10

11

12

13

14

15

16

17

18

19

20

21
22
23
24

Functional proteomics reveals that Sir0237 is a SigE-
regulated glycogen debranching enzyme pivotal for

glycogen breakdown

Haitao Ge'*, Ye Liu3, Dandan Lu?

Running title:

GlgX1 is necessary for glycogen breakdown

'State Key Laboratory of Molecular Developmental Biology, Institute of
Genetics and Developmental Biology, Chinese Academy of Sciences, No.1
West Beichen Rd., Beijing 100101, China.

2State Key Laboratory of Crop Stress Adaptation and Improvement, School of
Life Sciences, Henan University, Kaifeng, Henan 475004, China

3Science & Technology Department of Sichuan Province, No.39 Xuedao

Street, Chengdu, Sichuan 610016, China

*Corresponding author
Haitao Ge, Ph.D.

Email: htge@genetics.ac.cn

Dandan Lu, Ph.D.
Email: ludandan@henu.edu.cn



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41
42

ABBREVIATIONS:

Synechocystis: Synechocystis sp. PCC 6803
WT: Wild type

F6P: Fructose-6-phosphate

FBP: Fructose-1,6-bisphosphate

GAP: glyceraldehyde-3-phosphate

1,3-BPG: 1,3-Bisphosphoglycerate

PCR: Polymerase chain reaction

RT-PCR: Reverse transcription-polymerase chain reaction
OD: Optical density;

OPP: Oxidative pentose phosphorylation
ORF: Open reading frame

DEPs: differentially expressed proteins

Chl: Chlorophyll

MS: Mass spectrometry

TMT: Tandem mass tag

RP-HPLC: Reversed phase-high performance liquid chromatography
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Significance Statement:

The SigE factor was important role in regulating central carbon metabolism
in cyanobacteria. However, the biological processes regulated by SigE remain
poorly understood. Proteomics studies showed that SigE depletion induces
differential protein expression for sugar catabolic pathways including glycolysis,
oxidative pentose phosphate (OPP) pathway, and glycogen catabolism. Two
glycogen debranching enzyme homologues SIr1857 and SIr0237 were found
differentially expressed in AsigE. Biochemistry study indicates that Sir0237
plays the major role as the glycogen debranching enzyme in Synechocystis.
Our study offers new clues for discovering the regulatory mechanism of sugar

metabolism in cyanobactiera.
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Abstracts:

The group 2 o factor for RNA polymerase SigE plays important role in
regulating central carbon metabolism in cyanobacteria. However, the regulation
of SigE for these pathways at a proteome level remains unknown. Using a sigE-
deficient strain (AsigE) of Synechocystis sp. PCC 6803 and quantitative
proteomics, we found that SigE depletion induces differential protein expression
for sugar catabolic pathways including glycolysis, oxidative pentose phosphate
(OPP) pathway, and glycogen catabolism. Two glycogen debranching enzyme
homologues SIr1857 and SIr0237 are found differentially expressed in AsigE.
Glycogen determination indicated that AsIr0237 accumulated glycogen under
photomixotrophic conditions but was unable to utilize these reserves in the dark,
whereas AsIr1857 accumulates and utilize glycogen in a similar way as the WT
strain does in the same conditions. These results suggest that SIr0237 plays
the major role as the glycogen debranching enzyme in Synechocystis. To our
knowledge, this is the first study to report the functional difference of two
glycogen debranching enzyme in Synechocystis and the research highlights

the intricate regulation of glycogen breakdown.

Keywords: proteomics, SigE, carbon metabolism, glycogen debranching

enzyme, Synechocystis
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1| INTRODUCTION

Cyanobacteria are a group of Gram-negative bacteria that can perform
photosynthesis similar to the higher plants. They can use sunlight to fix carbon
dioxide in the air through the Calvin cycle and provide energy and carbon
sources for cellular metabolism (De Marais, 2000; Kasting & Siefert, 2002).
Among the photosynthesis organisms, the unicellular cyanobacterium
Synechocystis sp. PCC 6803 (hereafter Synechocystis) is one of the important
model stains that has been widely used for studying photosynthesis and carbon
metabolism because it has clear genomic information and is amenable to
genetic manipulation (Gao et al., 2014; Kaneko et al., 1996; Vermaas, 1996).
Synechocystis can grow autotrophically under light conditions and sustain life
by breaking down stored carbohydrates such as glycogen in the dark. The
glucose-tolerant strain of Synechocystis can even utilize exogenous organic
carbon to maintain cell growth (Fang et al., 2016; Williams, 1988).

Carbon metabolism is central to cyanobacteria in cooperation with energy
and reducing equivalent producing photosynthesis while providing carbon
skeleton for synthesis of the other metabolites. In dark, the accumulated carbon
reserves such as glycogen can be degraded to supply energy, reducing power,
and precursors for biosynthesis of macromolecules necessary for the survival
of cyanobacterial cells. Thus, the carbon metabolism needs to be precisely
regulated, in both time and space. So far, the expression of genes involved in
carbon metabolism was reported to be regulated by multiple proteins such as
histidine kinase Hik31 and its plasmid paralog SIr6041 (Kahlon et al., 2006;
Nagarajan et al., 2014), the response regulator Rre37 (Tabei et al., 2007), and
the Group 2 o Factor SigE (Osanai et al., 2005). Of these SigE-regulated genes
are mainly involved in sugar catabolism as revealed by microarray-based
transcriptomics and a targeted proteomics study (Azuma et al., 2011; Osanai et
al., 2005). Sugar catabolism in Synechocystis cells is roughly divided into
glycogen catabolism, Embden-Meyerhof-Parnas pathway (Glycolysis),

oxidized pentose phosphate (OPP) pathway, and the tricarboxylic acid (TCA)
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cycle. A number of the metabolic reactions in these pathways might require the
catalysis from enzymes encoded by multiple genes. Some of these reactions
are bidirectional while the others are unidirectional. For the bidirectional
reactions usually one direction is involved in carbon anabolism and the other in
carbon catabolism. Usually multiple isoenzymes are involved in such a
bidirectional reaction, with each predominately catalyzing the reaction towards
a specific direction. For example, the conversion of glyceraldehyde-3-
phosphate (GAP) to 1,3-Bisphosphoglycerate (1,3-BPG), a reaction integral to
glycolysis, was reported to be catalyzed by glyceraldehyde 3-phosphate
dehydrogenase 1 (GAP1), whereas the conversion of 1,3-BPG to GAP, a
reaction involved in gluconeogenesis, was reported to be catalyzed by GAP2
(Koksharova et al., 1998). For such biodirectional reactions the enzyme
catalyzing the catabolic reactions is more likely regulated by SigE. For the
unidirectional multiple isoenzyme-involved reactions, it is conceivable to
presume that the one regulated by SigE could play the major role in catalyzing
the reaction. Two steps in glycogen breakdown are such unidirectional reaction,
one is catalyzed by glycogen phosphorylase (GlgP) and the other is catalyzed
by glycogen debranching enzyme (GlgX). Both GIgP and GigX have two
isoenzymes. The difference of functional regulation and specificity of the two
isoemzymes of GIgP have been characterized more or less (Fu & Xu, 2006),
and SigE is not involved in the regulation of either one. For GIgX, the functions
and specificities of the two isoenzyme SIr0237 (GlgX1) and SIr1857 (GlgX2)
have not been characterized so far. However, GlgX1 is reported to be regulated
by SigE based on the transcriptomics study (Osanai et al., 2005). A reasonable
postulation based on this information is that GlgX1 but not GIgX2 is the major
glycogen debrancing enzyme responsible for glycogen breakdown in
Synechocystis.

Herein, we first generated a sigE knockout mutant strain of Synechocystis
and then quantitatively profiled its proteome in an attempt to systematically

identify SigE-regulated proteins. Although SigE-regulated genes have been



138 identified in large scale by microarray-based transcriptomics studies using both
139  sigE knockout and overexpressing strains of Synechocystis, and by targeted
140  proteomics for a set of 112 proteins (Tokumaru et al., 2018). These studies are
141  not sufficient to comprehensively catalog the SigE-regulated proteins. For the
142 microarray studies, the microarray library only contains 3264 ORFs and 408
143  ORFs harbored by seven endogenous plasmids were not included. The
144  proteins encoded by the plasmid-borne ORFs may be functionally important,
145  particularly in regulation of carbon metabolism, as demonstrated by Sir6041, the
146  paralog of the histidine kinase Hik31 (Nagarajan et al., 2014). Besides, the
147 mRNA level may not be well correlated with protein level as previously reported
148  (Griffin et al., 2002). After confirming that GlgX1 but not GIgX2 is regulated by
149  SigE through the quantitative proteomics, we sought to investigate the distinct
150 role of the two GlgXs, and demonstrated that GlgX1 is the major glycogen
151  debranching enzyme for its breakdown.

152

153 2| MATERIALS AND METHODS

154 2.1 | Cell Culture

155 The WT or mutant strains of Synechocystis were cultured in liquid BG-11
156  medium in moderate light (50 umol m? s photons) in a shaker. The cells were
157  collected by centrifugation (4,000 g for 10 min) for biochemical and proteomic
158  analyses at the exponential phase (OD730nm = 1.0). The harvested cells were
159  stored at -80°C until use.

160 2.2 | Glycogen Content Determination

161  Glycogen was determined as described (Xu et al., 2013). Synechocystis cells
162  were harvested, resuspended in 400 pl 30% (w/v) KOH, and incubated at 95°C
163  for 2 h. Glycogen was then precipitated with 75% (v/v) ice-cold ethanol, pelleted
164  via centrifugation at 10,000 g for 10 min, sequentially washed with 70% and 98%
165  (v/v) ethanol, and finally dried at 60°C for 10 min. The isolated glycogen was
166  resuspended in 100 mM sodium acetate (pH 4.5) and enzymatically hydrolyzed

167  to glucose with 2 mg/ml amyloglucosidase (Sigma-Aldrich) at 60°C for 2 h. The
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glycogen content was determined with a glucose assay kit (Sigma-Aldrich)
according to the manufacturer’s instructions.

2.3 | Protein Preparation

Cell pellets were lysed in a buffer containing 0.4 M sucrose, 50 mM 3-(N-
morpholino) propanesulfonic acid, pH 7.0, 10 mM NaCl, 5 mM EDTA, and 0.5
mM phenylmethanesulfonyl fluoride (PMSF, Sigma-Aldrich) with a bead beater.
The cell lysates were centrifuged at 4°C to remove insoluble debris (5000 x g,
30 min). Total proteins were precipitated with ice-cold 10% trichloroacetic acid
in acetone at -20°C, and then washed with acetone. The proteins were then
dried with a vacuum and resolubilized with 4% SDS in 0.1 M Tris-HCI, pH 7.6.
The protein concentrations were determined using a BCA protein assay kit
(Thermo Scientific, Rockford, IL).

2.4 | Protein Digestion and TMT Labeling

Proteins were digested using the filter-aided sample preparation (FASP)
method according to a previously described method with slight
modifications(Ge et al., 2017; Ge et al., 2018; Wisniewski et al., 2009). Briefly,
the lysates (100 ug protein for each sample) were reduced with 10 mM DTT at
37°C for 1 h and alkylated with 55 mM iodoacetamide (IAA, Sigma-Aldrich,
Saint Louis, MO) at room temperature for 1 h in the dark. The alkylated lysates
were transferred into the Microcon YM-30 centrifugal filter units (EMD Millipore
Corporation, Billerica, MA), where the denaturing buffer was replaced by the
0.1 M triethylammonium bicarbonate (TEAB, Sigma-Aldrich, Saint Louis, MO),
and then digested with sequencing grade trypsin (Promega, Madison, WI) at
37°C overnight. The resulting tryptic peptides were collected and labeled with
6-plex TMT reagents (Thermo Scientific, Rockford, IL) by incubating peptides
with ethanol-dissolved TMT reagents for 2 h at room temperature in dark. The
labeling reaction was inactivated by addition of 5% hydroxylamine, and the
labeled samples were mixed together with equal ratios before fractionated with
reversed phase (RP)-high performance liquid chromatography (HPLC).

2.5 | RP-HPLC
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Offline basic RP-HPLC was performed using a Waters 2695 separations
HPLC system coupled with a phenomenex gemini-NX 5u C18 column (250 x
3.0 mm, 110 A) (Torrance, CA). The sample was separated with a 97 min basic
RP-LC gradient as previously described (Udeshi et al., 2013). A flow rate of 0.4
mL/min was used for the entire LC separation. The separated samples were
collected into 15 fractions, and completely dried with a SpeedVac concentrator
(Thermo Scientific, Rockford, IL) and stored at -20°C for further analysis.

2.6 | Mass Spectrometry Analysis

For MS analysis, the peptides were resuspended in 0.1% formic acid (FA) and
analyzed by a LTQ Orbitrap Elite mass spectrometer (Thermo Scientific,
Rockford, IL) coupled online to an Easy-nLC 1000 in the data-dependent mode.
Briefly, 2 pL of peptide sample (1 pg/uL) was injected into a 15-cm length, 75-
Mm inner diameter capillary analytic column packed with C18 particles of 5-um
diameter (SunChrom, Friedrichsdorf, Germany). The mobile phases for the LC
include buffer A (2% acetonitrile, 0.1% FA) and buffer B (98% acetonitrile, 0.1%
FA). The peptides were separated using a 90-min non-linear gradient consisting
of 3%-8% B for 10 min, 8%-20% B for 60 min, 20%-30% B for 8 min, 30%-100%
B for 2 min, and 100% B for 10 min at a flow rate of 300 nl/min. The source
voltage and current were set at 2.5 KV and 100 pA, respectively. All MS
measurements were performed in the positive ion mode and acquired across
the mass range of 300-1800 m/z. The fifteen most abundant precursor ions
from each MS scan were isolated and fragmented by high-energy collisional
dissociation (HCD) for MS/MS analysis.

2.7 | Database Search

The raw MS files were searched against the Synechocystis proteome sequence
database using the software MaxQuant (Cox & Mann, 2008). The database
containing 3,672 entries was downloaded from the CyanoBase
(ftp://ftp.kazusa.or.jp/pub/ CyanoBase/ Synechocystis, released on 5/11/2009).
The type of search was set to report ion MS2 and the 6-plex TMT was chosen

for isobaric labels, the minimum reporter parent ion interference (PIF) was set
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to 0.75. Trypsin was chosen as the protease for protein digestion, and the
maximum of 2 was set as the allowable miscleavages. N-terminal acetylation
and methionine oxidation were included as the variable modifications. Cysteine
carbamidomethylation was chosen as the fixed modification. The mass
tolerances were set to 4.5 ppm for the main search and 20 ppm for precursor
and fragment ions. The minimum score for unmodified peptides and modified
peptides were set to 15 and 40, respectively. Other parameters were set up
using the default values. The false discovery rate (FDR) was set to 0.01 for both
peptide and protein identifications.
2.8 | Bioinformatics and Statistics
Bioinformatic and statistical analyses were mainly performed using the software
Perseus (version 1.6.2.3) (Cox & Mann, 2012) . Student’s t-test was used to
determine the significance of differential expression of proteins between the WT
and AsigE, and Fisher’s-exact test was used for the functional enrichment
analysis. A p-value<0.05 was used as the cut-off for all statistical analyses.
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the

dataset identifier PXD038472 (Perez-Riverol et al., 2022).

3 | RESULTS

3.1 | Disruption of sigE in Synechocystis

Using an insertional mutation approach we generated the sigE-deletion mutant
(Figure 1A, Left panel) (Gao et al., 2014). An about 2.0-kb spectinomycin
resistance gene cassette was inserted into the sigE by homologous
recombination and the complete segregation of the mutant was confirmed by
PCR. Using the same pair of primers for sig ORF fragment amplification which
covers the insertion site of the resistance gene cassette, a 1.0-kb and a 3.0-kb
PCR products were amplified from the WT and the mutant, respectively,
indicating the complete segregation of sigk in the mutant (Figure 1A, Right

panel). To investigate whether the insertional mutation of sigk affects the
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transcription of its up-or down-stream flanking genes, RT-PCR was used to
confirm the transcriptional levels of the ORFs sll1687, sll1688, sll1691, sll1692,
and sll1819 which are closely located up- or down-stream of sigE (Figure 1B,
Left panel). The RT-PCR result (Figure 1B, Right panel) demonstrates that the
transcriptional levels of the neighboring ORFs were not affected by the
disruption of sigE.

3.2 | Depletion of SigE Leads to Impaired Heterotrophic Growth and Dark
Survival of Synechocystis

To investigate the effect of sigE knockout on the growth of Synechocystis, the
growth rates of the WT and the mutant were measured in photoautotrophic and
mixotrophic conditions under medium light intensity (50 pmol m? s photons)
or in heterotrophic condition in the dark (Figures 2A-B). The results show that
there is almost no difference in growth rate between the WT and the AsigE
cultured in light conditions, except that the mutant strain grew slightly slower
than the WT under the photoautotrophic condition (Figure 2A, Left panel).
Photographs of the cell cultures at the indicated time points after inoculation
show that there is no significant color difference between the two strains under
light conditions, indicating that the chlorophyll content was not affected by sigE
mutation (Figure 2A, Right panel). However, the mutant can hardly grow in dark
in the presence of 5 mM glucose, a typical heterotrophic growth condition for
Synechocystis (Figure 2B). To investigate whether the inhibited growth of the
mutant in the heterotrophic condition is due to cell death or repressed
proliferation of live cells, the viability of the mutant and the WT in the
heterotrophic condition was assayed. The cells were photoautotrophically pre-
cultured to the exponential phase (OD730 = ~1.0), and then incubated in dark
up to 96h in the presence or absence of 5mM glucose. The dark-incubated cells
were sampled every 24h and spotted onto the solid BG-11 plates, which were
subsequently incubated in light for up to 96h and photographed every 24h. The
result shows that after 24h-incubation in dark in the presence of glucose, the

viability of the mutant was significantly impaired compared with that of the WT
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as indicated by the inhibited growth of the cells (Figure 2C). After 72h dark
incubation, no growth of the mutant was observed indicating all mutants were
dead. Instead, the WT cells grew almost equally well compared with those
incubated in dark for shorter duration. For the cells dark-incubated without
glucose, only minor difference in growth was observed for the WT and the
mutant even after 96h dark incubation. Together, these results suggest that
viability of the mutant is impaired in the heterotrophic condition, namely the
combination of darkness and presence of glucose, but not in dark along, and
the latter is worthy of highlighting because the dark viability assay of
cyanobacteria has been performed by different reports using or not using
glucose (Ozkul & Karakaya, 2015), and the consequence is different.

3.3 | Quantitative Identification of Differentially Expressed Proteins in
AsigE

To decipher the proteomic basis of the observed AsigE phenotype, a systematic
quantitative comparison of the proteomes between the WT and AsigE was
performed using a 6-plex TMT labeling-based approach (Figure 3). In total,
2,193 proteins or protein groups were identified, covering about 60% of the
Synechocystis proteome (Supplemental Table S1). Grouping the identified
proteins according to the functional categories annotated by CyanoBase
reveals that identification coverages of all functional categories are higher than
50% except for the unknown and other categories (Figure 4A). High coverage
identification ensures comprehensive characterization of subsequent
quantitative proteomics and bioinformatics analysis.

Among all identified proteins 1,925 proteins contain TMT reporter ion
intensities (Supplemental Table S2), which were used for further quantification.
Student’s t-test with a threshold p < 0.05 was used to filter for 424 proteins
quantified with high confidence (Figure 4B), which is indicated by the hierarchy
clustering analysis that correctly clustered all three biological replicates of the
WT and the mutant. A fold change of 1.4 was used to further filter for the

differentially expressed proteins (DEPs) between the two strains, which
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resulted in 42 upregulated and 95 downregulated proteins in the mutant
(Supplemental table S2). Comparisons of the current proteomics data with the
transcriptomics data of a previously reported sigE-knockout strain and sigE-
overexpressing strain reveal that the differential gene expression patterns at
protein and mRNA levels are overall positively correlated between the two sigE-
knockout strains (Figure 4C), and is negatively correlated between AsigE and
the sigE-overexpressing strain (Figure 4D). Nevertheless, a limited number of
outliers were also observed such as BioF, Hik37, Amt2, KaiA and FbaA (Figures
4C-D), and the inconsistency of differential expression between a mRNA and
its protein counterpart is also a well-documented observation (Griffin et al.,
2002). In addition, the expression of a number of genes located on the
endogenous plasmids of Synechocystis was significantly down-regulated in
AsigE, which was not reported in the transcriptomics data because they were
not included in the microarray library (Figures 4C-D; Figure 5).

3.4 | Depletion of SigE Significantly Induces Differential Expression of
Proteins Involved in Carbon Metabolism

Functional enrichment assay was performed for proteins upregulated or
downregulated in AsigE using Fisher’s exact test. No function was significantly
enriched among the upregulated proteins. Manual inspection reveals that some
proteins associated with stress responses for Synechocystis, such as GgsP,
GlpD, sll1483, and sll1863 are upregulated in AsigE (Figure 5). Up-regulation
of these proteins could implicate SigE in the regulating the acclimation to abiotic
stress (Hagemann, 2011), particularly salt and Osmotic stress.

Among the downregulated proteins carbon metabolism network and
unknown proteins are significantly enriched functional categories (Figure 5;
Supplemental Figure 2). In addition, proteins encoded by the genes on the
endogenous plasmid pSYSA such as SII7062, SlI7063, SII7085, SIl7087, and
SII7089 are also enriched (Figure 5; Supplemental Figure 2). Downregulation
of proteins involved in carbon metabolism is consistent with previous

observations, whereby depletion of SigE resulted in inhibition of glycolysis, OPP
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and Glycogen metabolism pathways (Miyuki et al., 2011; Osanai et al., 2005;
Tokumaru et al., 2018). Mapping the DEPs to the carbon metabolism network
reveals that proteins involved in carbon catabolism but not anabolism were
downregulated (Figure 6). This mainly includes Zwf, Gnd, and Tal in the OPP
pathway, Gap1, PfkA1, Pyk1, ppsA, and GlgX in the glycolysis and glycogen
metabolism pathway (Figures 5-6). Downregulation of these key enzymes in
mutant cells indicates that SigE positively regulates sugar metabolism in
Synechocystis. Among the carbon metabolic pathways a few reactions are
bidirectional with one direction for carbon catabolism and the other for carbon
anabolism, and each direction is catalyzed by a distinct enzyme. These include
the reactions converting Fructose-6-phosphate (F6P) to Fructose-1,6-
bisphosphate (FBP) and GAP to 1,3-BPG. Interestingly, the enzymes catalyzing
the catabolic direction are downregulated in AsigE, underscoring the
importance and specificity of SigE in regulating carbon catabolism, and it can
be postulated, based on this observation, that a downregulated enzyme
involved in carbon metabolism is more likely catalyzing a catabolic reaction.
3.5 | Glycogen Debranching Enzyme SIr0237 (GlgX1) Plays the Major Role
in Glycogen Breakdown in Synechocystis

Glycogen debranching is necessary for its breakdown, in Synechocystis
slr0237 (glgX1) and sIr1857 (glgX2) encode putative isoamylases that
debranch glycogen. Previous studies have shown that two transcriptional
regulators, SigE and Rre37, regulate the transcriptional expression of glgX1
and glgX2, respectively (Azuma et al., 2011; Osanai et al., 2005). Regulation
by different transcription factors indicates that these two GlgXs may play
different roles in glycogen metabolism. Down-regulation of GlgX1 in AsigE,
based on the above assumption, indicates that GlgX1 may play the major role
for glycogen debranching and breakdown. To test this hypothesis and to
investigate the specific function of the two GlgXs, we generated the knockout
mutants for each of the two coding genes (AglgX1 and AglgX2) in

Synechocystis by using the insertional mutation method. The completely
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segregated mutants were confirmed by PCR (Supplemental Figure 1). Growth
experiments were performed to determine the effect of the glgX7 or glgXx2
mutation on cell growth. For photoautotrophic growth, both mutants grew
slightly slower than the WT, while the photomixotrophic growth of the two
mutants is almost identical with that of the WT (Figures 7A-B, Left panel). The
whole cell absorption spectra of the photoautotrophically-growing cells were
also measured. Compared with the WT, the spectra of the two glgX mutants
showed slightly reduced absorption at ~435 nm, ~485 nm, and ~625 nm,
indicating slightly lower abundancy of Chl a, carotenoids and phycobilin content,
respectively (Supplemental Figure 3). Together, these results suggest that
deletion of glgX (slr0237 or sir1857) only slightly repressed growth and pigment
synthesis of Synechocystis under the photoautotrophic condition.

In dark, cyanobacteria mainly catabolize glycogen to provide energy,
reducing equivalent, and biosynthetic precursors. To investigate the specific
functions of the two GlgXs in glycogen breakdown, we compared the glycogen
breakdown rates of the mutants with that of the WT. The cells were precultured
to the exponential phase (OD730 =~1) in the light to allow glycogen accumulation,
and then transferred to darkness and incubated for 7 days to boost glycogen
breakdown. Seven-day dark-incubation did not cause an apparent change of
the cells as indicated by the photographed cultures (Figure 7C). Glycogen
contents were measured for cells immediately before and after the dark-
incubation. For the cells measured before dark-incubation, there is no
significant deference of glycogen contents among the three strains (Figure 7D).
For dark-incubated cells, the glycogen contents of WT and AglgX2 were both
dramatically reduced, though the amount in AglgX2 is higher than that in the
WT. In contrast, the glycogen content of AglgX1 remained almost constant after
dark-incubation, indicating glycogen in the mutant was barely catabolized
(Figure 7D). Together, these results suggest that GigX1 but not GIlgX2 is mainly

responsible for glycogen debranching, which is pivotal for glycogen breakdown.
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4 | DISCUSSION
In the present study, we showed that SigE plays an important role in sugar
catabolism and is critical for the dark survival of Synechocystis in the presence
of glucose. Using a SigE-deficient mutant and quantitative proteomics, we
showed that SigE depletion significantly reduced protein expression for sugar
catabolic pathways including glycolysis, OPP pathway, and glycogen
catabolism.

Two glycogen debranching isoenzymes GlgX1 and GIlgX2 were found
differentially expressed in AsigE. Glycogen content determination indicates that

AglgX1 accumulated glycogen in light but was unable to utilize these reserves

in dark. However, AglgX2 and WT cells can accumulate and break down

glycogen under the same condition. These results indicate that GlgX1 plays the
major role as the glycogen debranching enzyme in Synechocystis.

In Synechocystis glycogen is broken down mainly through glycogen
phosphorylase (encoded by glgP) and glycogen debranching enzyme.
Synechocystis possesses two glgP genes (sll1356 and slr1367) and two glgX
genes (slr0237 and sIr1857) in its genome (Kaneko et al., 1996). Though the
specific functions of the two GIgPs have been elucidated (Fu & Xu, 2006), the
functional distinction between the two GlgXs is unknown. In this study, we
demonstrated that GIlgX1 is the major debranching enzyme in glycogen
breakdown. The fact that glycogen can be catabolized in AgigX2 at a
comparable rate with that in the WT suggests that GlgX2 play no or a minor role
in glycogen breakdown in Synechocystis. Studies in Escherichia coli showed
that disruption of the glgX gene changes the structure patterns of the glycogen
produced in cells (Dauvillee et al., 2005). In cyanobacteria, it has also been
shown that heterologous expression of Synechocystis gene slr0237 (glgX1) or
slr1857 (glgX?2) in a glgX mutant of Synechococcus elongatus PCC 7942 (S.
elongatus PCC 7942) could recover the abnormal glycogen structure of mutant

cells (Suzuki et al., 2007). When the glgX1 or glgX2 gene from Synechocystis
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was introduced to the glgX mutant of S. elongatus PCC 7942, the level of short
branches in the glycogen molecules was significantly reduced in the
transformants as compared to the parental mutant. These results indicate that
the GlgXs are not only involved in glycogen breakdown but also important for
glycogen synthesis by shaping correct glycogen structure.

It was also noted that the mutation of glgX7 and glgX2 did not cause the
over-accumulation of glycogen in Synechocystis cells (Figure 7D), the
observation was similar to what had been reported for E. coli (Dauvillee et al.,
2005), S. elongatus PCC 7942 (Suzuki et al., 2007) and Arabidopsis (Delatte
et al., 2006; Wattebled et al., 2005). Although the mutation of glgX7 and glgXx2
did not cause critical effects on the cellular viability or the growth rate (Figures
7A-B), defects in these genes may be disadvantageous in a competitive or
stress environment.

In Synechocystis, both glgX genes are significantly induced by nitrogen
depletion (Krasikov et al., 2012; Osanai et al., 2006). GlgX1 were decreased by
SigE disruption (Osanai et al., 2005) and increased by SigE overexpression
(Takashi et al., 2011), whereas GIgX2 were decreased by Rre37 depletion
(Azuma et al., 2011). These results indicate that glycogen metabolism could be
regulated by distinct mechanisms, particularly under various environmental
conditions. In this context, existence of two GlgXs may allow for more flexible

regulation of glycogen debranching to better adapt to environmental changes.

5| CONCLUSION

In summary, we found that SigE depletion induces differential protein
expression for sugar catabolic pathways especially in glycolysis, OPP pathway,
and glycogen catabolism. Two glycogen debranching enzyme homologues
SIr1857 and SIr0237 were found differentially expressed in AsigE. Glycogen
determination indicated that SIr0237 plays the major role as the glycogen
debranching enzyme in Synechocystis. Our study reports the functional

difference of two glycogen debranching enzyme in Synechocystis and
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highlights the intricate regulation of glycogen breakdown in Cyanobacteria.
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Figure 1 | Generation of sigE knockout mutant in Synechocystis.

(A) The diagram depicts the plasmid construct for disrupting the ORF of sigE
on the genome of the Synechocystis.

(B) The same pair of primers was used to amplify DNA fragments from the WT
and the mutant to confirm the complete segregation of the mutant.

(C) The diagram shows the genomic locus of sigE and its neighboring ORFs.
(D) Transcription of sigE and its neighboring ORFs in WT and AsigE was

detected via RT-PCR. The gene rnpB was used as the internal loading control.

Figure 2 | Disruption of sigE affects the heterotrophic growth of Synechocystis.
(A-B) Growth curves of the WT and the AsigE were measured in the presence
(+G) or absence of 5 mM glucose under 50 y mol m?s-* light intensity (A) or in
dark (B) (Left panels). The cell cultures were also photographed at the indicated

time points during the growth experiment (Right panels).

(C) Exponentially-growing WT and AsigE cultured in BG-11 with or without 5u

m glucose were transferred to darkness, and then sampled (10 ul each) at the

indicated time points during dark-incubation and spotted on solid BG-11 plates.
The plates were incubated in continuous light and photographed every 24 hours

after inoculation.

FIGURE 3 | Schematic representation of the workflow for the quantitative
proteomic analysis of the AsigE.

Total proteins were extracted from the three biological replicates of the WT and

the AsigE and digested with trypsin. The tryptic peptides were labeled with 6-

plex TMT reagents in the order as indicated. The labeled peptides were mixed
together with an equal molar ratio, and separated into 15 fractions with RP-
HPLC. The peptides in each fraction were quantitatively analyzed by LC-
MS/MS using a LTQ-Orbitrap-Elite mass spectrometer.
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FIGURE 4 | Quantitative proteomic analysis of the AsigE.

(A) the bar graph shows the coverage of protein identification for all functional
categories annotated by CyanoBase.

(B) Z-scored TMT reporter intensities of 424 proteins after Student’s t-test
(p<0.05) were used for hierarchy clustering analysis to evaluate the
reproducibility of the quantitative analysis. The extents of differential protein
expression are color-coded and displayed on the scale bars.

(C-D) Volcano plots shows the comparison of the results in the current
proteomic study and previous transcriptomic studies for sigE knockout (C) and
SigE overexpression (D) stains. The filled cycles indicate proteins with
significant changes (fold change =21.40 or <0.71, p<0.05) in expression in the
current proteomic study. The red and green spots represent genes that were

upregulated or downregulated in the indicated transcriptomic studies.

FIGURE 5 | DEPs in major functional categories.
Volcano plots shows the differentially expressed proteins in AsigE. Proteins
involved in carbon metabolism (purple), stress response (red), and encoded by

endogenous plasmids (blue) are highlighted.

FIGURE 6 | Mapping of the DEPs in the AsigE to a protein network for carbon
metabolism.
The DEPs are indicated by red or green color, which indicate upregulation and

downregulation in the AsigE, respectively.

FIGURE 7 | Phenotypic analysis of AsIr0237 and Aslr1857.

(A-B) Growth curves of the WT and the mutant strains AsIr0237 (A) and
AsIr1857 (B) cultured with or without 5 mM glucose under medium light intensity
(Left panels). The cultures were also photographed at the indicated time points
(Right panels).

(C-D) The indicate WT and mutant strains were pre-cultured in light to ODz730



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685
686

~1.0, and then transferred to darkness and dark-incubated up to 168h, the
cultures were photographed at the indicated time points (C). Bar graph shows
the glycogen contents of the WT and the mutants before and after dark-

incubation (D).

Supplemental Figure 1 | PCR confirmation of the complete segregation of the
AsIr0237 and AsIr1857.

The same pair of primers were used to amplify DNA fragments from the WT
and the mutants genomic DNA to confirm the complete segregation of the

mutant.

Supplemental Figure 2 | Functions enriched in the downregulated proteins in
AsigE.

The gene ontology terms, KEGG pathways, functional categories annotated by
the CyanoBase and carbon metabolism network in Figure 6 were included for
the analysis. FDR<0.02 and the enrichment factor 21.5 were used as the cutoffs

to include all enriched categories.

Supplemental Figure 3 | Whole cell absorbance spectra of Aslr0237, Aslr1857
and the WT strains.

Cells were sampled during the exponential growth phase (OD730 = ~0.8). The
absorption spectra was scanned between 380 and 800 nm. The spectra were

normalized to the OD73o.
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Figure 7
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Supplemental Figure 1

A

&

&
N
>
v

3.0 kb 3.0 kb

1.0 kb 1.0 kb




Supplemental Figure 2
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