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Abstract

This study aimed at the analyses of GGPDH activity under presence of
reducing agent DTT,eq using cell-free extracts of opcA~ mutant Synechocystis
sp. PCC6803 cells. Ky, values of enzyme for both G6P and NADP was higher
in cell-free extracts of the opcA~ mutant in comparison with those of the wild
type showing that the OpcA polypeptide plays a role to increase the substrate
affinity of G6PDH. The enzyme was insensitive to DTT,¢q in opcA~ mutant
cell-free extract at pH 7.5 while the activity reduced about 29.31% in wild type
cell-free extracts indicating that presence of the OpcA was necessary to alter
redox state of the enzyme by DTT,eq. Results of this study support that the
OpcA protein, as one of the components of a cellular level regulation, plays an
important role in redox modulation of cyanobacterial GGPDH.
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Introduction. The OpcA polypeptide has often been linked with cyanobac-
terial glucose-6-phosphate dehydrogenase (G6PDH) activity since the opcA gene
was described first [1,2]. The effect of the OpcA was correlated with the synthesis,
oligomerization or activation of cyanobacterial GGPDH [3-5]. In most cyanobac-
terial genomes, opcA and G6PDH genes (zwf) are located in same operon and
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an opcA mutation also negatively affects zwf gene [3,4,6]. In an opcA mutant
of Synechocystis sp. PCC6803 (S. 6803), however, GGPDH activity in cell-free
extracts was reported to be at a similar level with wild type activity in optimum
substrate concentrations possible because opcA and zwf genes are located at a
distance from each other on the chromosome |7].

Cyanobacterial GGPDH activity has known to be under control of redox reg-
ulation like in plastidic G6PDH, activated in the dark and deactivated in the
light. In plastidic GGPDH, disulphide bonds are constructed between internal
cysteine residues after the transition from light to dark while the bonds are bro-
ken after transition from dark to light [8-11]. In fact, critical cysteine positions
of plastidic GGPDH are not conserved in zwf genes of cyanobacterial strains so
far sequenced [12]. The question was raised as to whether disulphide bond for-
mation/breaking mechanism was actually operating in the light /dark regulation
of cyanobacterial GGPDH [13]. Instead, the OpcA polypeptide was reported to
be under control of redox regulation and needed for reactivation/deactivation of
cyanobacterial GGPDH [5,14, 15]. These recent studies support the essential role
of OpcA in light/dark regulation of G6PDH activity rather like a mechanism
operating for plastidic GGPDH of plants.

Most of the studies on redox regulation of cyanobacterial GGPDH were per-
formed by using purified G6PDH with traditional or recombinant DNA methods
resulting in the loss of the OpcA polypeptide. Contrarily, cell-free extracts supply
the reaction conditions more similar to in vivo condition containing more cellu-
lar actors which are likely to involve the regulation processes like OpcA protein.
Therefore, this study aims to determine how G6PDH activity is affected by re-
ducing agent reduced DTT (DTT,eq) in absence of OpcA protein in an opcA~
mutant S. PCC6803 SOI1 cell extracts. This mutant strain provides a suitable
cellular condition for G6PDH activity analyses since the mutation in opcA gene
has no polar effect on transcription of the zwf gene, both of the genes located far
apart in the genome.

Materials and methods. Wild type and an opcA~ mutant SOIlstrains
of the Synechocystis sp. PCC6803 [16] were used to prepare cell-free extracts for
G6PDH assay. Both of the strains were grown in 11 BG11 medium [17] at 28°C
in a warm room by aerating and stirring continuously. These cultures were used
for preparation of cell-free extracts.

The cell-free extracts were prepared by using the methods described previ-
ously [7,9]. Cell pellets were resuspended in 0.05 M Tris-Maleate buffer at pH 6.5
(Buffer A), and 400 pl aliquots of this cell suspension containing 400 pg glass beads
(212-300 pm in size) were disrupted by agitation in a Fast Prep FP120 (BIO101)
for 45 s at 5.5 speed level three times. The resulting extract was centrifuged
at 10000 x g and the supernatant was used as enzyme solution for GGPDH en-
zyme activity assays. Protein amount was determined by the method described
by BRADFORD [18] using Micro Protein 1 kit (Sigma-Aldrich).
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In a 1 ml spectrophotometer cuvette 200 pug protein containing cell-free ex-
tract, 2 mM G6P and 20 uM NADP were added and the volume was adjusted to
1 ml with nitrogen treated buffer D (0.05 M Tris-Maleate buffer at pH 7.5) [9].
NADP was finally added into reaction mixture to start reaction. Reduction of
NADP to NADPH by G6PDH was followed in a spectrophotometer at 340 nm
wavelength for 3 min. Activity unit was defined as the formation of 1 pmol
NADPH in 1 min and specific activity as units per mg protein.

Reduction of GGPDH by using DTT,.q was carried out according to the meth-
ods described previously [10,13,19|. Using a 500 mM solution, DTT,q was added
in cell-free extract for a certain concentration in a range of 10 mM to 100 mM.
Aliquots of this mixture were taken in after 10, 30 and 60 min after DTT,¢q treat-
ment and used for GGPDH assay as described above. Buffer D stocks with pHs,
6.9, 7.5, 7.9, and 8.1 were used to find the effect of pH on G6PDH activity.

All the measurements of enzyme activity were repeated three times, and mean
values were calculated with standard errors and plotted by using IBM Statistics
package SPSS (IBM SPSS for Windows version 21).

Results. Effects of the opcA™ mutation to G6PDH reaction veloc-
ity. To determine the effect of absence of the OpcA polypeptide to the GGPDH
activity, specific activity was assayed against varying substrate concentrations in
both wild type and opcA™ mutant S. PCC6803 (SOI1) cell-free extracts until the
velocity reached V.. The Ky, values of the enzyme for both substrates GGPDH
and NADP were estimated as the substrate concentrations necessary for 0.5 Vi ax.

The Ky, value for G6P was 8.5 mM in cell-free extracts of opcA~ SOIL. For
wild type G6PDH, the K, for G6P was found as 6 mM in wild type cell-free
extracts (Table 1). This result indicates that K, value for G6P was 1.42 times
higher in opcA~ cell-free extracts and that supports possible effect of the OpcA
polypeptide to keep Ky, values lower for GGPDH of Synechocystis sp. PCC6803.

The K,, values for NADP were also determined in the cell-free extracts of
opcA~ mutant SOI1 and wild type. The K, value for NADP was 0.025 mM in
opcA™ mutant SOI1 while the value was 0.0085 mM in the wild type. This result
indicates that K, value for NADP was 2.94 times higher in opcA™ mutant SOI1
cell-free extracts and, therefore, OpcA polypeptide may also be needed to lower
NADP K,, values for GGPDH activity.

Table 1

The Ky, values for G6P and NADP determined by using cell-free
extracts of the opcA™ mutant SOI1 and wild type S. PCC6803

wWT SOI1 Change (times)
Ky, for GGPDH (mM) 6 8.5 1.42
Ko for NADP (mM) 0.0085  0.025 2.94
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Effects of reducing agents to G6PDH activity in opcA~ mutant
SOI1 cell-free extracts. Initially, various concentrations of DT T eq (10, 25, 50,
and 100 mM) were applied to the cell-free extracts for various time courses be-
fore assaying G6PDH activity. Maximum decreasing effect was reached at 50 mM
DTT,eq concentration in 10 min. Therefore 50 mM DTT,.q concentration was
used as the effective reducing agent concentration in further assays. DTT,q
untreated cell-free extracts were also analysed for G6PDH activity (time = 0)
and used as positive control. The G6PDH activity was decreased by 19.44% af-
ter 10 min DTT,.q treatment while the decreases were 24.17% after 30 min and
29.31% after 60 min. However, specific activity did not exhibit meaningful de-
crease after DTT,eq treatment in opcA™ SOI1 cell-free extract (Fig. 1). Since no
OpcA polypeptide is represented in opcA~ mutant SOI1 cells, this result indicates
that OpcA polypeptide is needed for reduction effect of reducing agent DTT,qq
on G6PDH activity.

Effects of reducing agents to G6PDH activity in various pH values.
After DTT,eq treatment at pH 6.9 for 30 and 60 min, GGPDH activity decreased
both in cell-free extracts of opcA™ SOIl1 (Fig. 2) and wild type cells (Fig. 3). A
lesser decrease in G6PDH activity about 17.65% was observed in opcA~ SOI1 cell-
free extracts while the activity decreased by about 44.65% in wild type cell-free
extracts. At pH 7.5 no decrease was measured in opcA~ mutant SOI1 cell-free
extracts after 60 min treatment; however, the activity was still decreased by about
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Fig. 1. Time-dependent effect of 50 mM DTT treatment on G6PDH activity in cell-free extracts
of wild type and opcA™ mutant SOI1 cells. Time = 0 shows specific activities obtained form no
DTT,cq treated cell-free extracts

C. R. Acad. Bulg. Sci., 79, No 8, 2026 1041



Time

Do
B
Oeo

2,00

= wn
g g

Specific activity (units/mag protein)

e
=]

0o

79 840
pH
Error bars: +/- 2 SE
Fig. 2. Effect of DTTeqa on G6PDH activity in cell-free extract of opcA™ mutant SOI1 at various

pH values. G6PDH activity at 0 min means activities in the cell-free extracts without DT T eq
treatment at each pH value
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Fig. 3. Effect of 50 mM DTT,ea on G6PDH in cell-free extract of wild-type S. PCC6803 at
various pH values. G6PDH activity at 0 min means activities in the cell-free extracts without
DTT,eq treatment at each pH value
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29.31% in cell-free extracts of wild type cells. In the cell-free extract of opcA~
SOI1 cells, not containing OpcA polypeptide, GGPDH completely lost DTT;eq
sensitivity at the pH 7.5 while the wild type is still sensitive. Both in wild type
and opcA~ SOI1 cell-free extracts, GGPDH activity was, however, not affected by
DTT,eq treatment for 30 and 60 min neither at pH 7.9 nor at 8.1.

Discussion. A cyanobacterial polypeptide OpcA has been suggested to play
an important role in regulation of G6PDH in cyanobacteria [3-5]. According to
the results of this study Ky, values of GGPDH for the substrates G6P and NADP
in cell-free extracts of opcA™ mutant SOI1 were 1.42 and 2.94 times higher than
those of wild type, respectively. It indicates that the affinity of GGPDH to both
the substrates G6P and NADPH were decreased significantly in the absence of
OpcA polypeptide implying its role to increase the substrate affinity of G6PDH
in S. PCC6803. Similar results were investigated for the substrate G6P in Nostoc
punctiforme sp. strain ATCC29133 [5].

The observations of this study exhibited that DTT,eq levels did not affect
the activity state of G6PDH in cell-free extracts of opcA~ mutant SOI1 while
the activity clearly decreased in cell-free extracts of wild type in the presence
of DTT,eq. This result is consistent with the hypothesis that redox state of
OpcA plays an essential role in light /dark modulation of GGPDH in Anabaena
sp. PCC7120 [14] and that oxidised OpcA bound to G6PDH tetramer and in-
duced conformational changes in active site of the enzyme [15]. The results of this
study support that OpcA plays an essential role in the modulation of GGPDH
activity during light /dark transitions.

Reducing agent DTT,q did not affect GGPDH activity at pH 7.5 in opcA~
mutant SOI1 cell-free extract while the activity was still reduced by 29.31% in wild
type. Also, the effect of the reducing agent to GGPDH activity in opcA™ mutant
SOI1 cell-free extract was lesser than the level in wild type at pH 6.9 indicating
that the enzyme in opcA™ mutant SOI1 cell-free extracts lost reduction sensitivity
to some extent. These observations support that OpcA polypeptide in S. PCC6803
cells has a role in conversion of the G6PDH to higher active states during no
photosynthesizing periods and to lesser active forms during photosynthetic periods
since the enzyme G6PDH is expected to proceed into a lower activity state when
the cells are photosynthesizing (at pH 7.4).

Since opcA is a circadian class 2 gene [20], light /dark regulation mechanism
of G6PDH enzyme activity cannot be explained solely by disulphide bonds forma-
tion/reduction of Zwf or OpcA polypeptide alone. It may therefore be concluded
that light/dark modulation of the GEGPDH in cyanobacteria must be a total out-
put of cellular level regulation of more than one mechanism like disulphide bond
formation /reduction, the sensing substrate and product levels, the cell’s photo-
synthetic status, and energy requirements at the cellular level.

3 C. R. Acad. Bulg. Sci., 79, No 8, 2026 1043



1

2]

13

4]

[5]

16]

7]

18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

1044

REFERENCES

NEwMAN J., H. KARAKAYA, D. J. SCANLAN et al. (1995) A comparison of gene
organization in the zwf region of the genomes of the cyanobacteria Synechococcus sp.
PCC 7942 and Anabaena sp. PCC 7120, FEMS Microbiol. Lett., 133(1-2), 187-193.
SuMMERS M. L., J. C. MEEKS, S. CHU et al. (1995) Nucleotide sequence of an
operon in Nostoc sp. strain ATCC 29133 encoding four genes of the oxidative pentose
phosphate cycle, Plant Physiol., 107(1), 267.

SUMMERS M. L., J. G. WaLLis, E. L. CAMPBELL et al. (1995) Genetic evidence
of a major role for glucose-6-phosphate dehydrogenase in nitrogen fixation and dark
growth of the cyanobacterium Nostoc sp. strain ATCC 29133, J. Bacteriol, 177(21),
6184-6194.

SUNDARAM S., H. KARAKAYA, D. J. SCANLAN et al. (1998) Multiple oligomeric
forms of glucose-6-phosphate dehydrogenase in cyanobacteria and the role of OpcA
in the assembly process, Microbiology, 144(Pt 6), 1549-1556.

HaGceN K. D., J. C. MEEKS (2001) The unique cyanobacterial protein OpcA is
an allosteric effector of glucose-6-phosphate dehydrogenase in Nostoc punctiforme
ATCC 29133, J. Biol. Chem., 276(15), 11477-11486.

SUuMMERS M. L., J. C. MEEKS (1996) Transcriptional regulation of zwf, encoding
glucose-6-phosphate dehydrogenase, from the cyanobacterium Nostoc punctiforme
strain ATCC 29133, Mol. Microbiol., 22(3), 473-480.

OzkuL K., H. KARAKAYA (2015) Characterisation of an opcA mutant of the unicel-
lular cyanobacterium Synechocystis sp. PCC 6803, Curr. Microbiol., 71(5), 572-578.
ANDERSON L. E.; S. C. NEHRLICH, M. CHAMPIGNY (1978) Light modulation of
enzyme activity. Activation of the light effect mediator by reduction and modulation
of enzyme activity by thiol-disulphide exchange, Plant Physiol., 61(4), 601-605.
SCHAEFFER F., R. Y. STANIER (1978) Glucose-6-phosphate dehydrogenase of An-
abaena sp. Kinetic and molecular properties, Arch. Microbiol., 116(1), 9-19.
Cossar J. D., P. RoweLL, W. D. P. STEWART (1984) Thioredoxin as a modulator
of glucose-6-phosphate dehydrogenase in a N2-fixing cyanobacterium, Microbiology,
130(4), 991-998.

GLEASON F. K. (1996) Glucose-6-phosphate dehydrogenase from the cyanobac-
terium, Anabaena sp. PCC 7120: purification and kinetics of redox modulation,
Arch. Biochem. Biophys., 334(2), 277-283.

WENDT U. K., R. HAuscHILD, C. LANGE et al. (1999) Evidence for functional
convergence of redox regulation in G6PDH isoforms of cyanobacteria and higher
plants, Plant. Mol. Biol., 40(3), 487-494.

OzkuL K., H. KARAKAYA (2019) Effect of cysteine/serine changes to glucose-6-
phosphate dehydrogenase of Synechocystis sp. PCC6803 in cell-free extracts, Eur. J.
Phycol., 54(4), 562-570.

MiHARA S., H. WAKAO, K. YOSHIDA et al. (2018) Thioredoxin regulates GGPDH
activity by changing redox states of OpcA in the nitrogen-fixing cyanobacterium
Anabaena sp. PCC 7120, Biochem. J., 475(6), 1091-1105.

DoOELLO S., D. SHVAREV, M. L. THEUNE et al. (2024) Structural basis of the al-
losteric regulation of cyanobacterial glucose-6-phosphate dehydrogenase by the redox
sensor OpcA, Proc. Natl. Acad. Sci. U. S. A.; 121(50), e2411604121.

N. Aksoy, Y. Tokatli, H. Karakaya



[16]

[17]

(18]

[19]

[20]

RippkA R., J. DERUELLES, J. B. WATERBURY et al. (1979) Generic assign-
ments, strain histories and properties of pure cultures of cyanobacteria, Microbi-
ology, 111(1), 1-61.

RippkA R. (1988) Isolation and purification of cyanobacteria, Methods in Enzymol-
ogy, 167, 3-27.

BRADFORD M. M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding, Anal.
Biochem., 72(1-2), 248-254.

WENDEROTH I., R. SCHEIBE, A. VON SCHAEWEN (1997) Identification of the cys-
teine residues involved in redox modification of plant plastidic glucose-6-phosphate
dehydrogenase, J. Biol. Chem., 272(43), 26985-26990.

MiN H., S. S. GOLDEN (2000) A new circadian class 2 gene, opcA, whose product is
important for reductant production at night in Synechococcus elongatus PCC 7942,
J. Bacteriol., 182(21), 6214-6221.

Department of Biology, Faculty of Science, Ondokuz Mayis University, 55139 Atakum,
Samsun, Tiirkiye

e-mails: neslihanaksoy26@gmail . com,

yaseminvarlii@gmail.com (https://orcid.org/0000-0003-3944-1316),

haydar .karakaya@omu.edu.tr (https://orcid.org/0000-0003-3347-0001)

C. R. Acad. Bulg. Sci., 79, No 8, 2026 1045


mailto:neslihanaksoy26@gmail.com
mailto:yaseminvarlii@gmail.com
https://orcid.org/0000-0003-3944-1316
mailto:haydar.karakaya@omu.edu.tr
https://orcid.org/0000-0003-3347-0001

