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Glucose-6-phosphate dehydrogenase is the rate-limiting enzyme of the
oxidative pentose-phosphate pathway (OPPP). The OPPP mainly provides
NADPH and sugar-phosphate building blocks for anabolic pathways and
is present in all eukaryotes. In plant cells, the irreversible part of the OPPP
is found in several compartments. Among the isoforms catalyzing the first
OPPP step in Arabidopsis, G6PD1 to G6PD4 target plastids (with G6PD1
being also directed to peroxisomes), whereas G6PD5 and G6PD6 operate in
the cytosol. We noticed that alternative splice forms G6PD5.4 and G6PD5.5
encode N-terminally extended proteoforms. Compared to G6PD5.1, RT-PCR
signals differed and fluorescent reporter fusions expressed in Arabidopsis
protoplasts accumulated in distinct intracellular sites. Co-expression
with organelle-specific markers revealed that the G6PD5.4 and G6PD5.5
proteoforms label different subdomains of the endoplasmic reticulum (ER),
and analysis of C-terminal roGFP fusions showed that their catalytic domains
face the cytosol. In gbpd5-1 gbpd6-2 mutant protoplasts lacking cytosolic
G6PDH activity, the ER-bound proteoforms were both active and thus able
to form homomers. Among the Arabidopsis 6-phosphogluconolactonases
(catalyzing the second OPPP step), we noticed that isoform PGL2 carries a
C-terminal CaaX motif that may be prenylated for membrane attachment.
Reporter-PGL2 fusions co-localized with G6PD5.4 in ER subdomains, which
was abolished by Cys-to-Ser exchange in the 256CSIL motif. Among the
Arabidopsis 6-phosphogluconate dehydrogenases (catalyzing the third OPPP
step), S-acylated peptides were detected for all three isoforms in a recent
palmitoylome, with dual cytosolic/peroxisomal PGD2 displaying three sites.
Co-expression of GFP-PGD2 diminished crowding of OFP-G6PD5.4 at the
ER, independent of PGL2's presence. Upon pull-down of GFP-G6PD5.4,
not only unlabeled PGD2 and PGL2 were enriched, but also enzymes that
depend on NADPH provision at the ER, indicative of physical interaction
with the OPPP enzymes. When membrane-bound G6PD5.5 and 5.4 variants
were co-expressed with KCR1 (ketoacyl-CoA reductase, involved in fatty
acid elongation), ATR1 (NADPH:cytochrome-P450 oxidoreductase), or
pulled C4H/CYP73A5 (cinnamate 4-hydroxylase) as indirectly (via ATR)
NADPH-dependent cytochrome P450 enzyme, co-localization in ER
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subdomains was observed. Thus, alternative splicing of G6PD5 can direct the
NADPH-producing OPPP reactions to the cytosolic face of the ER, where they
may operate as membrane-bound metabolon to support several important
biosynthetic pathways of plant cells.

KEYWORDS

alternative splicing, NADPH formation, endoplasmic reticulum, cytosolic G6PD
isoforms, Arabidopsis, metabolons, oxidative pentose phosphate pathway

Introduction

In the past decade, the study of metabolic pathways has
seen a revival, specifically the one of NADPH formation
by the oxidative pentose-phosphate pathway (OPPP; Stincone
et al, 2015). NADPH is a reduction equivalent needed
for anabolic biosynthesis and redox homeostasis in different
cellular compartments of all eukaryotes. Hence, the main
focus of our studies is the localization of the irreversible
OPPP reactions in plant cells, which starts with branching
from glycolysis at the level of glucose-6-phosphate by glucose-
6-phosphate dehydrogenase (G6PDH). G6PDH is active as
a dimer or tetramer and catalyzes the first OPPP step
followed by 6-phosphogluconolactonase (6PGL, which is
active as monomer), and 6-phosphogluconate dehydrogenase
(6PGDH, active as dimer). Together, they catalyze the
formation of ribulose-5-phosphate (Ru5P, important precursor
of nucleotides) and two moles of NADPH (by the two
dehydrogenases) at the expense of COy (Kruger and von
Schaewen, 2003).

Due to partial overlap with the reductive pentose-phosphate
pathway, better known as Calvin-Benson-Bassham (CBB) cycle
in photoautotrophic organisms and tissues, the irreversible
OPPP part in the cytosol is linked to the full cycle in plastids
(Schnarrenberger et al., 1995). The exchange of intermediates
occurs via the outer and inner envelope membranes, i.e.,
by porins (Duy et al, 2007) and sugar-phosphate/phosphate
antiporters, respectively (Weber et al., 2005). In the case of OPPP
metabolites, transport is mediated by outer envelope protein
OEP21 and in the inner envelope by xylulose-5-phosphate
transporter XPT (after epimerization of Ru5P to xylulose-
5-phosphate), or glucose-6-phosphate transporters GPT1 and
GPT2, with GPT1 also exchanging Ru5P for G6P (Baune et al.,
2020).

In chloroplasts, the OPPP mainly operates in the dark.
In the light, plastidial G6PDH enzymes are inactivated by
disulfide-dithiol interchange of a redox-sensitive disulfide
bridge (Scheibe, 1990; Wenderoth et al., 1997; Wendt et al.,
1999, 2000). Like the pace-making enzymes of the CBB,
plastidial G6PDH is a target of the ferredoxin-thioredoxin
(Fd/Trx) system, but inversely regulated to prevent futile cycles.
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Conversely, CBB key enzymes such as phosphoribulokinase
(PRK), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
fructose-1,6-bisphosphatase (FBPase), and sedoheptulose-1,7-
bisphosphatase (SBPase) are active in the light, but inactive in
the dark. The Calvin cycle enzymes are organized as multi-
enzyme complex (reviewed by Winkel, 2004) with the small
CP12 protein serving as a platform for PRK and GAPDH
sequestration (Wedel and Soll, 1998; Graciet et al., 2003).
Metabolic channeling has also been proposed for the two OPPP
dehydrogenases in plastids (Debnam et al., 1997); yet during
high flux, an active lactonase seems also to be needed in both
plastids and peroxisomes (i.e., plastidial/peroxisomal PGL3 and
not cytosolic/peroxisomal PGL5; Lansing et al., 2020).

The two cysteine residues that are responsible for redox
regulation of G6PDH activity in plastids were elucidated with
recombinant enzymes from potato (P1 class, Wenderoth et al,,
1997; P2 class, Wendt et al., 2000). This mechanism was later
confirmed for the Arabidopsis G6PD isoforms (Wakao and
Benning, 2005), with details for redox regulation by different
plastidial thioredoxins (Née et al., 2009). The redox switch of
Trx m2 seems to play an additional role in alternative targeting
of G6PD1 to peroxisomes, leading to cytosolic retention, which
involves the catalytically inactive but evolutionary conserved
G6PD4 isoform (Meyer et al., 2011). Actually, cytosolic retention
extends to dual plastidial/peroxisomal PGL3 that catalyzes the
2nd OPPP step: Trx m2 (retained by an as yet unknown
mechanism in the cytosol) binds as co-chaperon to plastidial
OPPP precursors in the cytosol. Upon Trx redox switch from
holdase to foldase function, alternative targeting of PGL3 (and
G6PD1) to peroxisomes is achieved (Holscher et al., 2014).
Importantly, only folded proteins are imported by peroxisomes
(reviewed in Hu et al., 2012). Dual targeting was also found for
the Arabidopsis PGD isoforms (catalyzing the 3rd OPPP step),
with PGD1 and PGD?3 found to reside in the cytosol and plastids,
and PGD2 in the cytosol and peroxisomes (Holscher et al., 2016).
Finally, the GPT1 transporter does not only target plastids, but
also the endoplasmic reticulum (ER), from where the protein
can be recruited to peroxisomes to mediate G6P-Ru5P exchange
(Baune et al., 2020).

Stress or developmental change activates glycolysis and
the OPPP, which provides NADPH for oxidative bursts at
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the plasma membrane (Pugin et al, 1997; Scharte et al,
2009). Upon post-translational activation (phosphorylation) of
reactive burst oxidase homologs (Rboh), superoxide (-O;) is
extruded into the acidic apoplast of plant cells, where it is
converted to hydrogen peroxide (H207), and may enter the
cytosol via aquaporins to initiate redox signaling (Mittler, 2017).
Of note, the glutathione pool mainly recovers via NADPH-
dependent glutathione reductase and thus also profits from
OPPP activation under stress. Moreover, besides catalase —
acting as main HO; sink in peroxisomes (Van Breusegem
et al., 2001) - H,O; can be dissipated by peroxiredoxins (Prx).
They retrieve electrons from Trx or glutaredoxins (Grx), thus
activating cognate target enzymes. These chain reactions form
the basis of redox signaling in most plant cell compartments and
show extensive crosstalk with phosphorylation cascades in the
cytosol (Dietz, 2014). In fact, phosphorylation of a conserved
threonine residue stimulates the activity of Arabidopsis cytosolic
G6PD6 and G6PD5 (Dal Santo et al,, 2012), whereas slower
responses involve sugar-sensing followed by transcriptional
upregulation of the cytosolic G6PD isoforms (Hauschild and
von Schaewen, 2003). In source leaves, sugars are retained upon
stress — mainly due to the triggered formation of callose plugs at
plasmodesmata (Scharte et al., 2009).

On top of these mechanisms, alternative splicing (AS) may
additionally contribute to the described scenarios, since it can
dramatically increase protein variation by either skipping exons
or retaining introns (Reddy, 2007). In Arabidopsis, around 61%
of the multi-exon genes are alternatively spliced under normal
growth conditions (Marquez et al., 2012). But compared to
animals, AS in plants occurs mainly during stress — with intron
retention being the most common event (Mastrangelo et al,
2012; Kornblihtt et al., 2013; Martin et al., 2021). A still unsettled
question is, to which extent alternatively spliced mRNA species
contribute to protein diversity (Chaudhary et al, 2019) -
also under normal growth conditions, and in this context —
among Arabidopsis isoforms that catalyze the irreversible OPPP
reactions. We wondered whether the possibility to generate
novel proteoforms by AS may also change the sites where
NADPH is formed, e.g., by targeting OPPP enzymes to different
subcellular locations, which has been largely neglected so far.

Here, we show that among the annotated OPPP isoforms
of A. thaliana (Kruger and von Schaewen, 2003), some may
differ at their N- or C-terminal ends. The data obtained for
G6PD5 (vs. G6PD6), PGL2, and PGD2 are based on transient
expression of fluorescent reporter fusions in Arabidopsis
mesophyll protoplasts. This allowed for co-expression with
organelle-specific markers and functionality tests using GGPDH-
deficient cells. Alternative splicing of G6PD5 (but not G6PD6)
resulted in two different, N-terminally extended membrane-
bound proteoforms. Together with PGL2 (containing a C-
terminal CaaX motif for prenylation), and palmitoylated
peptides detected for all three PGD isoforms in an Arabidopsis
palmitoylome (Kumar et al., 2020), our results demonstrate that
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the OPPP may operate as metabolon at the cytosolic face of the
ER, where several important enzyme assemblies of higher plant
primary and secondary metabolism rely on NADPH provision;
for example, the elongation of fatty acids to very long-chain
fatty acids (VLCFAs, Cy0-Cp4) as precursors of sphingolipids,
triacylglycerols, cutins, and waxes (reviewed in Haslam and
Kunst, 2013), or the biosynthesis of phenylpropanes leading
to lignin precursors or colored compounds that start with
cinnamate 4-hydroxylase (reviewed by Winkel, 2004; Jorgensen
et al.,, 2005). Besides other important plant compounds (such as
glucosinolates or thalianol in Arabidopsis), also the biosynthesis
of phytohormones may take place at the ER. In fact, indole-
3-acetic acid (IAA) can be synthesized from tryptophan in
two steps, via TAR (tryptophan aminotransferase) and YUCCA
enzymes (NADPH-dependent), with the YUC4.2 splice variant
carrying a tail anchor for ER insertion (Kriechbaumer et al,
2012). We therefore extended our analyses to KCR1 (ketoacyl-
CoA reductase component of fatty acid elongase complex),
ATRI1 as NADPH:cytochrome P450 oxidoreductase (Laursen
etal, 2021) and C4H/CYP73A5, since cytochrome P450 (CYP)
enzymes depend on reduced NADPH-hemoprotein reductases
(ATR) and thus indirectly on NADPH provision at the ER.

Materials and methods

Bioinformatics

Information on A. thaliana retrieved from

ARAMEMNON
The Arabidopsis Information Resource (TAIR; https://www.

was
(http://aramemnon.uni-koeln.de/) and
arabidopsis.org/). Bioinformatic predictions on subcellular
protein localization were obtained from DeepLoc-1.0 (https://
services.healthtech.dtu.dk/service.php?DeepLoc-1.0) and
predictions on transmembrane domains and/or signal peptides
from Phobius (https://phobius.sbc.su.se/).  Analyses on
nucleotide and protein sequences were done with Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) provided
by the EMBLs European Bioinformatics Institute (Heidelberg,
Germany) or the Swiss Institute of Bioinformatics using the

Expasy Translate tool (https://web.expasy.org/translate/).

Arabidopsis mutants

Double-mutant plants lacking cytosolic G6PDH activity
were kindly provided by Claudia Jonak (Vienna, Austria).
They were obtained by crossing single-mutant plants of
SALK 0450839 and GABI-KAT 142GO07. In the latter, the T-
DNA is inserted 5 of the regulatory phosphorylation site (Dal
Santo et al,, 2012). Therefore, the g6pd5-1 g6pd6-2 double
mutant used in this study differs from the one used by Wakao
et al. (2008), namely, g6pd5-1 g6pd6-1 (SALK_016157).
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RT-PCR analyses

Total RNA species were isolated from 8-day-old light-grown
A. thaliana wild-type (Col-0) seedlings using the NucleoSpin
RNA Plant Kit (Macherey-Nagel). Reverse transcription
(RT) of mRNA to ¢cDNA was performed with Superscript II
Reverse Transcriptase (Invitrogen) and Oligo(dT);g primers
(ThermoScientific) after DNA removal with RNase-free
DNase I (Invitrogen). PCR amplification from cDNA was
conducted with 0.1-1 pl of the RT reaction, the appropriate
primer combinations (10 um each), and Taq DNA polymerase
(Biozym). For semi-quantitative RT-PCR analyses, a limited
number of cycles were conducted with a 1:5 diluted cDNA
template, removing samples at the indicated cycle (72°C step)
and transfer to another thermocycler for completing the final
elongation step at 72°C for 5min (and then kept on ice).
Samples of the same primer combination (cDNA from seedlings
grown on 0 or 1% sucrose) were run on the same gel and
documented side-by-side with Molecular Imager® Gel Doc™
XR+ (BIO-RAD, Munich) using the Image Lab™ software
optimized for faint band detection.

Plant growth conditions for tissue culture

Seeds of Arabidopsis wildtype (Col-0) or the cytosolic
G6PD double mutant (g6pd5-1 g6pd6-2) were surface-sterilized.
Liquid-suspended seed aliquots were vortexed and incubated
for ~2-5min in different concentrations of ethanol [70, 100,
and 70% (v/v)], left to dry on sterile filter paper and placed
on a sterile growth medium containing 0.5x Murashige and
Skoog salts with vitamins, pH 5.7, 0.8% agar (w/v), and 1% (w/v)
sucrose, if not stated otherwise (0% suc). For stratification, plates
were kept at 4°C for at least 2 days and then cultivated under
short day conditions (8-h light/22°C, 16-h darkness/20°C)
in a growth cabinet. For RT-PCR analyses, seedlings were
harvested at the 4-leaf stage and snap frozen in liquid nitrogen.
1-week-old plants were transferred to sterile Magenta boxes
(Sigma), containing the same medium (nine seedlings per
box), and further cultivated under a short day regime (9-h
light/23°C, 15-h darkness/21°C) in a tissue culture room. For
protoplast isolation, the rosette leaves of 3- to 4-week-old plants
were harvested.

Cloning of fluorescent reporter fusions

The cloning of all fluorescent reporter fusion constructs was
performed as described earlier (Meyer et al.,, 2011; Holscher
et al, 2014, 2016; Baune et al., 2020; Lansing et al., 2020).
Formerly used pGFP-/pOFP2-NX vectors (Holscher et al., 2016)
were modified by site-directed mutagenesis. First, GFP was
converted to a monomeric version (mGFP) by one amino
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acid exchange (alanine 206 to lysine, Zacharias et al., 2002).
Then, a Notl-restriction site was introduced in front of the
35S promoter to create a second site for insertion (via Notl
and Pstl/Sdal), resulting in vector pmGFP-NXn (pos. 4488)
used in this study. The Notl site was also introduced into
the pOFP2-NX vector (pos. 4449), leading to pOFP-NXn and
completed by deletion of the PstlI-restriction site in the open
reading frame of OFP (orange-shifted mRFP). For reporter
fusions, open reading frames were amplified from seedling
cDNA or existing plasmid constructs and cloned into the plant
expression vectors via compatible restriction sites. For splice
variant G6PD5.5, the 5 region (N-terminus) was amplified
from genomic DNA of Arabidopsis Col-0 wildtype and inserted
into the plant expression vector containing G6PD5.4 (already
fused to mGFP), thus changing the corresponding part of
the N-terminus. Split-YFP constructs (G6PD5.4-pSPYNE and
pSPYCE(MR)-PGL2) were cloned for bimolecular fluorescence
complementation (BiFC) assays essentially as described in
Meyer et al. (2011). All constructs were confirmed by
sequencing. For the oligonucleotide primers used in this study,
refer to Supplementary Table S1.

Cloning of double cassette constructs

For the reporter-less constructs in a double cassette plasmid,
first, the cDNA fragment was cloned behind the reporter in
the G/OFP-NX vectors via Spel/BamHI, checked by sequencing,
and tested in protoplasts for subcellular localization. Then, the
reporter was deleted via Xbal and Spel, followed by relegation
of the compatible ends. The resulting reporter-less construct
was used as a template to amplify the reporter-less expression
cassette (consisting of the 35S promotor, open reading frame
of interest, and NOS terminator) using primers 1202 and 1203.
The cassette was then inserted via Notl and PstI/Sdal into the
mGFP/OFP-NXn vectors.

Site-directed mutagenesis

introduced into PGL2 by the

QuickChange PCR mutagenesis protocol (Stratagene) using

Base changes were

appropriate primer combinations (Supplementary Table ST)
and S7 Fusion High-Fidelity DNA Polymerase (Biozym). All
base changes were confirmed by sequencing.

Protoplast transfection

Protoplasts were isolated from Arabidopsis leaf mesophyll
cells and transfected with plasmid DNA by a PEG-mediated
method as described previously (Baune et al., 2020; Lansing
et al., 2020). For each sample, ~500,000 protoplasts were mixed
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with plasmid DNA and dissolved in TE buffer (1 mM EDTA,
10mM Tris pH 7.5). For co-expression studies, the DNA of
both constructs was mixed beforehand and filled up to a volume
of 60 w1 with TE buffer. Generally, for proteins of interest, 15
ng of plasmid DNA was used. For organelle markers, 2 g
of plasmid DNA was used for the ER marker, 7 pg for the
peroxisomal ER marker, and 5 g for the soluble ER marker.
For BiFC analyses, 20 pg of plasmid DNA was used for each
construct. After transfection, protoplast samples were incubated
in the dark at room temperature and analyzed after ~24-48 h.
The expression of all reporter constructs was driven by the
CaMV-35S promoter. MitoTracker orange (Molecular Probes,
Invitrogen) was used as recommended by the supplier and
imaged after 20-min incubation.

Confocal laser-scanning microscopy

Localization studies were conducted with a confocal
laser-scanning microscope (Leica TCS SP5, https://www.
The
excitation/emission wavelengths were used: 488/490-520 nm
for GFP and 561/590-620 nm for OFP (Lansing et al., 2020).

leica-microsystems.com/). following  settings  for

Ratiometric topology analyses of roGFP
fusion proteins

For ratiometric topology analyses, roGFP fusions were
cloned as described previously (Baune et al., 2020). Fluorescent
images were recorded with a confocal laser-scanning microscope
SP5 (Leica, https://www.leica-microsystems.com/) at excitation
wavelengths of 405 nm and 488 nm in a sequential scan. Using
the colors green and red for the 405-nm scan and the 488-nm
scan, respectively, is a quick method to visualize the approximate
redox potential. A greenish overlay indicates oxidized conditions
(ER lumen), whereas an overlay of red to orange/yellow indicates
reduced conditions (cytosol).

Determination of G6PDH activity

For activity measurements, Arabidopsis mesophyll
protoplasts were transfected with fluorescent reporter fusion
constructs previously used for localization studies. The empty
mGFP-Nxn vector served as negative control. To obtain enough
protein for both, activity measurements and immunoblot
analyses, 3-4 independent transfections were performed (total
number of 1.5-2 million protoplasts) and pooled after ~48h
of incubation. Cells were harvested by centrifugation in a
2-ml reaction vial, with the supernatant being discarded,
shock-frozen in liquid nitrogen, and stored at —80°C until

analyses. Frozen cells were resuspended in 50 pl extraction
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buffer, containing 100 mM HEPES, pH 7.5, 2mM Nay$,0s5,
5 pl protease inhibitor cocktail (for use with plant extracts,
Sigma), and 0.02% Triton X-100. The G6PDH activity for each
sample was determined as described previously (Meyer et al.,
2011).

GFP-trap enrichment

Arabidopsis protoplasts were transfected as described
above. Different from the setup for localization studies,
one million protoplasts were transfected with 60 g of
plasmid DNA. After 48-h incubation at room temperature
in the dark, 10 independent transfections were pooled. For
immunoprecipitation, ChromoTek GFP-Trap® Agarose beads
(ChromoTek, Munich) were used following the recommended
protocol. Our lysis buffer contained 50 mM Tris-HCI, pH 7.5,
250 um NADPT (for G6PD stabilization) 5% (v/v) glycerol,
0.5 pl/ml B-mercaptoethanol, 150 mM NaCl, 0.1% Triton X-
100, 1 mM Pefabloc SC, and 1% protease inhibitor cocktail
(for use with plant extracts, Sigma). The dilution buffer was
the same, but without B-mercaptoethanol, Triton X-100, and
protease inhibitor cocktail. As wash buffer, we chose 50 mM
Tris-HCI, pH 7.5, 250 pm NADPT (for G6PD stabilization), 1%
glycerol, 150 mM NaCl, and 0.05% Triton X-100. Different from
the original protocol, beads were washed two times and then
resuspended in 100 pl buffer containing 50 mM Tris-HCI, pH
7.5,250 pm NADPT (for G6PD stabilization), 1% glycerol, and
1 mM MgCl,. Aliquots were used for SDS-PAGE followed by
immunoblot analyses and frozen samples for mass spectrometry
analyses (in-house proteomic platform).

Immunoblot analyses

Generally, immunoblot analyses were performed as
described previously (Holscher et al., 2016; Baune et al., 20205
Lansing et al., 2020). As variation, blocking of the blots was
conducted with 5% (w/v) milk powder in TBST (TBS with
0.05% (v/v) Tween-20) instead of 2%, which resulted in less
background. Blot stripping was conducted as described in the
study by Lansing et al. (2020).

Mass spectrometry-based quantitative
proteomics

Proteins were cleaned up and digested following the SP3
protocol (Hughes et al, 2019). An LC-MS/MS analysis was
performed using an EASY-nLC 1200 (ThermoFisher) coupled
with an Exploris 480 mass spectrometer (ThermoFisher).
Separation of peptides was performed on 25-cm frit-less
silica emitters (CoAnn Technologies, 0.75-jm inner diameter),
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packed in-house with reversed-phase ReproSil-Pur Cig AQ
1.9 pm resin (Dr. Maisch). The column was constantly kept at
50°C. Peptides were eluted for 115 min applying a segmented
linear gradient of 0-98% solvent B (solvent A 0% ACN, 0.1% FA;
solvent B 80% ACN, 0.1% FA) at a flow rate of 300 nl/min. Mass
spectra were acquired in data-dependent acquisition mode. In
the case of full proteome samples, MS! scans were acquired at an
Orbitrap resolution of 120,000 with a scan range (m/z) of 380-
1,500, a maximum injection time of 100 ms, and a normalized
AGC target of 300%. For fragmentation, only precursors with
charge states 2-6 were considered. Up to 20 dependent scans
were taken. For dynamic exclusion, the exclusion duration was
set to 40s and a mass tolerance of = 10 ppm. The isolation
window was set to 1.6 m/z with no offset. A normalized collision
energy of 30 was used. MS? scans were taken at an Orbitrap
resolution of 15,000, with a fixed first mass (m/z) = 120. The
maximum injection time was 22 ms, and the normalized AGC
target was 50%.

Processing of raw data was performed using the MaxQuant
software version 2.0.3.0 (Tyanova et al., 2016). MS/MS spectra
were assigned to the Araportll protein database. During the
search, sequences of 248 common contaminant proteins as
well as decoy sequences were automatically added. Trypsin
specificity was required and a maximum of two missed cleavages
was allowed. Carbamidomethylation of cysteine residues was
set as fixed, oxidation of methionine, and protein N-terminal
acetylation as variable modifications. A false discovery rate of 1%
for peptide spectrum matches and proteins was applied. Matches
between runs and iBAQ were enabled.

Data availability

For review purposes, the MS raw data are available via
the following credentials and will be made freely available
via the JPOST repository (Okuda et al, 2017) under the
identifier JPST001685.

URL: https://repository.jpostdb.org/preview/
125256832562cc3a65952c7.

Access key: 7446.

Results

Alternative splice variants of G6 PD5
encode N-terminally extended
proteoforms

Our work started with the notion that several splice variants
are listed for the two cytosolic Arabidopsis isoforms G6PD5
and G6PDG6, but only G6PD5.4 and G6PD5.5 may encode novel
proteoforms with extended N-terminal ends (Figure 1A, ATG
start sites). RT-PCR analyses confirmed the presence of the three
splice forms in Arabidopsis seedlings, and semi-quantitative
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RT-PCR analyses revealed that the G6PD5.5 variant is more
abundant under photoautotrophic conditions (0% sucrose) as
compared to G6PD5.4 and G6PD5.1 that were more abundant
under heterotrophic conditions (1% sucrose; Figure 1B).

Bioinformatic  tools  predicted two  membrane-
spanning domains for G6PD5.4 and one for G6PD5.5
(Supplementary Figure S1A), resulting in different membrane
topologies (Figures 2A,B). Subcellular localization prediction for
G6PD5.4 was the endoplasmic reticulum (ER) and for G6PD5.5,
it was the cytosol (Supplementary Figure SIB). Therefore,
proteoform-specific primers (Figure 1A) were used for cloning
reporter fusions, first with C-terminal monomeric GFP. Indeed,
compared to cytosolic G6PD5.1-GFP, G6PD5.4-GFP and
G6PD5.5-GFP localized to distinct cellular sites (Figure 2C),
with only the N-terminal domain of G6PD5.4 fused to GFP still
showing local accumulations.

For further analyses, reporter fusions with OFP (orange-
shifted mRFP) were cloned as well. First, the extent of
co-localization was tested among the same and different
G6PD5 proteoforms. Since the topology prediction of Phobius
(https://phobius.sbe.su.se/) for G6PD5.4 was “N-in” and for
G6PD5.5 “N-out” (Figure 3A; Supplementary Figure STA), N-
terminally tagged reporter fusions were also cloned for the
G6PD5.4 proteoform (with 16 amino acid spacer). Homotypic
co-expression of oppositely labeled reporter fusions (using
the same proteoform) showed co-localization for all G6PD5
proteoforms (white signals, Figure 3B; for single channel images,
refer to Supplementary Figure S2). This was also seen for
co-expression of the two N-terminally extended proteoforms
(Figure 3C, left images), but much less when G6PD5.5
(Figure 3C, right images) or G6PD5.4 (Figure 3D) was co-
expressed with the cytosolic G6PD5.1-reporter fusions.

The G6PD5.4 and G6PDS5.5 proteoforms
localize to different subdomains of the ER

To determine the exact subcellular localization of the
alternative G6PD5 proteoforms, the GFP- and OFP-based
reporter fusions were used for co-expression with oppositely
labeled organelle markers. G6PD5.4 and G6PD5.5 clearly
labeled subdomains of the ER (Figure 4A, white signals),
which was not the case for G6PD5.1 and less with the N-
term_G6PD5.4 construct (for single channel images, refer
to Supplementary Figure S3). Although showing overlap with
the soluble ER marker, local accumulations of G6PD5.4 and
G6PD5.5 localized to different ER sites (Figure 4B). Neither full-
length G6PD5.4 nor the N-term_5.4 fusion co-localized with
Pex16 (at the peroxisomal ER), yet G6PD5.5 did (white signals).
Because the local ER accumulations resembled peroxisomes in
size, additional co-expressions were conducted with a soluble
peroxisome and also with an autophagosome marker; however,
both did not show any overlap (Figure 4C).
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FIGURE 1

Alternative splice variants and semi-quantitative RT-PCR analyses of G6PD5. (A) To scale representation of the G6PD5 locus (At3g27300) with 5
UTR until exon 2. Black lines, genomic DNA; red boxes, mRNA parts upon splicing; filled blue boxes, resulting coding sequences (cDNA). Note
that alternative splicing leads to different ATG start positions. Primer binding sites are depicted underneath (green, sense; red, antisense primers,
with intron-spanning regions as dashed lines). According to an RNA-seq tool (Arabidopsis.org, ARAPORT11/splice junctions and/transcript
assembly), GEPD5.1 and G6PD5.4 are the most abundant splice variants, whereas G6PD5.5 is not present in all tissues, but amounts to about
10% of the other two (e.g., in light-grown seedlings, 476 counts for G6PD5.4 and G6PD5.1 compared to 52 for G6PD5.5). (B) Semi-quantitative
RT-PCR analyses of RNA isolated from seedlings (4-leaf stage) grown under a short-day regime in the absence (0% suc) or presence of sucrose
(1% suc) on agar plates (0.8%, 0.5MS, pH 5.7). Note that G6PD5.5 is more abundant under autotrophic conditions (0% suc), whereas G6PD5.4
(and by trend also G6PD5.1) is more abundant under the physiological sink condition (1% suc). Two house-keeping genes, eEF1 -« (eukaryotic
translation elongation factor, At5g60390) and UBQ10 (polyubiquitin10, At4g05320), were included as reference. M, GeneRuler 1kb Plus DNA
Ladder (ThermoFisher Scientific).

The catalytic domains of G6PD5.4 and proteoforms face the cytosol, redox-sensitive GFP (roGFP)
G6PD5.5 face the cytosol and are was fused to the C-terminal end of G6PD5.4 and G6PD5.5.
functional The resulting constructs were analyzed in parallel to the

cytosolic roGFP and luminal roGFP-ER controls (Figure 5A).

Membrane topology at the ER can be analyzed by taking Again, local accumulations were detected for G6PD5.4-roGFP
advantage of differences in redox state between the ER lumen and G6PD5.5-roGFP. False color images of the 488/405nm
(largely oxidized) compared to the cytosol (largely reduced). ratios resembled the cytosolic roGFP control (orange-to-red)
To confirm that the catalytic domains of the ER-bound G6PD5 rather than the luminal roGFP-ER version (yellow-to-green;
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FIGURE 2

A
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Alternative splice variants of GEPD5 encode N-terminally extended proteoforms. (A) To-scale depiction of the splice variants that may be

generated from the cytosolic G6PD loci, five from G6PD5 (At3g27300) and two from G6PD6 (At5g40760). Compared to splice variants G6PD5.1
through .3 (and G6PD6.1-.2) G6PD5.4 and .5 code for N-terminally extended proteoforms. Exons are shown as boxes with alternative 5’ parts in
different patterns. T-DNA insertion positions in the indicated mutant lines are depicted as black triangles (GABI-KAT_142G07 was used for
obtaining the gépd5-1 g6pd6-2 double mutant used in this work). (B) Membrane topology of proteoforms G6PD5.4 and G6PD5.5 according to
hydropathy plots and bioinformatic predictions (for details, refer to Figure 3A and Supplementary Figure S1). (C) Localization patterns of the
different GGPD5 proteoforms with C-terminally fused GFP (schematically depicted above) in Arabidopsis wild-type protoplasts. Next to local
accumulations, the G6PD5.4-GFP versions (full-length or the N-terminal part) labeled also patchy areas that were missing from G6PD5.5-GFP.
The images show maximal projections of about 30 single optical sections. GFP in green and chlorophyll autofluorescence in blue. Scale bars,

3pm.

for single channel images, refer to Supplementary Figure S4).
To test for functionality of the membrane-bound catalytic
domains, mesophyll protoplasts were prepared from g6pd5-1
g6pd6-2 double-mutant plants lacking cytosolic G6PDH activity
(similar to the g6pd5-1 g6pd6-1 combination used by Wakao
et al,, 2008) and transfected with the indicated G6PD5-GFP
fusions (Figure 5B). Protoplasts were harvested and extracted
for determining G6PDH activity and immunoblot analyses
in parallel (Figure 5C). Compared to GFP expressed in the
g6pd5-1 g6pd6-2 double mutant (for which G6PDH activity was
undetectable), G6PD5.1-GFP was about two times as active as
G6PD5.4-GFP. G6PD5.5-GFP showed only one-tenth activity of
G6PD5.4-GFP, yet these values corresponded well to the signal
strengths at about 90 kDa. Therefore, both membrane-bound
G6PD5 proteoforms appear to be active at a comparable level -
notably as homomers.
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G6PD5.4 and the 2nd OPPP enzyme
PGL2 co-localize in ER subdomains

During the previous analysis of the five PGL isoforms
(Lansing et al., 2020), PGL2 was occasionally found around
plastids. The Aramemnon server (http://aramemnon.uni-koeln.
de/index.ep) predicted lipid modification via a C-terminal
CaaX motif (-CSIL, Figure 6A). Thus, a full-length GFP-
PGL2 construct was cloned and co-expressed with the full-
length OFP fusion constructs of G6PD5.4. Co-localization
was observed in local patches, which was revoked by Cys-
to-Ser mutation in the C-terminal CaaX motif of PGL2
(Figure 6B). Thus, loss of membrane attachment (Figure 6A,
bracket) resulted in the labeling of the cytosol and the
nucleus. Note that in co-expression with G6PD5.4 and the
ER marker, PGL2 with intact CaaX motif resides in ER
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FIGURE 3

Extent of co-localization among the same or different GEPD5 proteoforms. (A) N-terminal part of a sequence alignment (CLUSTAL Omega) of
the three G6PD5 proteoforms. Start codons are highlighted in green. Relative to the transmembrane regions (shaded gray, identical parts dark
gray), the N-terminus of G6PD5.5 is predicted by ARAMEMNON as N-out (signal peptide, underlined) and of G6PD5.4 as N-in (cytosolic). (B)
Homotypic co-expression of the same proteoform (open symbol); (C,D) heterotypic co-expression of different proteoforms. If not indicated,
the images show maximal projections of about 30 optical sections as a merger of all channels (for single channel images, refer to
Supplementary Figure S2). GFP in green, OFP in magenta, and chlorophyll autofluorescence in blue; white signals indicate co-localization of
GFP and OFP (or very close signals <200 nm). Scale bars, 3pm
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FIGURE 4

Subcellular localization of the membrane-bound G6PD5.4 and G6PD5.5 reporter fusions. (A) Co-expression of the indicated G6PD5-reporter
fusions with a luminal ER marker (GFP-ER or OFP-ER) showed local overlap with G6PD5.4 and GEPD5.5 (white signals), little with G6PD5.1, and
some with the N-terminal G6PD5.4 part. (B) GEPD5.4 showed no overlap with Pex16 (marker of the peroxisomal ER), but G6PD5.5 did in some
areas (white arrowhead). (C) Despite accumulating in spherical structures reminiscent of peroxisomes, neither G6PD5.4 nor G6PD5.5
co-localized with a soluble peroxisome marker (PGL3_C-short-SKL) or an autophagosome marker (ATG8e). The images show single optical
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sections as a merger of all channels (for single channel images, refer to

chlorophyll autofluorescence in blue; white signals indicate co-localization of GFP and OFP (or very close signals <200 nm). Scale bars, 3um.

G6PD5.4-OFP G6PD5.5-OFP

section section

). GFP in green, OFP in magenta, and

structures that appear to represent extra membranous material
( , white arrowheads; for single channel images, refer to

). Apparently, only membrane-bound
PGL2 (as the second OPPP enzyme) is recruited by G6PD5.4 to
ER subdomains.

G6PD5.4 localizes in ER subdomains
independent of PGD2 or PGL2

For one of the three Arabidopsis PGD isoforms that
catalyze the third OPPP step and show a high degree
of homology ( ), palmitoylation was
experimentally shown for PGD3 (At5g41670) by
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( ). However, in a recently published Arabidopsis
palmitoylome ( ), palmitoylated peptides
were detected for all PGD isoforms: the same two for
PGD1 (At1g64190) and PGD3 (At5g41670; , modified
cysteines in yellow and blue), and an additional one for
PGD2 (At3g02360; , red). We therefore chose
PGD2 for co-localization analyses with OFP-G6PD5.4, leaving
the catalytic domain free for interaction. This appeared
necessary because G6PD5.4-OFP did not co-localize with GFP-
PGD2 ( ), but OFP-PGD2 showed
weak overlap with GFP-PGL2 ( ). To
investigate a potential influence of co-expressed PGL2 with a free
N-terminal end ( , bracket), the reporter was deleted
from the GFP-PGL2 construct, and the resulting expression

cassette was introduced in front of that of OFP-G6PD5.4
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FIGURE 5

Topology and functionality of the membrane-bound G6PD5.4 and G6PD5.5 proteoforms. (A) Redox-sensitive GFP (roGFP) was used to
demonstrate that the catalytic domains of G6PD5.4 and G6PD5.5 face the cytosol. Two representative cells are shown for each construct. Note
that the 488/405 ratios resemble cytosolic roGFP (red-orange/yellow) and not luminal roGFP-ER (green). For single channel images, refer to
(B) Protoplasts were prepared from gépd5-1 gépd6-2 double-mutant plants (lacking cytosolic GEGPDH activity) and
transfected with the indicated GEPD5-GFP fusions. The images show maximal projections of about 30 optical sections as a merger of both
channels. GFP in green, chlorophyll autofluorescence in blue. Scale bars, 3um. (C) Immunoblot analysis of protoplast extracts (separated on a
12% SDS gel) using anti-GFP antibodies (a-GFP). Protein, Ponceau S-stained blot, with RbcL (RubisCO, Large subunit) as loading reference.
Molecular mass standard (in kDa), PageRuler Prestained Protein Ladder (Fermentas). Activity, volume equivalents of NADPH formed
(nmol/min/ml), which was not detectable (n.d.) for the control (GFP). Note that enzymatic activity of the G6PD5-GFP fusions (bottom)
corresponds to the intensity of their respective blot signals, indicating that the membrane-bound proteoforms form active homomers at the ER

(in the NXn vector, refer to Materials and methods). G6PD5.4 is able to establish an OPPP

Then, GFP-PGD2 was co-expressed with OFP-G6PD5.4 or metabolon in ER subdomains
OFP-G6PD5.4 harboring unlabeled PGL2 (+PGL2, ).

OFP-G6PD5.4 accumulated evenly at the ER but also in focal
ER sites, independent of the additional presence of PGL2 (for
single channel images, refer to ). Co-
expression with a soluble ER marker (G/OFP-ER; )
also suggests that accumulation in ER subdomains is a feature
of G6PD5.4 and largely independent of the presence of PGD2
or PGL2.

To investigate whether G6PD5.4 (1st OPPP step) with
a free C-terminal end may recruit both PGL2 (2nd OPPP
step) and PGD2 (3rd OPPP step) to a membrane-bound
metabolon, a reporter-less expression cassette was also prepared
for PGD2 and inserted in front of the GFP-G6PD5.4 cassette
(NXn site). Co-expression of GFP-G6PD5.4 (+PGD2) with
OFP-G6PD5.4 (+PGL2; ) in Arabidopsis protoplasts
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FIGURE 6

G6PD5.4 recruits PGL2 with C-terminal CaaX motif to ER
subdomains. (A) Scheme depicting that G6PD and PGL isoforms
may interact (arrow) to avoid the release of dead-end byproduct
x6-phosphogluconolactone (Miclet et al., 2001). (B) GFP-PGL2
(with C-terminal CaaX motif that may be prenylated for
membrane association) was co-expressed with GEPD5.4-OFP
or OFP-G6PD5.4 in Arabidopsis wild-type protoplasts. Note that
the mutated 2°C—S version (destroyed CaaX motif) labels the
cytosol (and nucleus, bottom right). Co-expression with a
soluble ER marker (OFP-ER) demonstrated that on its own, also
PGL2 tends to accumulate in distinct membrane regions (white
arrowheads). If not indicated, the images show maximal
projections of about 30 optical sections as a merger of all
channels (for single channel images, refer to

Supplementary Figure S5). GFP in green, OFP in magenta, and
chlorophyll auto-fluorescence in blue; white signals indicate
co-localization of GFP and OFP (or very close signals <200 nm).
Scale bars, 3pum.

resulted in exclusive co-localization in ER subdomains (similar
to the pattern in Figure 3B), likely facilitated by about two-
fold higher G6PD5.4 amounts compared to PGL2 and PGD2.

Frontiersin Plant Science

12

10.3389/fpls.2022.909624

Transfected protoplasts of both wild-type and the g6pd5-1
g6pd6-2 double mutant were harvested and subjected to pull-
down with GFP-Trap agarose beads, followed by immunoblot
and mass spectrometry analyses. We had already noticed that
the GFP reporter tends to be released from GFP-G6PD5.1
and GFP-G6PD5.4 (not shown). Thus, compared to the input
(protoplast extract), only a faint band of the full-length GFP-
G6PD5.4 fusion protein was recovered (Figure 8B, a-GFP blot,
Trapl, marked by an asterisk). Based on the immunoblot
results, PGL2 was not co-purified (Figure 8C, a-PGL3 blot,
Trapl, missing band marked by a closed arrowhead). However,
mass spectrometry analyses showed an even slightly higher
enrichment of PGL2 compared to PGD2 (Figure 8D), indicative
of physical interaction. Together with the fact that PGL2 was
recruited to ER subdomains (Figure 6), G6PD5.4 seems able to
establish a complete membrane-bound OPPP metabolon at the
cytosolic face of the ER.

The G6PD5 proteoforms may recruit
NADPH-dependent enzymes to ER
subdomains

Since among the pulled-down proteins, two cytochrome
P450 enzymes (C4H/CYP73A5 and CYP71B6) were enriched
as well (Figure 8D), we wondered whether the tendency of
the membrane-bound G6PD5 proteoforms to cluster with
the other two OPPP enzymes in ER subdomains may
extend to enzymes of anabolic pathways that operate at the
cytosolic face of the ER. Thus, representative candidates that
either depend directly or indirectly on NADPH provision
(Figure 9A) were cloned as C-terminal roGFP fusion, namely,
KCRI1 (ketoacyl-CoA reductase, involved in the elongation of
fatty acids), ATR1 (NADPH:cytochrome-P450 oxidoreductase),
and C4H/CYP73A5 (cinnamate 4-hydroxylase, obtained by
GFP-G6PD5.4 pull-down) as indirectly NADPH-dependent
cytochrome P450 enzyme (via ATR). Expression in Arabidopsis
wild-type protoplasts confirmed that the catalytic domains
face the cytosol (Supplementary Figure S8). When expressed
on their own - the candidate roGFP fusions did not show
a strong tendency to cluster at the ER and displayed
even ER labeling when co-expressed with a soluble ER
marker (OFP-ER; Figure 9B, bottom), which contrasts with the
results obtained for the membrane-bound G6PD5 proteoforms
(Figure 4A). When co-expressed with different OFP fusions of
the membrane-bound G6PD5.4 proteoform, KCRI-, ATRI-,
and C4H-roGFP accumulated in the same ER subdomains,
preferentially with G6PD5.4-OFP (Figure 9B), and still when
using label-free G6PD5.4 co-expressed with OFP-ER (in
the Nxn site). Yet, G6PD5.5-OFP showed only limited
overlap with the candidate roGFP fusions (Figure 9B, top),
preferentially labeling distinct ER subdomains, especially when
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FIGURE 7
Co-expression of OFP-G6PD5.4 and GFP-PGD2 without or with PGL2. 6-phosphogluconate dehydrogenase (PGD) is the second OPPP enzyme
contributing to NADPH provision. (A) PGD peptides found in an Arabidopsis palmitoylome for PGD1/3 (cannot be discriminated) and PGD2
(Kumar et al., 2020). Cysteine positions shared by all PGD isoforms are labeled in yellow/blue, and the unique one of PGD2 in red. Among
reporter fusions of the three PGD isoforms, PGD2 showed weak co-localization with PGL2 at the ER (Supplemental Figure S6). (B) To test
whether PGL2 might function as a bridge between the two OPPP dehydrogenases, the GFP reporter was deleted and the resulting expression
cassette with "naked” PGL2 was inserted into the OFP-G6PD5.4 construct (Nxn site). (C) Co-expression of GFP-PGD2 with OFP-G6PD5 .4 either
without or with PGL2 (+PGL2). (D) OFP-G6PD5.4 or GFP-PGD2 were co-expressed with the luminal ER marker (GFP-ER or OFP-ER) as control
Note that two different patterns (a, b) were observed. The images show maximal projections of about 30 optical sections as a merger of all
channels (for single channel images, refer to Supplemental Figure S7). GFP in green, OFP in magenta, and chlorophyll autofluorescence in blue;
white signals indicate co-localization of GFP and OFP (or very close signals <200 nm). Scale bars, 3 m.

co-expressed with ATR1-roGFP (for single channel images,
refer to Supplementary Figure 59). Hence, alternative splicing
of G6PD5 targets the proteoforms to different ER subdomains,
which is also reflected by selective co-localization with key
enzymes of membrane-bound enzyme assemblies at the ER.

In any case, OPPP metabolon formation at the cytosolic
face of the ER should facilitate local NADPH provision under
conditions of high sugar availability, especially in sink situations
that are characterized by sucrose import or retention during
stress (Figure 10).

Discussion

Metabolon formation at reticulum

has

the endoplasmic

of plant cells lately ~received attention, since
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MSBP1 and MSBP2
were reported to form a scaffold for a subset of monolignol

membrane-steroid-binding proteins

cytochrome-P450 enzymes that synthesize lignin precursors
at the cytosolic face of the ER (Gou et al, 2018). Predicted
membrane topology for the two MSBP proteins is “N-out”
- with the C-terminal domains facing the cytosol - and not
the ER lumen, as suggested by the scheme in Wang and Zhao
(2018). We tested split YFP fusions with the same membrane
topology in our protoplast system, but already the empty vector
controls of the split YFP combinations gave strong cytosolic
signals  (Supplementary Figure S10, bottom). Nevertheless,
G6PD5.4-YFPN recruited empty CYFP to ER subdomains.
Thus, although informative, BiFC studies at the cytosolic face of
the ER seem problematic, as previously shown by the analyses
of proteins involved in ER-plasma membrane tethering in plant
cells (Tao et al., 2019).
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FIGURE 8 (Continued)

with the OFP-G6PD5.4 construct harboring reporter-less PGL2 (Figure 7). (A), Topology of the protein combinations at the cytosolic face of the
ER, leaving the catalytic domain of G6PD5 free for protein-protein interaction (arrow). (B,C) Immunoblot analyses of Arabidopsis g5pd5-1
g6pd6 -2 mutant protoplasts co-expressing GFP-G6PD5.4 (+PGD2) and OFP-G6PD5.4 (+PGL2; number 1 samples), or GFP only (control;
number 2 samples). Inp, input (protoplast extract); Trap, GFP-Trap affinity resin (ChromoTek) used for pull-down. (B) One blot (of two identically
loaded 10% SDS gels) was first developed with anti-PGD2 antibodies, followed by anti-RFP antibodies, and after stripping with anti-GFP
antibodies. (C) The other blot was first developed with anti-PGL3 antibodies, followed by anti-G6PD5/6 antibodies, and after stripping with
anti-GFP antibodies. Note that both reporters were partially cleaved from the N-terminally tagged G6PD5.4 proteoforms (asterisks mark bands
of the intact fusion proteins, open arrowheads degradation products, and filled arrowheads the cognate antigens. G6PD5.4 was also detected by
an antiserum raised against His-G6PD5 and His-G6PD6 (1:1, purified from Escherichiea coli), unlabeled PGD2 by the one raised against
His-PGD2 (a-PGD, Holscher et al., 2016), whereas PGL2 was not recognized by antibodies raised against His-PGL3 (Holscher et al.,, 2014),
possibly due to in-planta prenylation of the C-terminal CaaX motif (compared to unmodified His-PGL2 purified from E. coli; Lansing et al., 2020).
Strong bands in the input confirmed that unlabeled PGD2 and PGL2 were faithfully expressed. Note the weak PGD2 signal in the Trap1 sample
[(B), left] corresponds to a similarly weak GFP signal of GFP-G6PD5.4 [(B), right], indicating a successful pull-down of PGD2. Molecular mass
standards (in kDa) are shown on the right (PageRuler Prestained Protein Ladder, Fermentas). (D) Quantitative mass spectrometry results of the
GFP-G6PD5.4 pull-down from g6pd5-1 g6pd6-2 mutant protoplasts. The abundance (Log, iBAQ) of proteins pulled from cells transfected with
plasmids of the OPPP enzyme combination was plotted against those pulled from cells transfected with GFP only (control). Note that PGL2 was
enriched similarly to PGD2. Other proteins pulled-down by GFP-G6PD5.4 were C4H/CYP73A5 (cinnamate-4 hydroxylase); CAD5
(cinnamyl-alcohol dehydrogenase) and CYP71B6, a cytochrome P450 enzyme involved in the biosynthesis of multiple defense compounds in
Arabidopsis (Bottcher et al., 2014). Dots representing the OPPP enzymes in blue and of directly (CAD5) or indirectly NADPH-dependent enzymes

10.3389/fpls.2022.909624

in red. For the complete list of proteins (gray), refer to Supplementary Table S2.

Overexpression of polytopic membrane proteins often
results in clustering at the ER, especially when enforced by
dimerization via split YFP reconstitution, which we exploited for
GPT1 in Baune et al. (2020). As shown here, also proteins with
only one or two membrane-spanning domains may transform
the ER from a network of branching tubules to a variable
number of stacked or folded membrane arrays — besides the
known ER-shaping protein classes Reticulon, Lunapark, and
Atlastin (reviewed in Kriechbaumer and Brandizzi, 2020). Other
prominent examples are the isoforms of HMG-CoA reductase
(HMGR) with two N-terminal transmembrane domains (Leivar
et al., 2005; Ferrero et al., 2015; Grados-Torrez et al., 2021) and
splice variant YUC4.2 with C-terminal tail anchor that is mainly
expressed in Arabidopsis flowers (Kriechbaumer et al., 2012).
Initially analyzed in plant cells (termed “membrane zippering”;
Mullen et al., 2001), and later coined OSER (for “organized
smooth endoplasmic reticulum”) based on the studies in yeast
and animal cells (Snapp et al, 2003), the formation of ER
subdomains is a dynamic event, mainly governed by the
principles of self-organization (Borgese et al, 2006). While
recognition of the phenomenon dates back to EM studies
in the 1980s, the formation of OSER structures applies to
all eukaryotes (reviewed in Sandor et al, 2021). One open
question still is whether specific ER proteins are needed for
creating/maintaining (native) OSER structures.

As shown by Snapp et al. (2003), GFP attached to
a proteinaceous membrane anchor (replacing the catalytic
domain) may diffuse freely in and out of OSER structures. But
not all proteins at the cytosolic face of the ER induce these
structures. For enzymes of the phenylpropanoid pathway, weak
interactions had to be documented by FRET analyses (Bassard
et al,, 2012), since co-expression of L-phenylalanine ammonia-
lyase (PAL) and cinnamate 4-hydroxylase (C4H/CYP73A5, for
metabolic channeling; Achnine et al., 2004) did not show a
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strong tendency to form substructures at the ER, and co-
expression with MSBP proteins neither (Gou et al, 2018).
Even CPR/POR enzymes of poplar, required for the reduction
of cytochrome P450 enzymes (like C4H/CYP73A5), did not
accumulate in ER subdomains (Ro et al., 2002). More recently,
interaction among synthetic anchors of CPR/POR enzymes
(called ATR in Arabidopsis) was investigated in vitro by
single-molecule tracking in the lipid phase (Laursen et al,
2021). These authors found that the membrane environment
can enhance protein concentration, which led them to
conclude that high conservation among the transmembrane
sequences of ATR/CPR/POR in different land plants follows
an amino acid consensus, which differed from the one
suggested for HMGR enzymes with low sequence similarity
among eukaryotic kingdoms (Ferrero et al, 2015). When
comparing the membrane region linked to the catalytic G6PD
domains, G6PD5.4 (PISLNFNFTGLFCILVRVLK) and G6PD5.5
(eNFVATVAGLECILVRVLK) show only partial conservation
(identical amino acids underlined). Actually, when expressed on
their own, the two proteoforms accumulated in different ER
subdomains, which partially may be due to the presence of a
second membrane domain in the N-terminus of G6PD5.4. Of
note, ATRI did not cluster when co-expressed with a luminal
ER marker in protoplasts, and although displaying only a single
transmembrane domain - like G6PD5.5, did not co-localize with
this proteoform in ER substructures, but with G6PD5.4. When
only the N-terminal G6PD5.4 domain was used, there was still a
tendency for the reporter fusions to accumulate in focal ER sites.
Hence, similar to HMGR with two N-terminal transmembrane
regions and multimerization among the catalytic domains
(Friesen and Rodwell, 2004; Leivar et al., 2005; Grados-Torrez
etal, 2021), the membrane-bound G6PD5 proteoforms tend to
cluster at the ER, likely promoted by dimerization - and when
this occurs between proteins in opposing membranes, OSER
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FIGURE 9

NADPH-dependent enzymes co-localize with membrane-bound G6PD5 in ER subdomains. (A) Scheme of membrane-bound enzymes that
consume NADPH at the cytosolic face of the ER, either directly (white) or indirectly (white asterisk): KCR1, ketoacyl-CoA reductase (part of the
fatty acid elongase complex); ATR1, NADPH-dependent cytochrome P450 oxidoreductase (reduces cytochrome P450 enzymes, CYP) like
C4H/CYP73A5 (cinnamate 4-hydroxylase, involved in the biosynthesis of phenylpropanes) and found upon GFP-G6PD5.4 pull-down (for
ratiometric roGFP analyses, confirming that the catalytic domains face the cytosol, refer to Supplementary Figure S8). (B) Co-expression of the
GFP fusion proteins with either GEPD5.5-OFP, G6PD5.4-OFP, or N-terminally tagged OFP-G6PD5.4, and with the soluble luminal ER marker
(OFP-ER) with label-free G6PD5.4, compared to OFP-ER alone (bottom). If not stated otherwise, the images show maximal projections of about
30 optical sections as a merger of all channels, (for single channel images, refer to Supplementary Figure S9). GFP in green, OFP in magenta, and
chlorophyll auto-fluorescence in blue. White signals indicate co-localization of GFP and OFP (or very close signals <200 nm). Scale bars, 3um
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FIGURE 10
Membrane-bound OPPP metabolons facilitate NADPH provision at the cytosolic face of the ER. Cooperation of the OPPP metabolon at the ER
(with the complete OPPP cycle in plastids) to support membrane-bound pathways that consume NADPH in plant cells. (A) KCR1 (and ECR) are
NADPH-dependent members (white) of the long-chain acyl-CoA synthase complex at the ER (LACS1,2,4,8). Chain elongation leads to very
(Continued)
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FIGURE 10 (Continued)

long-chain fatty acids (VLCFAs) as precursors of sphingolipids, triacylglycerols (TAG), cutins, and waxes. (B) In the phenylpropanoid pathway
(starting from plastid-exported phenylalanine, Phe), CADS5 is directly NADPH-dependent, whereas C4H, C3H, and F5H are cytochrome P450
enzymes (white asterisks) that depend on NADPH:cytochrome P450 oxidoreductase (ATR) for reduction in the synthesis of lignin and flavonoids.
(C) Several enzymes of the glucosinolate pathway (CYP79B2/3, CYP71B6) lead from plastid-exported tryptophan (Trp) to defense compounds,
or in roots via the iPRxP pathway to active cytokinins (trans-Zeatin) via IPT4 (palmitoylation weakly predicted) and CYP735A that indirectly
depends on NADPH (via ATR). DMAPP, dimethylallyl-diphosphate; E4P, erythrose-4-phosphate; suc, sucrose; CA, cinnamic acid; TAG,

triacylglycerol; tZRxP, trans-Zeatin-ribose phosphates.

structures are formed (Sandor etal., 2021). Thus, the spatial
organization of the membrane-bound G6PD5 proteoforms
at the ER seems to be governed by features of both, the
transmembrane regions and the globular catalytic domains.

of G6PD5  should lead to
accumulation of 6-phosphogluconolactone (6PL), and - if
not channeled instantly by a PGL (Lansing et al.,, 2020), the
3-6PL form will spontaneously convert to the y-form, a dead-
end of metabolism (Miclet et al., 2001). Co-localization of the
N-terminally extended G6PD5 proteoforms with C-terminally
prenylated PGL2 in ER subdomains should diminish 6PL
release, and as indicated by our pull-down analyses, physical

Overexpression active

interaction with palmitoylated PGD2 completes the membrane-
bound OPPP metabolon. Reporter-G6PD5.4 fusions tended to
form clusters, irrespective of an additional presence of PGL2
or PGD2. In fact, co-expression of GFP-G6PD5.4 with OFP-
G6PD5.4 increased co-localization in the same ER subdomains,
which supports that the induced OSER structures mainly
result from the interaction of the catalytic domains. Since
cytosolic G6PD5.1 or PGL2 with mutated prenylation motif
were recruited less — or not at all (Figures 3C,D, 6), interaction
at the ER seems to occur mainly between membrane-bound
proteins. Notably, S-acylation of cysteine residues is known to
promote membrane association and protein—protein interaction
(reviewed in Liand Qi, 2017). This is in line with our GFP-based
pull-down analyses, which showed that both PGL2 and PGD2
co-purified with GFP-G6PD5.4 (Figure 8). Failure of PGL2
detection on immunoblots seems to be due to post-translational
modification in planta, most likely C-terminal prenylation.

The concentration of G6PD5.5 and G6PD5.4 in distinct ER
subdomains might well serve regulatory functions. Alternative
splicing is known to be triggered mainly by stress in plants
(Mastrangelo et al., 2012; Kornblihtt et al., 2013; Martin et al.,
2021), and compared to G6PD5.5, the G6PD5.4 splice form
was more abundant under a physiological sink situation (1%
sucrose, Figure 1B). Moreover, as shown by our transient
transfection of naive protoplasts, OSER structures are formed
upon sudden expression waves of the membrane-bound G6PD5
proteoforms. If PGL2 should not immediately be recruited
(or upregulated due to linkage: G6PD5 At3g27300g, PGL2
At3g49360, and PGD2 At3g02360), this may lead to temporarily
elevated 3-6PL levels that spontaneously convert to the x-
form. Interestingly, a function for this dead-end metabolite
has recently been uncovered in human lung cancer cells
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(Gao et al, 2019). Accumulation of the y-form enhanced
inhibitory phosphorylation of a protein phosphatase (PP2A),
which interfered with AMPK signaling. The AMPK homolog
of plants is sucrose non-fermenting-1-related protein kinase-
1 (SnRK1), a well-known energy-sensing/signaling complex for
the coordination of metabolic pathways during stress adaptation
and growth (reviewed in Rodriguez et al, 2019). However,
whether the above described regulation principle extends to
plant cells remains to be investigated.

To this end, our studies show that the N-terminally
extended G6PD5 proteoforms recruit an NADPH-producing
OPPP metabolon to the cytosolic face of the ER. G6PD5.4
and G6PD5.5 accumulated in discrete ER subdomains, where
they may cooperate with different metabolic pathways -
possibly via the distantly related and differently regulated
ATRI (constitutive) and ATR2 (stress-induced) isoforms (Urban
et al, 1997; Mizutani and Ohta, 1998). Both membrane-
bound G6PD5 variants were active on their own (by forming
homodimers) and induced OSER structures. Together with
the recruitment of the lipid-linked PGL2 and PGD2 isoforms,
they form the basis for sugar-derived NADPH provision to
plant pathways that operate as metabolons at the cytosolic
face of the ER (e.g., fatty acid elongation) or loose enzyme
assemblies (e.g., among the phenylpropanoid pathway). In fact,
the biosynthesis of anthocyanins and flavonoids is induced
by sucrose (Solfanelli et al., 2006). This may be linked to
stress (such as pathogen attack, reviewed in Moghaddam and
Van den Ende, 2012), but does not include a membrane-
bound hexokinase, since AS variant HXK2.1-roGFP co-localized
with mitochondria (Supplementary Figure S11), such as HXK1
(Kim et al, 2006) among the highly active HXK isoforms
(Karve et al., 2008).

Several enzymes of the lipid-elongase complex at the ER that
synthesize very long-chain fatty acids (VLCFAs) from plastid
exported precursors (Figure 10A) depend on NADPH provision
(Haslam and Kunst, 2013), and also a fatty acid epoxidase
(CYP77B1) and a fatty acid hydrolase (CYP703A2/DEX2) are
among the indirectly NADPH-dependent cytochrome P450
(CYP) enzymes. CYPs are reduced by NADPH-hemoprotein
oxidoreductases (ATR in Arabidopsis) and include those for
the biosynthesis of several important defense compounds
(e.g., Camalexin; Bottcher et al, 2014), such as CYP79B2
or 3 and CYP71B6 (Figure 10C). The latter was detected
among the GFP-G6PD5.4 pulled-down candidates from
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mesophyll protoplasts (Figure 8D). Yet, also biosynthesis,
degradation, and/or inactivation of phytohormones may
involve CYP enzymes, e.g., the formation of trans-Zeatin via
two CYP735A isoforms (Takei et al., 2004) that are mainly
expressed in roots. On the other hand, CYP707A enzymes are
abscisic acid 8-hydroxylases (Okamoto et al., 2006), CYP72A
isoforms gibberellin 13-hydroxylases (Ie et al., 2019), whereas
CYP72C1/SOB7 is involved in brassinosteroid homeostasis
(Nakamura et al., 2005; Takahashi et al., 2005; Turk et al., 2005),
and CYP711A1/MAXI in strigolactone biosynthesis/signaling
(Booker et al., 2005).

In summary, especially during high metabolic flux, the
irreversible OPPP reactions need to operate as metabolon,
which was originally proposed for the two dehydrogenases
in plastids (Debnam et al., 1997) and later shown to include
dually targeted PGL3 (Xiong et al., 2009) - also in peroxisomes
(Lansing et al.,, 2020). Albeit the cytosolic part of the OPPP
is not essential in Arabidopsis, since g6pd5 g6pd6 double
mutants are viable (Wakao et al, 2008; this study), the
membrane-bound G6PD5 proteoforms generated by AS in
wild-type plants should be beneficial under certain conditions —
such as photoautotrophic growth (G6PD5.5) vs. stress-induced
physiological sink states (G6PD5.4) that are characterized by
sucrose backup (Scharte et al., 2009). Furthermore, metabolon
formation may additionally be influenced by post-translational
modifications. In fact, phosphorylation of a conserved threonine
was shown to activate cytosolic G6PD6 and also G6PD5
in vitro (Dal Santo et al, 2012). A putative role for
OPPP metabolon formation should be studied in comparison
with other compartments - in the context of cooperation
(i.e. ER membrane with plastids, Figure 10) - and also
with potential other metabolic pathways. For example, the
early steps of isoprenoid biosynthesis (leading to specialized,
secondary metabolites that participate in interactions with
the environment) are distributed across several plant cell
compartments (Simkin et al., 2011; reviewed in Pulido et al.,
2012). Pace-making HMGR depends on NADPH provision at
the cytosolic face of the ER, but follow-up enzymes operate
in the cytosol and/or peroxisomes, before different products
(sterols, dolichols, etc.) are finalized at the hydrophobic interface
of the ER membrane. Links to energy provision at the
different cellular locations are therefore fascinating aspects for
future studies.
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