








values were 33.72 s�1 and 79.2 s�1, for ArsCsyn and ArsI,
respectively. These kinetic data for ArsCsyn and ArsI are in
agreement with those previously published for ArsCsyn using a
heterologous glutaredoxin (19) and for E. coli ArsC (21, 22)
(Table 2).

ArsCsyn belongs to a new family of arsenate reductases.
Amino acid sequence comparison showed that ArsCsyn is re-
lated to ArsC from S. aureus and B. subtilis (42% and 37%
identity, respectively). However, although they are clearly re-
lated, their biochemical properties are markedly different:
S. aureus ArsC uses thioredoxin as an electron donor, while
ArsCsyn uses GSH/glutaredoxin (Fig. 4A) (19, 26). The phylo-
genetic analysis suggests that the ArsCsyn type of arsenate
reductase is restricted to freshwater cyanobacteria and that no

related sequences are found in other organisms, while the
group of marine cyanobacteria contains only the glutaredoxin-
dependent type of arsenate reductase represented by E. coli ArsC
(see Table S2 in the supplemental material). ArsCsyn contains
three catalytic cysteines: C8, C80, and C82 (19), corresponding to
C10, C82, and C89 of S. aureus ArsC (Fig. 4B). These three
cysteines are essential for enzyme activity (3, 13, 24, 26) and are
strictly conserved in all cyanobacterial homologs. We speculated
that the difference in spacing between the second and the third
catalytic cysteines might explain why ArsCsyn uses GSH and glu-
taredoxin as electron donors instead of thioredoxin, since thiore-
doxin would be unable to reduce the disulfide bridge formed
between these two adjacent cysteines. In order to verify this hy-
pothesis, we constructed a modified arsC gene where the spacing
between active cysteines C80 and C82 was changed from 1 to 6
residues, as is the case for S. aureus ArsC (Fig. 4B). We mini-
mized the number of changes introduced into ArsCsyn to those
needed to change the spacing between the two catalytic cysteines,
which led to a model with a loop, instead of an �-helix, in its
oxidized state (see Discussion). The mutated protein was ex-
pressed and purified and was found to display abnormally re-
duced mobility in SDS-PAGE (Fig. 4C). The mutated protein was
totally inactive in the coupled arsenate reductase assay using
either the thioredoxin or the GSH/glutaredoxin reducing system
(data not shown).

We also analyzed the capacity of ArsCsyn to interact with the
most abundant thioredoxin (TrxA) in Synechocystis sp. strain
PCC 6803 by using a modified version of TrxA in which the
second active-site cysteine has been replaced by Ser
[TrxA(C35S)], a mutation that allows the trapping of thiore-
doxin targets as mixed disulfides (20). We examined the abil-
ities of WT and mutant versions of ArsCsyn to interact with
TrxA(C35S) in vitro and asked if the presence of arsenate has
any effect on this interaction. To this end, we incubated ArsCsyn

for 15 min with or without 50 mM arsenate; then TrxA(C35S),
at an equimolar concentration, was added to the reaction mix-
ture, which was incubated for another 30 min. The reactions

FIG. 2. Northern blot analysis of the expression of the arsC and
arsI genes. Total RNA was isolated from mid-log-phase Synechocystis
cells grown in BG11C medium and exposed for 1 h either to 1 mM
sodium arsenite [As(III)] or to 10 mM sodium arsenate [As(V)]. Con-
trol cells were not exposed to added compounds. Fifteen micrograms
of total RNA was denatured, separated by electrophoresis on a 1%
agarose gel, blotted, and hybridized with probes for arsC and arsI. The
filters were stripped and rehybridized with an rnpB gene probe as a
control (see Materials and Methods).

FIG. 3. Phenotypic characterization of arsI mutants. The tolerance of WT Synechocystis sp. strain PCC 6803 and strains SARS4, SARS6,
SARS7, SARS8, SARS9, SARS10, SARS11, and SARS12 to arsenate was examined. Tenfold serial dilutions were spotted onto low-phosphate
BG11C plates (� phosphate) supplemented with 100 mM sodium arsenate [As(V)], BG11C plates (� phosphate) supplemented with 100 mM
sodium arsenate [As(V)], or low-phosphate BG11C plates or BG11C plates without additions. Plates were photographed after 10 days of growth.

3538 LÓPEZ-MAURY ET AL. J. BACTERIOL.

 on O
ctober 31, 2020 by guest

http://jb.asm
.org/

D
ow

nloaded from
 



were stopped, and an aliquot was subjected to nonreducing
SDS-PAGE and analyzed by Western blotting using anti-TrxA
antibodies. While WT ArsCsyn was unable to interact with
TrxA(C35S) (Fig. 4D, lanes 3 and 4), the mutated version of
ArsCsyn was clearly able to form a mixed disulfide with
TrxA(C35S) (Fig. 4D, lanes 5 and 6).

Glutaredoxin specificity in vivo. To address whether the
glutaredoxins had any specificity in vivo, we studied glutare-
doxin expression in response to the presence of arsenate in the

FIG. 4. ArsC has a unique catalytic site. (A) Glutaredoxin-dependent arsenate reductase activities of ArsC and ArsI. Portions (25 �g) of
purified ArsC and ArsI were assayed with 1 �g of E. coli Grx1 following the couple reaction described in Materials and Methods. A control
assay without glutaredoxin addition was carried out. (B) Sequence alignment of ArsCsyn (WT), mutant ArsCsyn (mut), Alr1105 from
Anabaena sp. strain PCC 7120 (A.7120), and ArsC from Staphylococcus xylosus plasmid pSX267 or from S. aureus plasmid pI258. Identical
amino acids are asterisked; conservative changes are marked with “:” or . as defined by CLUSTAL X. Changes to ArsCsyn in the mutant are
underlined. (C) SDS-PAGE of purified mutant ArsCsyn (lane 1), WT ArsCsyn (lane 2), and TrxA(C35S) (lane 4). Lane 3, molecular mass
markers. (D) Western blot analysis of interaction experiment between ArsCsyn and TrxA(C35S). Proteins were incubated as described in
Materials and Methods. Lanes 1 and 2, reaction mixtures containing TrxA(C35S); lanes 3 and 4, reaction mixtures containing TrxA(C35S)
and WT ArsCsyn; lanes 5 and 6, reaction mixtures containing TrxA(C35S) and mutant ArsCsyn. Proteins were incubated in the presence of
100 mM Na2HAsO4 (lanes 1, 3, and 5) or in the absence of Na2HAsO4 (lanes 2, 4, and 6). The membrane was incubated with anti-TrxA
antibodies as described in Materials and Methods.

TABLE 2. Catalytic properties of ArsCsyn and ArsI

Arsenate
reductase

Km (�M) Kinetic parameter determined with GrxA

GrxA GrxB Km for AsO3
2�

(mM)
Vmax

(�mol/min) kcat (s�1)

ArsC 0.25 0.994 5.74 2.81 33.72
ArsI 0.063 1.369 11 1.32 79.2
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medium. Total RNAs from mid-exponential-phase growing
cells treated with 100 mM arsenate for 0.5, 1, and 2 h were
analyzed by Northern blotting using probes against the grxA,
grxB and grxC genes. While the levels of grxA and grxB tran-
scripts did not change significantly after arsenate addition,
even in the SGRXB or SGRXA mutant strain, respectively,
grxC showed induction in its mRNA (Fig. 5).

In order to further analyze the in vivo specificities of different
glutaredoxins, we constructed single, double, and triple mutant
strains with inactivated glutaredoxin genes. All mutants were vi-
able, and their growth rates were comparable to those of the WT
strain both in the presence and in the absence of phosphate (Fig.
6 and our unpublished results). However, analysis of their phe-

notypes in the presence of arsenate indicated that all strains
carrying an insertion in the grxA gene were less resistant to the
presence of arsenate than the WT strain (Fig. 6). Further inacti-
vation of the grxB or grxC gene had no effect on arsenate resis-
tance, indicating that GrxA is the main electron donor for both
ArsCsyn and ArsI in vivo. These results are in agreement with our
in vitro data, in which ArsI and ArsCsyn showed strong and mod-
erate specificities for GrxA, respectively.

DISCUSSION

Here we describe the arsenate-reducing system in Synecho-
cystis sp. strain PCC 6803, which consists of two different ar-

FIG. 5. Analysis of the expression of glutaredoxin genes in response to arsenate. (A) Northern blot analysis of the expression of the grxA, grxB,
and grxC genes. Total RNA was isolated from mid-log-phase Synechocystis cells grown in BG11C medium and was exposed to 100 mM sodium
arsenate for 0.5, 1, and 2 h. Control cells were not exposed. Fifteen micrograms of total RNA was denatured, separated by electrophoresis on a
1% agarose gel, blotted, and hybridized with probes for the grxA, grxB, and grxC genes. The filters were stripped and rehybridized with an rnpB
gene probe as the control (see Materials and Methods). (B and C) Northern blot analysis of the expression of grxB in strain SGRXA (B) and of
grxA in strain SGRXB (C) after arsenate exposure as described for panel A.

FIG. 6. Phenotypic characterization of the grx mutants. The tolerance of WT Synechocystis sp. strain PCC 6803 and strains SGRXA, SGRXB,
SGRXC, SGRXAB, SGRXAC, SGRXBC, and SGRXABC was tested. Tenfold serial dilutions were spotted onto low-phosphate BG11C plates
supplemented with 100 mM sodium arsenate [As(V)], low-phosphate BG11C plates (� phosphate), or BG11C plates. Plates were photographed
after 10 days of growth.
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senate reductases and implies the GSH/glutaredoxin system as
an electron donor. The presence of two different arsenate
reductases has also been reported for other bacterial strains by
genome analysis (5), but no in vivo experimental data have
been reported so far. Although the main resistance determi-
nant in Synechocystis sp. strain PCC 6803 involves the highly
inducible ArsCsyn (23), ArsI is here shown to play a role in its
absence. This enzyme could allow cells to tolerate small
amounts of arsenate, because its gene is expressed at low and
constitutive levels (Fig. 2). The fact that the differences in
phenotype between SARS10 and SARS11 (double mutants
with mutations of arsC and arsI), on the one hand, and
SARS12 (triple mutant with all arsenate reductase genes inac-
tivated), on the other, are observed only in media devoid of
phosphate probably reflects the entry into the cells of small
amounts of As(V), which are reduced by ArsI in strains
SARS4, SARS10, and SARS11.

Three families of arsenate reductases have been described to
date (25). Here we show that ArsCSyn, although related to
thioredoxin-dependent arsenate reductases, can be considered
a member of a new arsenate reductase family, since it clusters
together with sequences from other cyanobacteria, forming an
independent branch in phylogenetic trees (Fig. 7). The branch
that includes ArsCSyn has probably shifted from a thioredoxin-
dependent to a GSH-dependent reduction mechanism, and the
signature for this can be found in the C80–C82 pair of cysteines
(Fig. 4B). The arsenate reduction mechanism in the B. subtilis
and S. aureus ArsC enzymes is well described and involves a
disulfide cascade leading to conformational changes in the
�-helix containing the reactive cysteines C82 and C89 (3, 24–
27). These cysteines are present in an �-helix that is buried in
the ArsC structure, and oxidation of these cysteines to a disul-
fide bridge leads to a change from an �-helix to a loop con-
formation. This structural reorganization exposes the disulfide
bridge and allows it to be reduced by thioredoxin (3, 13, 24,
26). The change in the spacing between these two cysteines in
ArsCsyn may explain why this protein is reduced by GSH but
not by thioredoxin. Two reasons can be argued. The first is that
a disulfide bridge between C80 and C82 probably would not
cause a conformational switch from an �-helix to a loop con-
formation, because these cysteines are closely situated and will
not disturb the �-helix. The second reason is that the spacing
is not adequate for thioredoxin interaction. The site-directed
mutagenesis of ArsCsyn supports the second explanation, al-
though modeling of WT and mutant ArsCsyn enzymes using
the SWISS-MODEL server with the sole constraint that the
C80 and C82 cysteines form a disulfide bridge results in a
model with an �-helix in the WT and a loop in the mutant
(data not shown). Thus, a combination of both effects can be
claimed to explain the difference in reduction mechanisms
between S. aureus ArsC and ArsCsyn. Although a change in the
spacing between the cysteines is essential for thioredoxin in-
teraction (Fig. 4) and probably also for the conformational
change induced upon oxidation of the cysteines, changes other
than those introduced in this work may be needed to obtain
thioredoxin-dependent arsenate reduction activity, since there
are other residues conserved in S. aureus ArsC that are not
conserved in ArsCsyn. The change from a thioredoxin- to a
GSH-dependent mechanism in cyanobacterial arsenate reduc-
tase could be due to an easier availability of GSH than of

reduced thioredoxin. In this regard, the more abundant thiore-
doxin (TrxA) is essential in Synechocystis and in other cya-
nobacteria (11, 33, 34), probably indicating its main role in
regulating cell metabolism. Furthermore, other thioredoxins

FIG. 7. Phylogenetic analysis of ArsCsyn. Shown is a neighbor-joining
tree of full-length amino acid sequences of the following arsenate reduc-
tases (sequences are from the ENTREZ protein database): ArsCSyn (Syn-
echocystis), Alr1105 from Anabaena sp. strain PCC 7120 (A.7120; acces-
sion no. NP_485148), Ava 3712 from Anabaena variabilis (ZP_00159236),
Glr0004 from Gloeobacter violaceus (NP_922950.1), and ArsC enzymes
from Nostoc punctiforme (ZP_00108511), Crocosphaera watsonii WH 8501
(ZP_00349942), Lyngbya sp. strain PCC 8106 (ZP_01620002), Synecho-
coccus sp. strain JA-2-3B	a (Syn_JA-2-3B; YP_478568), Acaryochloris ma-
rina MBIC11017 (YP_001514958), Synechococcus sp. strain PCC 7002
(S.PCC7002; YP_001733851), Microcystis aeruginosa NIES-843
(YP_001655268), Cyanothece sp. strain ATCC 51142 (YP_001804412),
Bacillus subtilis (BAA12434), Staphylococcus xylosus plasmid pSX267
(Q0125), and S. aureus plasmid pI258 (P30330). Low-molecular-weight
phosphatases are Wzb from E. coli (ECU38473), PtpA from Streptomyces
coelicolor A3 (NP_628106), Ptp from Acintobacter johnsonii (CAA75430),
and YopH from Yersinia pseudotuberculosis (P08538). YopH was used as
the outgroup. The scale bar corresponds to 0.1 estimated amino acid
substitution per site. Bootstrap values for 1,000 permutations are shown.

VOL. 191, 2009 ARSENATE REDUCTION IN CYANOBACTERIA 3541

 on O
ctober 31, 2020 by guest

http://jb.asm
.org/

D
ow

nloaded from
 

http://jb.asm.org/


present in Synechocystis are expressed at lower levels and do
not respond to the presence of arsenate in the growth medium
(our unpublished observations). This is also supported by the
fact that all cyanobacterial arsenate reductases use GSH as a
reducing system (since they are homologs of ArsCsyn or E. coli
ArsC [see Table S2 in the supplemental material), except for
Synechococcus sp. strain JA-3-3Ab, which contains a gene cod-
ing for an ArsC protein of the S. aureus family (Fig. 7).

Interestingly, inactivation of all glutaredoxin genes does not
seem to affect the growth of Synechocystis sp. strain PCC 6803.
In most organisms, inactivation of all glutaredoxin genes is not
possible (7, 9). Recently it has been reported that GrxA inac-
tivation impairs H2O2 resistance in Synechocystis, that GrxA is
reduced by a thioredoxin reductase, and that reduced GrxA is
able to reduce GrxB (18). In addition, these investigators iden-
tified several putative targets that overlap with those of the
thioredoxin system in Synechocystis. These data suggest that
the two systems have redundant roles and that in the absence
of the glutaredoxin system, thioredoxins can reduce some of its
targets. Particularly striking is the lack of a clear phenotype of
the SGRXC mutant, since all homologs of grxC either are
essential or exhibit a drastic phenotype (2, 9, 41, 51). Synecho-
cystis GrxC has been shown to contain an iron-sulfur group
(38), like all other monothiolic glutaredoxins (9, 42), and can
partially complement the grx5 mutation in Saccharomyces cer-
evisiae (28), suggesting that GrxC is involved in iron-sulfur
assembly, as are plant and yeast monothiolic glutaredoxins (2,
42). Monothiolic glutaredoxin has been proposed to be a scaf-
fold, storage, or regulatory protein during Fe-S cluster assem-
bly in plant chloroplasts (2). Two Fe-S cluster assembly path-
ways, Suf and Isc, have been described for cyanobacteria (1, 14,
29, 50). The Suf system is involved in Fe-S cluster assembly for
photosystem I (with the help of a NifU like protein), while the
role of the Isc system is less well characterized. Further exper-
iments are required to clarify if Synechocystis GrxC has roles
similar to those of its plant homologs in Fe-S cluster assembly
and to determine its relation to the Suf and Isc pathways.

Our in vivo experiments demonstrate that GrxA has a cen-
tral role in arsenate reduction, since all strains lacking GrxA
are less tolerant of the presence of arsenate in the medium
than strains with GrxA. This phenotype is not due to a low
level of expression of the gshB gene, encoding GSH synthetase,
which is just downstream of the grxA gene and forms an operon
with it (our unpublished observations). Moreover, SGRXA
and WT strains contain the same levels of GSH (data not
shown). Our results indicate that at least in Synechocystis sp.
strain PCC 6803, and for ArsCSyn, there is a specific depen-
dence on GrxA as an electron donor, and GrxB cannot com-
pensate for the lack of GrxA in vivo. This is further supported
by the lack of induction of the grxB or grxA gene in strain
SGRXA or SGRXB, respectively, in response to the presence
of arsenate (Fig. 5B and C). These data also contrast with data
reported on arsenic resistance in E. coli, where resistance to
arsenate was not affected in any single glutaredoxin mutant or
in a triple mutant with all dithiolic glutaredoxin genes inter-
rupted, suggesting that there is another reductant for E. coli
ArsC (46). The strong specificity of ArsCsyn for GrxA in vivo
contrasts with the much smaller differences observed between
the specificities for GrxA and GrxB in vitro. Two reasons might
explain this apparent discrepancy. First, GrxA protein may be

much more abundant than GrxB. Second, the compartmental-
ization or spatial localization of GrxB may be different from
that of ArsCsyn. Further experiments will be required to inves-
tigate these possibilities.
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