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Abstract

Synechocystis sp. PCC6803 belongs to cyanobacteria which carry out photosynthesis and has recently become of interest
due to the evolutionary link between bacteria and plant species. Similar to other bacteria, the primary carbohydrate storage
source of Synechocystis sp. PCC6803 is glycogen. While most bacteria are not known to have any isoforms of glycogen
synthase, analysis of the genomic DNA sequence of Synechocystis sp. PCC6803 predicts that this strain encodes two isoforms
of glycogen synthase (GS) for synthesizing glycogen structure. To examine the functions of the putative GS genes, each
gene (sll1393 or s/l0945) was disrupted by double cross-over homologous recombination. Zymogram analysis of the two GS
disruption mutants allowed the identification of a protein band corresponding to each GS isoform. Results showed that two
GS isoforms (GSI and GSII) are present in Synechocystis sp. PCC6803, and both are involved in glycogen biosynthesis with
different elongation properties: GSI is processive and GSll is distributive. Total GS activities in the mutant strains were not
affected and were compensated by the remaining isoform. Analysis of the branch-structure of glycogen revealed that the
s/11393~ mutant (GSI™) produced glycogen containing more intermediate-length chains (DP 8-18) at the expense of shorter
and longer chains compared with the wild-type strain. The s//0945~ mutant (GSII™) produced glycogen similar to the wild-
type, with only a slightly higher proportion of short chains (DP 4-11). The current study suggests that GS isoforms in
Synechocystis sp. PCC6803 have different elongation specificities in the biosynthesis of glycogen, combined with ADP-
glucose pyrophosphorylase and glycogen branching enzyme.
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been identified in plants [4] as well as fungi [5]. No isoforms of GS
and GBE have been known to exist in bacteria, however, a recent
study showed there are two types of glycogen synthases, named as

Introduction

Glycogen is the major form of carbon storage in many

prokaryotes. It is an o-1,4 linked D-glucose polymer with a-1,6
branches similar to amylopectin, which is a part of starch
components in plants with amylose. Biosynthesis of bacterial
glycogen requires three enzymes: ADP-glucose pyrophosphorylase
(AGPase, EC 2.7.7.27), glycogen branching enzyme (GBE, EC
2.4.1.18), and glycogen synthase (GS, EC 2.4.1.21). These three
enzymes have specific individual roles in producing a bacterial
glycogen structure. For example, GS has an elongation property,
extending an a-1,4 glucose moiety with ADP-glucose as a substrate
[1], which is produced by the AGPase reaction. The biosynthetic
pathway of bacterial glycogen is very similar to that of starch
biosynthesis in plants, using ADP-glucose as a major substrate for
starch biosynthesis with different elongation properties for glucose
extensions [2,3]. However, there is an essential difference between
bacterial and plant systems regarding whether isoforms of
glycogen/starch-synthesizing enzymes are present. Multiple iso-
forms of starch synthase (SS) and starch branching enzyme (SBE),
which have similar enzymatic properties to GS and GBE, have
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gleAl and glgA2, in Sinorhizobium meliloti [6).

Cyanobacteria, blue-green algae, are photosynthetic prokary-
otes. They contain chlorophyll @, the same photosynthetic pigment
that plants contain. From an evolutionary point of view,
cyanobacteria are considered a linking organism between bacteria
and green plants, because they are proposed to represent the
endosymbiotic progenitors of plastids in plants [7]. While
cyanobacteria have highly organized internal thylakoid mem-
branes similar to those in plant chloroplasts [8], they produce
glycogen instead of starch. As in plants and/or other bacteria,
cyanobacteria utilizes ADP-glucose as a precursor for the
biosynthesis of glycogen instead of UDP-glucose [9]. Therefore,
the process of storing carbohydrates through photosynthesis in
cyanobacteria may bear a closer resemblance to that in plants than
do other bacteria or non-photosynthetic eukaryotes.

It 1s widely accepted that different specificities of SS and SBE
1soforms play important roles in determining starch structure in
the plant system [10,11]. Transposon-tagging and antisense down-
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regulation of specific genes involved in starch biosynthesis have
helped to elucidate different functions for starch synthesizing
enzymes [12,13], but the specific function and metabolic
regulation of each isoform in starch biosynthesis are still not fully
understood. One of the major difficulties in revealing the starch
biosynthetic mechanism by mutation or down-regulation of
specific enzyme isoforms is the compensating effect of the
remaining isoforms and/or the pleiotropic effect of the mutations
on other starch biosynthetic enzymes in plants [14,15]. Disruption
of one SS isoform in potato has been shown not to affect the
overall starch yield [16]. A cyanobacterial system may be ideal for
indirectly examining the unique functionality of each plant SS
isoform, since the cyanobacterium Synechocystis sp. PCC6803
appears to have two GS isoforms [17]. These two putative GS
genes (GSI and GSII) are expected to have different elongation
properties in glycogen biosynthesis like SS isoforms, and would be
of use to investigate the starch synthesizing process in plant
systems.

In this study, we characterized different functions of two
endogenous GS isoforms in the process of glycogen biosynthesis in
Synechoeystis sp. PCC6803. Our ultimate goal is to establish a model
system for glycogen biosynthesis in cyanobacteria and then use the
model to study the roles of individual enzymes involved in starch/
glycogen production. We expect that our findings will provide
further information on the evolutionary similarity of o-glucan
synthesis between cyanobacteria and plant.

Materials and Methods

Materials

ADP[U-"*C]glucose was purchased from GE Healthcare Life
Sciences (Piscataway, NJ). Chemicals for BG-11 medium were
purchased from Fisher Scientific (Pittsburgh, PA). Molecular
biology reagents were purchased from Promega Biotech (Madison,
WI), and other chemicals and antibiotics were from Sigma-Aldrich

Co. (St. Louts, MO).

Strains and Growth Conditions

Synechocystis sp. PCCI6803 was grown at 25°C under continuous
illumination with fluorescent lights (~40 pwmoles photons m ™2 s~ ')
in a BG-11 medium supplemented with 5 mM glucose to increase
growth rate [18]. For different mutants, media contained
50 ug mL ™" kanamycin and/or 20 pug mL.~" spectinomycin. For
glycogen isolation, cells were grown in a BG-11/glucose medium
for 7-8 days (A730=1.6-1.8) before being transferred to a
nitrogen-limiting BG-11/glucose medium, and then grown for
another 2-3 days. The nitrogen-limiting BG-11 medium con-
tained 8.34 mg mL ™' sodium nitrate as the only nitrogen source,
which supplied less nitrogen concentration than 10% of the
normal sodium nitrate concentration. Cell pellets grown in normal
BG-11 medium, harvested by centrifugation at 6,000x g for
15 min, were washed with sterile deionized water prior to transfer
of cells to a nitrogen-limiting medium. Cultures were started with
an initial cell density of 1.0x10° cells mL~" for determination of
the cell growth rate.

Genomic DNA Isolation

For 1solation of genomic DNA from Synechocystis sp. PCC6803
cell cultures in early stationary phase, cell pellets collected by
centrifugation of 5 mL samples were resuspended in 400 puL. TE
buffer [50 mM Tris-HCI, pH 8.0, and 5 mM ethylenediamine-
tetraacetic acid (EDTA)] following a general protocol reported by
Ausubel et al. [19]. The same volume (400 uL) of glass beads (acid
washed, baked) was added to the cell suspension, followed by the
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addition of SDS (10%, w/v, 8 uL), N-lauryl sarcosine (5%, w/v,
16 uL), and phenol saturated with TE (400 uL). The cell
suspension was then vortexed five times, 15 s each.

Targeted Mutagenesis of s//1393 and s//0945 Genes
Mutants lacking putative GS genes, sl1393 or /0945, were
generated by transforming the wild-type strain of Synechocystis sp.
PCC 6803 with pSHK1393 or pSHK0945 plasmid, respectively,
in which s//1393 or sll0945 was replaced by a gene conferring
kanamycin resistance. DNA sequences from both 5" and 3’ regions
of each targeted structural gene were used to amplify correspond-
ing ~0.5 kb fragments. Primers were obtained from s//1393 and
sl10945 genes to avoid possible mutagenesis in flanking regions
during recombination events (Table 1). Two sets of primers, prAl
(forward)/prA2 (reverse) and prA3/prA4 for si{1393 were used for
PCR amplification. For 5//0945, prB1 (forward)/prB2 (reverse) and
prB3/prB4 were used. Primers were designed to contain
restriction sites at both ends of the amplified DNA fragments as
shown in Table 1. Endonuclease-restricted BamHI-EcRI and
EcoRI-HindIll fragments from each gene were subcloned sequen-
tially into pBluescript KS vector. A kanamycin resistance (Km®)
gene from pUC4K was inserted between subcloned DNA
fragments using the EcoRI restriction site. Generated mutants in
which either s//1393 or 5//0945 was disrupted were named M1 and
M2, respectively. The knock-out plasmid pSHS1393 was con-
structed to target disruption of the s//1393 gene by ligating an
EcoRI-fragment of the spectinomycin resistance (Sp") gene from
pHP45Q [20] into pSHK 1393 instead of the Km® gene. Attempts
to generate a double mutant (M12 or M21), in which both s//1393
and s/[0945 genes were disrupted, were performed by transforming
a pSHKO0945-transformed mutant (M2) with pSHS1393 or by
transforming a pSHK1393-transformed mutant (M1) with M2

Table 1. Oligonucleotide sequences used to construct 3
pSHK1393 and pSHK0945 plasmids.
Site
Oligonucleotides® Position inserted

5111393 (1476 bp)
prA1 5'-GTCGAGCGGATCCTACCCATGT-3' 109-130  BamHI

(22 bp)
prA2  5'-GATCGTAGCTGAATTCATAACTGTC-3’ 559-583  EcoRI

(25 bp)
prA3  5'-CCGCCACCGAATTCAATCTGAG-3’ 1009-1031 EcoRlI

(23 bp)
prA4  5'-TGTATTCGTAAGCTTCCACATATTG-3' 1441-1465 Hindlll

(25 bp)
5110945 (1434 bp)
prB1 5'-TAAAGTTCTGGATCCGTTGGGC-3' 81-102 BamHI

(22 bp)
prB2 5'-AATACCGACTGAATTCCCACTC-3’ 651-672  EcoRl

(22 bp)
prB3 5'-GTCCTACACCGAATTCCAGTTA-3’ 894-915  EcoRl

(22 bp)
prB4 5'-TTCCATGAAGCTTAATTCCTCCG-3’ 1374-1396 Hindlll

(23 bp)
“Final constructs were used to replace endogenous s//1393 and s/l0945 genes,
respectively, by homologous recombination.
The position of the oligonucleotides in the nucleotide sequences of the s//1393
and s//0945 structural DNA are indicated. The restriction sites introduced by PCR
amplification are underlined.
doi:10.1371/journal.pone.0091524.t001
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genomic DNA. The selection was carried out by using glucose in
the media, low CO, without glucose, or high CO, without glucose
under antibiotic pressure. After transformants resistant to kana-
mycin and/or spectinomycin were segregated by single colony
selection for several rounds, genomic DNA was isolated. Insertion
of the Km® or Sp® gene cassette into the targeted sequence was
confirmed by PCR amplification analysis. Growth of wild-type
and mutant strains was monitored by measuring absorbance of cell
cultures at 730 nm.

Zymogram Analysis for Detecting GS Activity

Cells were harvested during the early stationary growth phase
from Synechocystis sp. PCC6803 culture (100 mL), collected by
centrifugation and resuspended in 1.5 mL of 10 mM Tris-HCl
(pH 7.0) containing 1 mM EDTA, 1 mM dithiothreitol (DT'T),
0.2 mM phenylmethyl sulfonylfluoride (PMSF), and 1 mM
benzamidine. An equal volume of 100-150 um glass beads was
added, and cells were broken with a Mini-beadbeater (Biospec
Products, Bartlesville, OK). The method used for zymogram
analysis was modified from the procedure of Tyynela and
Schulman [21]. The cell-free extract, obtained as the supernatant
of a 15 min, 10,000x g centrifugation, was used for detecting
activity of GS proteins on a native gel following electrophoresis.
The cell-free extract (15-25 pl, containing 10 pg of total soluble
protein) was mixed with the same volume of sample loading buffer
that contains 50% (v/v) glycerol, 0.25% (w/v) bromophenol blue,
and 5 mM DTT in 75 mM Tris-HCI buffer (pH 6.8). Protein
concentrations were determined using a protein assay kit (Bio-
Rad, CA, USA) with bovine serum albumin (BSA) as a standard.
Native gel electrophoresis was carried out at 70 V using 7.5%
polyacrylamide gel. Electrophoresis finished within 2 h. The gel
was removed, gently washed with distilled water, and soaked in
25 mL of 50 mM sodium citrate buffer (pH 7.0) containing 20 mg
glycogen and 15 mg ADP-glucose as substrates for i vitro synthesis
of glucan. The reaction mixture was incubated at 25°C for 16 h,
and then the gel was stained with iodine solution (I,/KI=0.01/
0.1%, w/v) in 0.1 M sodium acetate buffer (pH 5.0) to detect dark
purple-colored protein bands corresponding to GS activity.

Glycogen Synthase Assay

The assay for the quantitative determination of GS activity was
modified from Thomas et al. [22]. A cell-free extract was prepared
as described above. Enzyme activity was determined in 50 mM
sodium citrate (pH 7.0) containing 10.0 mg glycogen mL ™' and
0.5 pumol of ADP[U-"*C]glucose at 0.08 Ci/mol (3.0 GBq/mol)
and 20 pL of the cell extract in a final volume of 220 puL. The
reaction was initiated by adding cell-free extract at 25°C. Zero-
time control was prepared within 5 sec of the addition of cell
extract to the assay mixture. An aliquot (30 pL) of sample was
taken from the reaction mixture and spotted immediately on a
square (1.5 cmx1.5 cm) of Whatman No. 3 filter paper at each
time interval. Each spotted filter paper was dropped into a beaker
containing 50 mL of 75% ethanol (v/v) and was washed twice
with an equal volume of 75% ethanol. After being air-dried, the
ethanol-insoluble "*C retained on the filter paper was determined
by liquid scintillation spectroscopy (Model LS 6500, Beckman,
Fullerton, CA).

Glycogen Branching Enzyme Assay

GBE activity was determined using a phosphorylase stimulation
assay [23]. The enzyme extract (as above) was centrifuged at
50,000x g for 1 h at 4°C, and 4 pL of the supernatant diluted in
86 uL of deionized water was combined with an assay solution
(20 puL of 10 mM AMP, 20 pL of 1 mg/mL phosphorylase a, and
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20 uL. 1 M sodium citrate, pH 7.0, in a final volume of 85 uL),
and the reaction was initiated by addition of 25 uL of 400 mM
glucose-1-phosphate (G1P) and then incubated at 30°C. At 0.5, 5,
10, 30, 60, and 90 min, 25 pLL samples were removed, diluted with
175 uLL of deionized water and boiled for 10 min to stop the
reaction. The phosphate released was determined using Mala-
chite-Green assay [24].

ADP-Glucose Pyrophosphorylase (AGPase) Assay

The assay for AGPase activity measured the phosphate (P))
released by the combined actions of AGPase and inorganic
pyrophosphatase, modified from Steiner and Preiss [25]. The
reaction was initiated by combining 450 pL of a reaction premix
(200 mM HEPES, 1 mg/mL BSA, 3 mM ATP, 10 mM MgCl,,
20 mM GI1P and 1.3 units/mL inorganic pyrophosphatase,
pH 7.0) with an enzyme solution (135 pL extract and 315 pL of
water), both pre-incubated to a temperature of 37°C. The reaction
proceeded at 37°C, and 100 uL. samples were withdrawn at
20 sec, 40 sec, 60 sec, 2 min, 3 min, 4 min and 5 min. Each
reaction was terminated in a boiling water bath. The inorganic
phosphate content in each sample was determined using
Malachite-Green assay [24].

Determination of Glycogen Yield and A, of lodine-

Glycogen Complex

Wild type (WT) and mutant cell cultures (1 L; grown for 2 days
in Mlimited BG-11 medium as described above) were harvested at
6,000x g for 15 min. The cell pellets were ground in liquid
nitrogen using a pestle and mortar, and the soluble glucan was
extracted by suspension of the broken cells in 10 mL deionized
water and washed twice with an equal volume of water. After
centrifugation (10,000x g for 15 min), the supernatant was
collected and boiled for 15 min. The production yields of glycogen
were determined using an enzymatic assay [26] after complete
hydrolysis with 5 units mg_llmal carbohydrate Of amyloglucosidase as
described previously by Yoo et al. [18]. Total carbohydrate
content was estimated following the phenol-sulfuric acid method
[27]. Todine staining of the glycogen dispersion (0.5 mg mL™")
was prepared in a solution containing 0.01% I, and 0.1% KI.
Absorbance of the iodine complex was scanned from 700 to
400 nm to determine the wavelength of maximum absorbance

()\‘nla)()'

Preparation of B-Limit Dextrins of Glycogens and Starch
Cyanobacterial glycogens, rabbit-liver glycogen (Sigma-Aldrich
Co., St. Louis, MO) and waxy maize starch (Cargill, Minneapolis,
MN) were used for production of B-limit dextrins. Samples (50 mg)
were pre-wetted with water (0.5 mL), and then 4.5 mL of DMSO
was added. The resulting mixtures were heated in a boiling water
bath for 1 h and were precipitated with 5 volumes of absolute
ethanol. The air-dried pellets were dissolved in 50 mM acetate
buffer (pH 4.8), and boiled for another 0.5 h. After cooling down
the dispersions to ambient temperature, sweet potato f-amylase
(10 units mg~ " glucan, Sigma-Aldrich Co., St. Louis, MO) was
added. The hydrolysis reaction proceeded at 37°C for 24 h, and
then another 10 unit mg ' of B-amylase was added to completely
hydrolyze the external o-1,4 linkages for 24 h. The resulting
samples were precipitated with 2 volumes of ethanol, washed twice
with 75% (v/v) ethanol, and then once with 100% ethanol. The
air-dried pellets, B-limit dextrins, were used for further analysis.
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Figure 1. Gene structure of s/1393 (A) and s/0945 (B) on Synechocystis sp. PCC 6803 genomic DNA. The targeted replacement of each GS
gene with the Km® gene was achieved by homologous recombination. (C) PCR analysis of s//1393 and s//0945 genes using genomic DNA from wild-
type, sl113937, and s/I0945" strains as templates. For comparison, PCR products of intact genes in wild-type were loaded next (left lane) to the
corresponding mutated genes. Lane1 is the size marker (1 kb plus DNA ladder, Life Technologies). DNA bands on lane 2 (WT) and 3 (M1) were
amplified using prA1 and prA4; Lane 4 (WT) and 5 (M2) were amplified using prB1 and prB4.

doi:10.1371/journal.pone.0091524.g001

Analysis of Glycogen and B-Limit Dextrin Structures

To examine the branch structure of glycogen produced by
Synechocystis sp. PCC6803, 20 mg of glycogen were dissolved in
5 mL of 10 mM acetate buffer (pH 3.5), and 5 pL (300 units) of
isoamylase from Pseudomonas amyloderamosa (Hayashibara Biochem
Lab., Japan) were added to hydrolyze a-1,6 linkages. The reaction
mixture was incubated for 48 h in a shaking water bath at 40°C
with 120 strokes/min. B-Limit dextrins were dissolved with 30 min
boiling to the concentration of 1 mgmL™" in 10 mM acetate
buffer (pH 3.5), and incubated with isoamylase (10 units mg™') at
40°C for 24 h. The pH of resulting samples was adjusted to 5.0,
and samples were further hydrolyzed with Alebsiella pneumoniae
pullulanase (10 units mg ™', Sigma-Aldrich Co., St. Louis, MO) at
40°C for 24 h. To prevent microbial growth during the enzyme
reaction, 10 uL. of 10% (w/v) sodium azide solution was also
added. Upon completion of the enzyme reaction, the pH was
adjusted to 6.0 and the solution was heated for 15 min in a boiling
water bath. The branch chain length distributions of glycogen and
B-limit dextrins were determined by separation of the hydrolyzed
branches using an HPAEC system (Dionex-300, Sunnyvale, CA)
equipped with an amyloglucosidase reactor and a pulsed-
amperometric detector (PAD) [28]. A PA-100 anion exchange
analytical column (250 x4 mm) with a guard column was used for
separating 25 L samples of debranched samples. Eluent A and B
consisted of 100 mM NaOH and 100 mM NaOH containing
300 mM NaNOsg, respectively. The gradient of eluent B at 0, 39,
50, 170, and 220 min was 1, 5, 8, 30, and 45%, respectively, with

an operating flow rate at 0.5 mL min~ ",
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Results and Discussion

As Synechocystis sp. PCC6803 1s considered an evolutionary
connector between green plants and bacteria [29], it is expected
that there would be many similarities between these species in o-
glucan production. The presence of two GS isoforms in
Synechocystis sp. PCC6803 was identified with differently expressed
proteins from mutants (M1 and M2). These findings suggested that
each GS of Synechocystis sp. PCC6803 might have different
enzymatic roles in glycogen biosynthesis.

Mutagenesis of Putative Glycogen Synthase Genes

511393 and s/l0945 in Synechocystis PCC6803

The 01393 and sl0945 in genomic DNA of Synechocystis sp.
PCC6803 were inactivated by double cross-over homologous
recombination to determine whether or not both genes are
encoded functional GS proteins. Structures of s//1393 and s//0945
are shown in Figure 1A and 1B, respectively. Since Synechocystis sp.
PCC6803 contains multiple genome copies, complete segregation
is necessary prior to functional analysis [30]. Therefore, two single
mutants, M1 and M2, were generated by natural transformation
of wild-type Synechocystis sp. PCC6803 with plasmids pSHK1393
and pSHKO0945, respectively, both conferring kanamycin resis-
tance. As shown in Figure 1C, in mutant M1 the disrupted s//1393
PCR product (2.1 kb) was detected, while there was no PCR
product corresponding to the size of intact gene (1.36 kb).
Similarly, PCR products from the mutant M2 clearly showed
the disrupted s//0945 (2.4 kb) but no intact gene (1.32 kb). The
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Figure 2. Photomixotrophic growth of WT (A), M1 (), M2 (O),
and M12 () strains of Synechocystis sp. PCC6803. Cells were
grown in a BG-11 medium containing 5 mM glucose and the number of
cells were counted in the exponential phase. The same amount of the
cells were inoculated in the new media. Each culture was inoculated
with an equal number of exponential-phase cells, and growth of the
cultures was monitored by measuring absorbance at 730 nm at various
time intervals.

doi:10.1371/journal.pone.0091524.g002

actual PCR product size of Km®-harboring s//1393gene in M1
was different by ~200 bp from the theoretical estimation depicted
in Figure 1A, but there was no reasonable explanation about this
discrepancy. The growth patterns were found to be very similar
(Figure 2), although M2 was observed to have a slightly reduced
growth rate and final culture density. M1 and M2 mutants are
expected to have different DNA to produce putative glycogens
[31,32]. Nevertheless, the growth pattern data revealed that the
single mutation of GS gene did not have many effects on
Synechocystis sp. PCC6803 physiology, which corresponds with
previous research by Grindel et al. [32].

The double mutation, M12 or M21, was used to test other
possible GS activities by sequential transformation using plasmids
pSHK0945 and pSHS1393, in either order, conferring kanamycin
and spectinomycin resistance, respectively. However, complete
segregation of the double mutant was never obtained, regardless of
the order of the gene disruptions or whether selection was
performed in different growth conditions as described in the
methods section. These results suggest that Synechocystis requires at

Different Roles of Glycogen Synthase Isoforms

least one active GS enzyme in order to survive. Although the
reason for this is unclear, one can speculate that synthesis of o-
glucans may be essential for glucose homeostasis [32] rather than
as a carbohydrate reserve, since the cyanobacteria were grown in
constant light and should not need carbohydrate reserves.
However, the inability to eliminate both GS genes serves as clear
evidence for the lack of any additional GS genes in Synechocystis.
Moreover, the introduction and expression of a potato starch
synthase III gene into Synechocystis [33] allowed the complete
elimination of both GSI and GSII, which supports the conclusion
that Synechocystis sp. PCC6803 requires a glucan synthase for
survival and that GSI and GSII are the only GS isoforms.
Although attempts at making a double mutant were not
successful, insertion of the only Sp® gene without kanamycin
resistance gene into mutant M1, and selection on spectinomycin
for generating M12 resulted in substantial suppression of GS
activity (Table 2). Growth of this nominal “M12” mutant on both
antibiotics reduced the growth rate considerably but allowed some
characterization of the cyanobacterium with very low GS activity.

Zymogram Analysis Confirmed Two Detectable Protein
Bands with GS Activity

Two different protein bands with GS activity were identified
using a native gel zymogram analysis, which is a detecting
technique for enzyme activities based on the PAGE technique.
Differential color intensity was observed between GSI and GSII in
the zymogram for WT, M1 and M2. A strong purple-colored
major band (GSI) stained with iodine was detected in wild-type
(WT) and was the only detectable band in M2. A minor band
(GSII) was also identified in W'T and was the only visible band in
M1 (Figure 3). These results indicate that there are two distinct GS
proteins in Synechocystis sp. PCC6803, and the s/1393 and s/0945
genes encoded GSI and GSII, respectively. The difference in
staining intensity and color of the two GS is an indication of a
difference in the structures of the rabbit liver glycogen-primed
products produced by individual GS enzymes. Longer chains were
more intensely stained by Io/KI solutions than shorter chains
suggesting that the action of GSI (dark purple band) may produce
longer o-glucosyl chains than the action of GSII (light brown
band) [34]. It is worth noting that there were no apparent
detectable GS activity bands in the nominal double mutant,
“M12” under these assay conditions.

Table 2. Effects of insertional mutation of s//1393 and s//0945 genes on GS, GBE, and AGPase activities.

Strain GS activity® umol min~ ' mg " protein  GBE activity® umol min~' mg " protein AGPase activity® umol min~' mg~" protein
WT 0.080+0.001 0.07+0.01 0.007£0.001

M1 0.08+0.01 0.07+0.02 0.005+0.001

M2 0.100%£0.001 0.12%+0.02 0.007+0.002

“M12” 0.018+0.006 ND¢ ND

®Incorporation rate of ['“Clglucose onto rabbit-liver glycogen primers.
PStimulation of glucose incorporation rate.
“Rate of ADP-glucose formation.

4not detected.
doi:10.1371/journal.pone.0091524.t002
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Values given are means *standard deviation obtained from three independent experiments.
Values given are means = standard deviation obtained from two independent experiments with two replicates in each.

Values given are means = standard deviation obtained from two independent experiments with a total of four replicates.
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Figure 3. Zymogram analysis of GS activity from wild-type and mutant
cells. Ten pug of each soluble extract was subjected to native PAGE. The
bands showing GS activity were visible after overnight incubation in a
buffer containing ADP-glucose and rabbit-liver glycogen and were
stained with iodine solution. Lane 1. WT, Lane2. M1 (s//13937), Lane3.
M2 (s/l09457), and Lane 4. M12 (s//13937 /sll09457).
doi:10.1371/journal.pone.0091524.g003

Total GS Activities in the Mutant Strains were not
Affected and were Compensated by the Remaining

Isoform

To examine the total GS activity in WT and mutant strains, the
rate of ["*C]glucose incorporation from ADP[U-"*C]glucose onto
rabbit-liver glycogen was determined. The incorporation rate was
fairly linear for all strains over the initial 40 min of the assay. The
rates of ['*C]glucose incorporation for WT, M1, M2, and M12
were 0.08, 0.082, 0.1, and 0.018 pumol glucose min~ mg71 total
protein, respectively (Table 2). These specific activities of GSs were
apparent values calculated per mg of total protein in the soluble
extracts. The disruption of either GS isoform did not considerably
affect the total GS activity, suggesting a compensating increase in
the activity of the remaining isoform in each case. Although total
GS activity in M2 is similar to that of W'T, which is indicative of
increased GSI activity, and is consistent with the more intense GSI
band on the zymogram for M2, the less intense GSII band for M1
on the zymogram is contradictory to the "*C-based GS activity
data. The detection of 23% GS activity compared to WT in the
nominal “M12” double mutant is in contrast to the lack of

and waxy maize starch for comparison.

Different Roles of Glycogen Synthase Isoforms

detectable bands on the zymogram but likely illustrates the lower
sensitivity in the zymogram. Due to the failure of complete
segregation, gene expression from the remaining few copies of
sl11393 would appear to be the source of this GS activity in the
nominal “M12”.

The amounts of glycogen produced by WT and GS mutants
were determined to further quantify the GS activity of the
corresponding isoforms. Glycogen yields of WT, M1, and M2
were 25.3, 23.2, and 22.5 mg g~ ' wet cell mass, respectively
(Table 3). The amount of glycogen production demonstrated that
the quantities of glycogen accumulated in both mutants were not
substantially reduced. This result is consistent with no decrease in
the total GS activity in the individual mutants.

The activities of AGPase and GBE were also determined in
order to explore the effects of the GS mutations on other enzymes
of glycogen synthesis (Table 2). Analysis of AGPase activity
showed no significant differences among WT, M1 and M2
(P<<0.05). The AGPase in glycogen production is the rate limiting
step [35], and null-AGPase in Synechocystis sp. PCC6803 by
mutation could not produce glycogen structure [36]. Thus, this
result suggests that GS mutation does not change the AGPase
activity to produce ADP-glucose during glycogen synthesis  vivo.
However, GBE activity of M2 is significantly higher than those of
WT and M1 (P<0.05).

Branch-Structure of Glycogen from M1 was Significantly
Different from M2 and WT

Glycogens produced by the mutants were isolated and their
structures were analyzed to identify specific contributions of
individual GS isoforms during glycogen synthesis. The branch
chain-length distribution of glycogen from M1, M2, and WT was
obtained using high-performance anion-exchange chromatogra-
phy (HPAEC) (Figure 4A). Regardless of strain types, a unimodal
distribution of branch chain-length was displayed by isolated
glycogen, whereas a bimodal distribution is observed for amylo-
pectin from plant starch [37,38]. The number-average chain-lengths
(DP,) of glycogens of WT and mutants from Synechocystis sp.
PCC6803, rabbit-liver and waxy maize starch were determined
(Table 3). While DP,, did not reflect the chain-length distribution,
the DP, of cyanobacterial glycogen samples were similar to
various cyanobacterial derivations reported about Lyngbya-Phormi-
dium-Plectonema (DP,: 11) [39], and Nostoc muscorum (DP,: 13) [40].
Otherwise, DP,, values were slightly shorter than that of rabbit-
liver glycogen (DP,: 11), but substantially shorter than that of
waxy maize starch (DP,: 19).

Table 3. Effects of s//1393 and s//0945 deletions on glycogen accumulation and structure, using commercial rabbit-liver glycogen

Glucan source Glycogen yield® (mg glycogen g~ wet cell mass) Average chain-length® (DP,) Amax
wild type 25+1 9.6+0.4 512
M1 (s/l13937) 23*2 9*1 490
M2 (s/l09457) 22.5*0.1 8*1 508
Rabbit-liver glycogen N/AC 11.3£0.0 494
Waxy maize starch N/A 18.820.0 576

PCalculated based on peak area of each chain on HPAEC chromatograms.

least three independent experiments.
“Not Applicable.
doi:10.1371/journal.pone.0091524.t003

PLOS ONE | www.plosone.org

Values given are means * standard deviation obtained from at least three independent experiments.

Number-average degree of polymerization =X peak area/X (peak area/number of glucose of each chain). Values given are means =+ standard deviation obtained from at
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Figure 4. A. Branch chain-length distribution of glycogens from WT (&), M1 (H), and M2 (CJ). Glycogen samples were treated with a debranching
enzyme, isoamylase, and the resulting debranched-samples were separated on an HPAEC system. The peak area was calculated and normalized from
the chain-profile chromatogram. B. The comparison of difference in the normalized peak area calculated from M1-WT ((J), M2-WT (O), or M1-M2 (<).

doi:10.1371/journal.pone.0091524.9g004

The chain-length distribution of MIl-glycogen was quite
different from that of WT-glycogen (Fig. 4B). M1-glycogen had
fewer short chains (DP 4-7; DP: degree of polymerization) and
long chains (>DP 19), but had more intermediate chains (DP 8-
18) than did WT. Peaks of chain-lengths of WT, M1, and M2 were
at DP 6, 8, and 6, respectively (Fig. 4A). The proportion of each
chain was similar to WT in M2 but not in M1 (Figure 4B), except
for a larger proportion of short chains (DP 4-11) in M2.
Therefore, even though M2 contained an increased level of
GBE activity and a loss of GSII activity, the glycogen produced by
M2 was fairly similar to that of WT. The relatively minor changes
in overall branch-chain length distribution in the absence of GSII
suggested that GSI played a predominant role in determining the
final structure of glycogen in wild-type Synechocystis sp. PCC6803.

PLOS ONE | www.plosone.org

On the other hand, the preferential biosynthesis of longer chains
(=DP 20) in M2 (GSII'"), which is unlikely to have resulted from
the increased GBE activity, suggests that GSI is capable of
extending the glycogen primer in a more progressive way to
produce longer chains as predicted based on the darker purple
GSI bands in the zymogram. In addition, the great increase of
GBE activity in M2 (Table 2) may have affected the glycogen
structure. Even if M2 contained twice as much GBE activity as
WT, this mutant still produced a much larger proportion of long
glucan chains, suggesting that GSI preferably elongated o-glucan
chains in a progressive way in spite of the potential interference
from the increased GBE activity.

The ratio (%) of B-limit dextrins of WT-, Ml-, and M2-
glycogens were 48, 40, and 45%, respectively, all of which were

March 2014 | Volume 9 | Issue 3 | e91524



Table 4. Branch structure of glycogen and starch.

Glucan source B-Amylolysis (%)? ECL®  A:B ratio®
WT 48+2 6.6 1.1:1.0
M1 40+3 55 1.0:1.0
M2 45+5 5.8 0.9:1.0
Rabbit-liver glycogen 32*1 5.6 1.1:1.0
Waxy maize starch 55*1 123 1.6:1.0

Values given were determined from at least two duplications.

PECL (exterior chain length) = CL (which is equal to DP,, in Table 3) x B-amylolysis
(%)+2.0.

“The ratio was calculated based on the mole fraction of (G2+G3) stubs released,
by isoamylase and pullulanase hydrolysis, from B-limit dextrin.
doi:10.1371/journal.pone.0091524.t004

larger than that of rabbit-liver glycogen (32%) (Table 4). The
higher B-amylolysis value for WT than for M1 indicates shorter
exterior chains in M1, which should be a function of the number
and length of branch chains. Because the branching enzyme
activity, a significant determinant of the number of branches, is
similar for both WT and M1, we do not expect a real change in
the number of chains. Therefore, the decrease in exterior chain
length (ECL) may again be indicative of the specific functions of
the lack of GSI in M1. Consistent with this result, the ECL of M1
(5.5) 1s less than that of WT (6.6). These results suggest that GSI is
specifically responsible for the progressive addition of glucose units
onto a-glucan chains, thereby forming longer chains. Further-
more, the absence of GSI in M1 may have resulted in fewer chains
that have the minimum chain length required to be branched. The
lower B-amylolysis value and ECL support the presence of shorter
chains in M1, leading to fewer A chains and resulting in a lower
A:B ratio in M1. An explanation for the data obtained for B-
amylolysis, ECL and A:B ratio in M2 in terms of the loss of GSII
activity is unclear since the loss of GSII activity is accompanied by
the increase in branching enzyme activity. However, the
cyanobacterial glycogens showed much less B-amylolysis ratio
compared with waxy maize starch (55%). Waxy maize starch
displayed much longer ECL (12.3) than any of other glycogens. All
glycogens have a very similar molar ratio of A:B chains between
0.9 and 1.1, whereas waxy maize starch showed a much larger
proportion (1.6) of A-chains (Table 4).

Longer exterior chains present in the glycogen of WT and M2
relative to M1 were demonstrated by a longer Amax for the iodine-
glycogen complex (Table 3), which increases with increasing chain
length. These results agreed with the chain-length distribution
analyzed by HPAEC (Figure 4) and a darker purple-color stain
shown on the zymogram (Figure 3). M1 has a shorter Amax value
(490 nm) for iodine complexes than WT (512 nm), which is
consistent with a decrease in the long chains (DP>18) as a result of
the absence of GSI activity.

In this study, it is not possible to compare the unique functions
of each GS isoform of this cyanobacterium with most of the other
bacteria, because many of the other cyanobacteria only contain
one GS (mainly GSII type) [31]. Isoforms of GS and soluble starch
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synthase (SSS) have been reported from a couple of unicellular
eukaryotes, Saccharomyces cerevisiae [5] and Chlamydomonas reinhardtiv
[41], respectively. The functions of each isoform of SSS have also
been studied in plants [42-44] with clear evidence that they play
distinct roles in amylopectin synthesis. Different patterns of
elongation have been reported for various isoforms of starch
synthase [16], supporting the conclusion that the different GS
isoforms might exhibit different elongation activities.

Conclusion

The results presented here demonstrate that Synechocystis has two
GS genes, each of which encodes an active GS protein; however,
they have different elongation properties of o-glucosyl units. All
research data (the branch chain length distribution, zymogram
staining, B-amylolysis and ECL) revealed that the absence of GSI
in M1 causes a reduction in longer chains and supports the notion
that GSI may preferentially extend chains progressively by adding
more glucose units to the same chain, whereas GSII in M2 may
add single glucose units distributively one at a time to many
chains. Consequently, GSI is apparently involved in generating
longer branch chains in the glycogen structure while GSII appears
to preferentially form intermediate length chains instead. Different
biocatalytic properties of the two GS isoforms were hypothesized
as shown in Figure 5. Further studies using purified GS isoforms
will be required to confirm the differences in their reaction
patterns.

Author Contributions

Conceived and designed the experiments: SY BL JJ. Performed the
experiments: SY BL YM. Analyzed the data: SY BL YM MHS ]J.
Contributed reagents/materials/analysis tools: SY BL YM. Wrote the
paper: SY BL MHS ]JJ.

4. Kossmann J, Lloyd JS (2000) Understanding and influencing starch biochem-
istry. Crit Rev Biochem Mol Biol 35: 141-196.

5. Farkas I, Hardy TA, Goebl MG, Roach PJ (1991) Two glycogen synthase
isoforms in Saccharomyces cerevisiae are coded by distinct genes that are
differentially controlled. J Biol Chem 266: 15602-15607.

March 2014 | Volume 9 | Issue 3 | e91524



20.

21.

22.

23.

24.

. Wang C, Saldanha M, Sheng X, Shelswell KJ, Walsh KT, et al. (2007) Roles of

poly-3-hydroxybutyrate (PHB) and glycogen in symbiosis of Sinorhizobium meliloti
with Medicago sp. Microbiology 153: 388-398.

. McFadden GI (2001) Chloroplast Origin and Integration. Plant Physiology 125:

50-53.

. Nevo R, Charuvi D, Shimoni E, Schwarz R, Kaplan A, et al. (2007) Thylakoid

membrane perforations and connectivity enable intracellular traffic in

cyanobacteria. EMBO J 26: 1467-1473.

. Iglesias AA, Ballicora MA, Sesma JI, Preiss J (2006) Domain swapping between a

cyanobacterial and a plant subunit ADP-glucose pyrophosphorylase. Plant Cell
Physiol 47: 523-530.

. Preiss J (1991) Biology and molecular biology of starch synthesis and its

regulation. Oxf Surv Plant Mol Cell Biol 7: 59-114.

. Guan H, Kuriki T, Sivak M, Preiss J (1995) Maize branching enzyme catalyzes

synthesis of glycogen-like polysaccharide in glgB-deficient Escherichia coli. Proc
Natl Acad Sci 92: 964-967.

. Gao M, Wanat J, Stinard PS, James MG, Myers AM (1998) Characterization of

dulll, a maize gene coding for a novel starch synthase. Plant Cell 10: 399-412.

. Edwards A, Marshall J, Sidebottom C, Visser RGF, Smith AM, et al. (1995)

Biochemical and molecular characterization of a novel starch synthase from
potato tubers. Plant J 8: 283-294.

. Boyer CD, Preiss J (1981) Evidence for independent genetic control of the

multiple forms of maize endosperm branching enzymes and starch synthases.

Plant Physiol 67: 1141-1145.

. Craig J, Lloyd JR, Tomlinson K, Barber L, Edwards A, et al. (1998) Mutations

in the gene encoding starch synthase II profoundly alter amylopectin structure in
pea embryos. Plant Cell 10: 413-426.

. Edwards A, Borthakur A, Borneman S, Venail J, Denyer K, et al. (1999)

Specificity of starch synthase isoforms from potato. Eur J Biochem 266: 724—
736.

. Kaneko T, Sato S, Kotani H, Tanaka A, Asamizu E, et al. (1996) Sequence

analysis of the genome of the unicellular cyanobacterium Synechocystis sp. strain
PCC6803. II. Sequence determination of the entire genome and assignment of
potential protein-coding regions. DNA Res 3: 109-136.

. Yoo SH, Keppel C, Spalding M, Jane JI (2007) Effects of growth condition on

the structure of glycogen produced in cyanobacterium Synechocystis sp. PCC6803.
Int J Biol Macromol 40: 498-504.

. Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, et al. (1999)

Short Protocols in Molecular Biology. Hoboken, NJ: John Wiley & Sons, Inc.
Prentki P, Krisch HM (1984) In vitro insertional mutagenesis with a selectable
DNA fragment. Gene 29: 303-313.

Tyynela J, Schulman AH (1993) An analysis of soluble starch synthase isozymes
from the developing grains of normal and shx cv. Bomi barley (Hordeum vulgare).
Physiol Plantarum 89: 835-841.

Thomas JA, Schlender KK, Larner J (1968) A rapid filter paper assay for
UDPglucose-glycogen glucosyltransferase, including an improved biosynthesis of
UDP-""C-glucose. Anal Biochem 25: 486-499.

Guan HP, Preiss J (1993) Differentiation of the properties of the branching
isozymes from maize (Jea mays). Plant Physiol 102: 1269-1273.

Baykov AA, Evtushenko OA, Avaeva SM (1988) A malachite green procedure
for orthophosphate determination and its use in alkaline phosphatase-based
enzyme immunoassay. Anal Biochem 171: 266-270.

Steiner KE, Preiss J (1977) Biosynthesis of bacterial glycogen: genetic and
allosteric regulation of glycogen biosynthesis in Salmonella typhimurium LT-2.

J Bacteriol 129: 246-253.

PLOS ONE | www.plosone.org

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

40.

41.

42.

43.

44.

Different Roles of Glycogen Synthase Isoforms

Vasanthan T (2001) Enzymatic Quantitation of Total Starch in Plant Products.
In: Wrolstad RE, Acree TE, Decker EA, Penner MH, Reid DS, et al., editors.
Current Protocols in Food Analytical Chemistry. New Jersey, USA: John Wiley
& Sons, Inc. pp. E2.2.1-E2.2.

DuBois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956) Colorimetric
method for determination of sugars and related substances. Anal Chem 28: 350~
356.

Wong KS, Jane J (1997) Quantitative analysis of debranched amylopectin by
HPAEC-PAD with a post-column enzyme reactor. J Liq Chromatogr 20: 297
310.

Ball SG, Morell MK (2003) From bacterial glycogen to starch: understanding
the biogenesis of the plant starch granule. Annu Rev Plant Biol 54: 207-233.
Ermakova-Gerdes S, Vermaas W (1999) Inactivation of the open reading frame
500399 in Synechocystis sp. PCC6803 functionally complements mutations near
the QA niche of photosystem II. J Biol Chem 274: 30540-30549.

Cid E, Geremia RA, Guinovart JJ, Ferrer JC (2002) Glycogen synthase: towards
a minimum catalytic unit? FEBS Lett 528: 5-11.

Griindel M, Scheunemann R, Lockau W, Zilliges Y (2012) Impaired glycogen
synthesis causes metabolic overflow reactions and affects stress responses in the
cyanobacterium Synechocystis sp. PCC 6803. Microbiology 158: 3032-3043.

Li L. (2006) Starch biogenesis: relationship between starch structures and starch
biosynthetic enzymes. PhD thesis. Ames, IA: Towa State University.

Buleon A, Gallant DJ, Bouchet B, Mouille G, D’Hulst C, et al. (1997) Starches
from A to C (Chlamydomonas reinhadtii as a model microbial system to investigate
the biosynthesis of the plant amylopectin crystal). Plant Physiol 115: 949-957.

. Ballicora MA, Iglesias AA, Preiss J (2003) ADP-glucose pyrophosphorylase, a

regulatory enzyme for bacterial glycogen synthesis. Microbiol Mol Biol R 67:
213-225.

Miao X, Wu Q, Wu G, Zhao N (2003) Sucrose accumulation in salt-stressed
cells of agp gene deletion-mutant in cyanobacterium Synechocystis sp. PCC 6803.
FEMS Microbiol Lett 218: 71-77.

Hizukuri S (1986) Polymodal distribution of the chain lengths of amylopectins,
and its significance. Carbohydr Res 147: 342-347.

Jane J, Chen YY, Lee LF, McPherson AE, Wong KS, et al. (1999) Effects of
amylopectin branch chain length and amylose content on the gelatinization and
pasting properties of starch. Cereal Chem 76: 629-637.

. Fujimori K, Konishi Y, Takahashi N, Muthuvelan B (1995) Characterization of

photosynthetic glycogen and a-glucosidase from thermophilic cyanobacteria,
Lyngbya-Phormidium-Plectonema Group B. Fisheries Sci 61: 951-955.

Chao L, Bowen CC (1971) Purification and properties of glycogen isolated from
a blue-green alga, Nostoc muscorum. J Bacteriol 105: 331-338.

Fontaine T, D’Hulst C, Maddelein ML, Routier F, Pépin TM, et al. (1993)
Toward an understanding of the biogenesis of the starch granule. Evidence that
Chlamydomonas soluble starch synthase IT controls the synthesis of intermediate
size glucans of amylopectin. J Biol Chem 268: 16223-16230.

Wang Y, White P, Pollak L, Jane J (1993) Characterization of starch structures of
17 maize endosperm mutant genotypes with Oh43 inbred line background.
Cereal Chem 70: 171-179.

Abel GJW, Springer F, Willmitzer L, Kossmann J (1996) Cloning and functional
analysis of a ¢cDNA encoding a novel 139 kDa starch synthase from potato
(Solanum tuberosum L.). Plant J 10: 981-991.

Edwards A, Fulton DC, Hylton CM, Jobling SA, Gidley M, et al. (1999) A
combined reduction in activity of starch synthases II and III of potato has novel
effects on the starch of tubers. Plant J 17: 251-261.

March 2014 | Volume 9 | Issue 3 | e91524



