as yet unidentified regulators that might appear only in
trace amounts such as eukaryotic transcription factors (Wagner
and Pfannschmidt, 2006).

SPECIFIC FEATURES OF THE PROTEIN FRACTION AFTER PC
CHROMATOGRAPHY

PC chromatography is a well established purification step for
nucleic acids binding proteins from chloroplasts (Bottomley et al.,
1970; Tiller and Link, 1993). Crucial for the quality of these frac-
tions, however, are a thorough chloroplast preparation via sucrose
gradient centrifugation and a pre-purification step of the chloro-
plast lysate using HS chromatography. In comparison to results
from earlier work using just HS fractions (Schroter et al., 2010)
we observed a high enrichment of translation associated proteins
and especially of CSP41 proteins. Co-purification of metabolic
enzymes as well as components from other cell compartments
was clearly reduced. We obtained a good coverage of the subunits
for the plastid RNA polymerase complex PEP; however, surpris-
ingly the larger subunits of this complex were not detectable. We
observed a significant reduction of proteins above 80 kDa in size
within the PC fractions (Figure 1), however, this might be not the
reason for the failure of detection since all other components of
the complex were identified in the fractions and especially RpoC2
and RpoB are known to bind DNA/RNA. Since these large sub-
units are highly conserved and have been successfully detected
earlier in HS fractions (Steiner et al., 2011) it is likely that they
are not well separated on the IEF. Further analyses using addi-
tional enrichment methodologies before the IEF step such as
size-exclusion chromatography might help to target this problem
in the future.

The largest amount of all identified proteins in the PC frac-
tions is dedicated to translational processes with 43% of all
proteins (Figure 3C). The 50S subunit of plastid ribosomes con-
tains 33 subunits with 31 orthologs to Escherichia coli and the
two plastid specific subunits PRPL5 and PRPL6 (Yamaguchi and
Subramanian, 2000). The 30S subunit is composed of 21 E. coli
orthologs and four plastid specific proteins with no homologs
in other ribosomes (Yamaguchi et al., 2000). Most ribosomal
proteins have contact to RNA in various ways, either they are
structural components or directly involved in the translational
process. Thus, ribosomal proteins contain nucleic acids bind-
ing structures which adhere to the used column materials and
represent one main component of the nucleic acids binding sub-
proteome of plastids. On the 2D-gels most of them accumulate
at the higher pH-ranges and the use of the basic IPG-gels of pH
6-11 led to a good resolution of this group of proteins. The iden-
tification of 80S ribosomal proteins in plastid fractions is likely
caused by the co-purification of particles attached to the outer
chloroplast membrane, like known for tonoplast membrane frag-
ments (Schroter et al., 2010). The main regulation of translation
occurs at the level of initiation which is performed by initia-
tion factors (IF). In eukaryotes this process is assured via 12
elFs comprised by 23 polypeptides, whereas in prokaryotes three
IFs are sufficient (Kapp and Lorsch, 2004). In plastids orthologs

for all bacteria-type translation factors can be found, but the
translational complex contains additional proteins not present in
bacteria (Beligni et al., 2004). Three of the four IFs identified in
this study contain a cTP although only IF2 and IF3 are plastid IFs
with a prokaryotic origin. The third one, eIF3f, is a subunit of the
elF3 and is important for the basic cell growth and development
and influences the expression of about 3000 genes in A. thaliana
also in interaction with two other eIF3 subunits (Xia et al., 2010).
ChloroP predicts a plastid transit peptide of 40 amino acids for
elF3f of A. thaliana and it was previously also identified in frac-
tions enriched in plastid nucleoids (Huang et al., 2013). Thus, it
seems to be a true plastid protein and not a co-purification of the
cytosolic translational apparatus. However, it might be also possi-
ble that this protein possesses a dual localization both in nucleus
and plastids contributing to the coordination of gene expression
between the two genetic compartments as proposed for other
plant cell proteins (Krause and Krupinska, 2009). The elucidation
of the precise role of elF3f in plastids and whether it is involved
in the regulation of plastid gene expression will be an interesting
field of future research.

The dominant proteins in the PC fractions are the two proteins
named CSP41a and CSP41b (Yang et al., 1996; Yang and Stern,
1997). CSP41a and b were also detected in isolates of the PEP-
complex as one of the most abundant component (Pfannschmidt
et al., 2000; Suzuki et al., 2004; Schréter et al., 2010) but they
appear not to belong to the PAPs but co-purify with these frac-
tions because of the enormous size of their largest conglomerates
(Peltier et al., 2006; Schroter et al., 2010; Qi et al., 2012). Here,
we identified CSP41a in 8 and CSP41b in 40 spots of diverse sizes
and isoelectric points. Thereby, both form a defined spot pattern
which was congruent in most replicates of the 2D-gels prepared
for this work. This suggests that not only a multimerization of
CSP41a/b occurs but maybe also an integration of defined frag-
ment species of the proteins that might be important for specific
functions. In addition to targeted fragmentation, the spot pattern
after 2D SDS-PAGE suggests also a strong post-translational mod-
ification of the two proteins. Indeed, phosphorylation and lysine
acetylation have been reported for the corresponding Arabidopsis
proteins (Reiland et al., 2009, 2011; Finkemeier et al., 2011).
The spot pattern as well as the positions of the two proteins in
the 2d-gels is highly reminiscent to those recently reported for
Arabidopsis (Qi et al., 2012). The only difference occurs in the
number of identified spots which were 6 Csp41la and 5 Csp41b in
Arabidopsis while in mustard we observed 3 Csp41la and 7 Csp41b
variants (besides the fragmented versions) (Figure 5). This sug-
gests the action of at least some species-specific modifications of
the proteins.

CONCLUSION

Here, we describe the technical requirements for a highly resolved
biochemical purification of several hundreds of protein spots
representing the nucleic acids binding sub-proteome of plastids.
Our analyses indicate a high enrichment of proteins involved
in transcription and translation and, in addition, the presence
of massive post-translational modification of this plastid pro-
tein sub-fraction. Furthermore, our study provides an extended
catalog of plastid proteins from mustard being involved in gene
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FIGURE 5 | Distribution of CSP41a and b spots in the pH 3-11 NL
2D-gel. CSP41a is drawn in yellow and CSP41b in orange. Marker sizes and
pH range are given right beside and above the silver stained gel,
respectively.

expression and its regulation and describes a suitable purification
strategy for further analysis of low abundant gene expression
related proteins.

MATERIALS AND METHODS

PLANT GROWTH AND ISOLATION OF PLASTIDS

Mustard seedlings (Sinapis alba L., var. Albatros) were culti-
vated under permanent white light illumination at 20°C and
60% humidity. Cotyledons were harvested under the respective
light and stored on ice before homogenization in ice-cold isola-
tion buffer in a Waring Blender and filtering through muslin and
nylon. Chloroplast isolation by differential centrifugation and
sucrose gradient centrifugation in a gradient between 30 and 55%
sucrose was conducted as described earlier (Schroter et al., 2010).

ISOLATION OF NUCLEIC ACIDS BINDING PROTEINS BY HS- AND
PC-CHROMATOGRAPHY

Lysis of plastids and the chromatography at HS CL-6B was
performed according to (Tiller and Link, 1993; Steiner et al.,
2009). Proteins were washed, eluted with 1.2M (NHy),SO04
and the peak fractions detected via protein quantification assays
(RC DC™, Bio-Rad Laboratories, Inc., Hercules, CA, USA)
(Schroter et al., 2010). For PC chromatography pooled HS
peak fractions were diluted to 10% (v/v) glycerol with dilu-
tion buffer [50 mM Tris/HCI, pH 7.6, 0.1 mM EDTA, 0.1% (v/v)
TritonX-100, 10 mM sodium fluoride, 62.5mM (NH4),SOy4,
6 mM 2-mercaptoethanol]. Activation and equilibration of PC
(cellulose phosphate ion-exchanger P11, Whatman™ GE health-
care UK Limited, Little Chalfont, UK) to pH 7.6 occurred fol-
lowing the distributor’s instructions. Diluted HS proteins were
applied to disposable PD-10 columns (Amersham™ GE health-
care UK Limited, Little Chalfont, UK) filled with activated PC,
closed carefully and rotated gently for 60 min at 4°C. After fix-
ing the column on a stand and washing with washing buffer
[50mM Tris/HCl, pH 7.6, 0.1 mM EDTA, 0.1% (v/v) TritonX-
100, 10mM sodium fluoride, 50 mM (NH,4),SO4, 5mM 2-
mercaptoethanol, 10% (v/v) glycerol] proteins were eluted in 3 ml
fractions with elution buffer [50 mM Tris/HCI, pH 7.6, 0.1 mM
EDTA, 0.1% (v/v) TritonX-100, 10 mM sodium fluoride, 1.2 M

(NH4),S04, 5mM 2-mercaptoethanol, 10% (v/v) glycerol] and
dialyzed against storage buffer [50 mM Tris/HCI, pH 7.6, 0.1 mM
EDTA, 0.1% (v/v) TritonX-100, 10 mM sodium fluoride, 50 mM
(NHy4),SO04, 5 mM 2-mercaptoethanol, 50% (v/v) glycerol]. Peak
fractions were determined by a protein quantification assay (RC
DC™, Bio-Rad Laboratories, Inc., Hercules, CA, USA), pooled
and stored at —20°C.

2D GEL ELECTROPHORESIS

For 2D gel electrophoresis an acetone precipitation of dialyzed
proteins from PC chromatography was used to remove the stor-
age buffer following manuals instruction (2-D Electrophoresis
principles and methods, 2004, GE healthcare UK Limited,
Little Chalfont, UK). For first dimension 18cm IPG-stripes
pH 3-11NL, pH 6-11, and pH3-10 were used (GE Healthcare
UK Limited, Little Chalfont, UK). IPG-stripes were rehydrated in
rehydration buffer [8 M urea, 0.5% (w/v) chaps, 0.2% (w/v) DTT,
0.5% (v/v) IPG-Buffer, 0.002% (w/v) bromophenol blue] for
about 14-16 h. An amount of 400 pg precipitated and dried pro-
tein per stripe was resolved in rehydration buffer and applicated
on the IPG-stripes as cup-loading procedure following manufac-
turer’s instructions (2-D Electrophoresis principles and methods,
2004, GE Healthcare UK Limited, Little Chalfont, UK). For
focussing of proteins the following protocol was used on IPGphor
(Amersham™ GE Healthcare UK Limited, Buckinghamshire,
UK) 6 h step and hold 150V, 3 h step and hold 300V, 6 h gradi-
ent 1200V, 3 h gradient 8000V, 3 h step and hold 8000 V. After
IF IPG-strips were equilibrated twice in equilibration solution
[50 mM Tris-HCI, ph 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v)
SDS, 0.002% (w/v) bromophenol blue] first with addition of 2%
(w/v) DTT for 15 min under gentle agitation and after removing
the first solution second with addition of 2.5% (w/v) iodac-
etamide (IAA, for alkylation of thiol groups) again for 15 min and
gently agitated as described (2-D Electrophoresis principles and
methods, 2004, GE Healthcare UK Limited, Little Chalfont, UK).
As second dimension a SDS PAGE in gradient gels of 7.5-20%
acrylamide with Rhinohide™ gel strengthener (Molecular Probes,
Inc., Eugene, OR, USA) was used following manual instructions.
Afterwards gels were stained with silver according to manu-
facturer’s instruction (Amersham™ GE Healthcare UK Limited,
Buckinghamshire, UK).

TRYPTIC DIGEST, LC/ESI-MS/MS AND DATA ANALYSIS

The spot pattern of the different gels was compared.
Matching low abundant spots were pooled (as indicated in
Supplemental Table 1) to increase the detectable protein
amount. Tryptic digest of protein spots was conducted after
destaining as referred (Mortz et al., 1994; Stauber et al., 2003).
Mass spectrometry was carried out at LCQ™-DecaXP ion trap
mass spectrometer (Thermo Finnigan, San Jose, CA, USA) using
a data-dependent scan procedure with four cyclic scan events as
described in Schroter et al. (2010). The first cycle, a full MS scan
of the mass range m/z 450-1200, was followed by three dependent
MS/MS scans of the three most abundant ions. Sample run and
data acquisition was performed using the Xcalibur™ software
(Version1.3 © Thermo Finnigan 1998-2001). Seventy-six of the
low abundant spots were measured at a Finnigan LTQ linear
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ion trap mass spectrometer (Thermo Finnigan, Thermo Fisher
Scientific Inc., Waltham, MA, USA) coupled online after a nano
HPLC Ultimate 3000 (Dionex, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) (Schmidt et al., 2006). After one full MS the
instrument was set to measure the collision induced dissociation
pattern of the four most abundant ions and exclude the measured
once for 10 s from newly measuring.

The resulting spectra were analyzed using the Proteome
Discoverer vs. 1.0 (Thermo Fisher Scientific Inc., Waltham,
MA, USA) with the implemented Sequest algorithm (Link
et al., 1999). Therefore, a database of all RefSeq (reference
sequence) sequences of A. thaliana and Arabidopsis lyrata
as well as the complete Brassica napus and Capsella rubella
and the remaining Brassicales proteins of NCBI was created
[NCBI 2012.03.19 109146 sequences: Arabidopsis RefSeq 67924
sequences (35375 A. thaliana, 32549 A. lyrata) + B. napus 10622
sequences + C. rubella 4246 sequences + other brassicales 26354
sequences]. The Proteome Discoverer Software was set to adjust
the Xcorr to reach a false discovery rate of < 1% (Veith et al,,
2009). All proteins with at least two unique peptides were taken
for further analysis.

For transit peptide prediction the web-based tools TargetP
(http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al.,
2000) was used and for prediction of the transit peptide
length the web-tool ChloroP (http://www.cbs.dtu.dk/services/
ChloroP/) (Emanuelsson et al., 1999). For further analyses iden-
tified proteins were grouped into bins according to the mod-
ified MapMan system of the plant proteome database (ppdb)
(http://ppdb.tc.cornell.edu/dbsearch/mapman.aspx) (Sun et al.,
2009) based on the MapManBins of Thimm et al. (2004)
(Supplemental Table 2).

ACKNOWLEDGMENT

This  work  was  supported by  the  Deutsche
Forschungsgemeinschaft (Grants Pf323/4, Mi373/11-1, and
Mi373/15-1).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fpls.2014.
00557/abstract

Supplemental Figure S1 | Silver stained 2D-gels of the PC fractions with
isoelectric focusing for the first dimension in pH gradients between 6-11,
3-11 NL, and 3-10 indicated in the upper left corner of each gel. The
second dimension is performed in a 7.6-20% SDS polyacrylamide gel.
Spots are marked and numbered in yellow. Marker sizes and pH range are
given right beside and below the gel, respectively.

Supplemental Table 1 | Identified peptides from the PC fraction. Spots are
listed in numerical order. Accession numbers of proteins belonging to the
same spot are listed in an order starting with the highest peptide
coverage. Spot nr., identification number of the protein containing spot on
the 2D-gels (see Supplemental Figure S1). Descriptions of depicted
proteins are given as stated in the databases (see Materials and
Methods). Coverage, coverage of the depicted proteins by the identified
peptides; calc. pl, calculated pl of the depicted proteins based on the
protein sequences in the database; MW, calculated molecular weight
based on the protein sequences in the databases; z, peptide ion charge;

lower case “m” in the peptide sequence, oxidized form of methionine;
lower case “w" oxidized form of tryptophane; lower case “c"” cystein with
carbamidomethylation; lower case “k" acetylation of lysine.

Supplemental Table 2 | Detailed characterization of proteins from the PC
fraction identified by LC-ESI-MS/MS. Identified proteins are given in the
first column according to the annotation of the respective gene at NCBI.
Proteins were sorted according to the MapMan bin numbering in the
second column representing classification groups for proteins according
to the modified MapMan system of the plant proteome database (ppdb)
[(http://ppdb.tc.cornell.edu/dbsearch/mapman.aspx) ©Klaas J. van Wijk
Lab, Cornell University (Sun et al., 2009) based on the MapManBins of
Thimm et al. (2004)]. Spots: number of spots containing the respective
protein. Spot nr: identification number of the protein containing spot on
the 2D-gels. NCBI accession: gi identification number at NCBI (The
National Center for Biotechnology Information http://www.ncbi.nlm.nih.
gov/); ATG: gene accession of the first matching Arabidopsis thaliana hit or
(if no A. thaliana protein was matching) the best matching other organism
and the respective A. thaliana gene accession determined by a
protein-protein blast at NCBI in brackets; cTP: probability of a plastid
transit peptide; MW [kDal: calculated theoretical molecular weight in
kilodalton; MW(-cTP) [kDal: calculated theoretical molecular weight
without chloroplast transit peptide (cTP) in kilodalton; MW(-ITP) [kDal:
calculated theoretical molecular weight without cTP and luminal transit
peptide (ITP) in kilodalton; PI: calculated isoelectric point; Pl (-cTP):
calculated isoelectric point without cTP; PI (-ITP): calculated isoelectric
point without cTP and ITP. The last six parameter were provided at the
related accession entry by ppdb (http://ppdb.tc.cornell.edu/dbsearch/
searchacc.aspx).
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