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Sulfide was used as an electron donor early in the evolution of
photosynthesis, with many extant photosynthetic bacteria still
capable of using sulfur compounds such as hydrogen sulfide (H,S)
as a photosynthetic electron donor. Although enzymes involved in
H,S oxidation have been characterized, mechanisms of regulation of
sulfide-dependent photosynthesis have not been elucidated. In this
study, we have identified a sulfide-responsive transcriptional repres-
sor, SqrR, that functions as a master regulator of sulfide-dependent
gene expression in the purple photosynthetic bacterium Rhodobacter
capsulatus. SqrR has three cysteine residues, two of which, C41 and
C107, are conserved in SqrR homologs from other bacteria. Analysis
with liquid chromatography coupled with an electrospray-interface
tandem-mass spectrometer reveals that SqrR forms an intramolecular
tetrasulfide bond between C41 and C107 when incubated with the
sulfur donor glutathione persulfide. SqrR is oxidized in sulfide-
stressed cells, and tetrasulfide—cross-linked SqrR binds more weakly
to a target promoter relative to unmodified SqrR. C41S and C107S R.
capsulatus SqrRs lack the ability to respond to sulfide, and constitu-
tively repress target gene expression in cells. These results establish
that SqrR is a sensor of H,S-derived reactive sulfur species that main-
tain sulfide homeostasis in this photosynthetic bacterium and reveal
the mechanism of sulfide-dependent transcriptional derepression of
genes involved in sulfide metabolism.
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he discovery of ~550 deep-sea hydrothermal vents more than

30 y ago (1) has led to the theory that energy metabolism in
early ancestral organisms may have arisen from deep-sea hydro-
thermal vents where simple inorganic molecules such as hydrogen
sulfide or hydrogen gas, as well as methane, exist (2-4). Such
ancient energy metabolism has been assumed to be similar to that
of extant chemolithotrophs, which obtain energy from these
molecules. Indeed, various chemolithoautotrophic microbes thrive
in deep-sea hydrothermal vents and are capable of oxidizing sul-
fides, methane, and/or hydrogen gas for use as energy sources and
electron donors (5). Some photosynthetic bacteria have also been
isolated from deep-sea hydrothermal vents that can grow photo-
synthetically using sulfide as an electron donor and geothermal
radiation as an energy source instead of solar radiation (6), as
hypothesized for ancestral phototrophs.

Many purple photosynthetic bacteria have remarkable meta-
bolic versatility required to meet the energy demands of sulfide-
dependent and -independent photosynthesis as well as aerobic and
anaerobic respiration. These bacteria tightly control the synthesis
of their electron transfer proteins involved in each growth mode in
response to a specific electron donor, oxygen tension, and light
intensity (7, 8). Among these regulatory systems, oxygen- and light-
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sensing mechanisms have been well-studied; however, mechanisms
used to sense hydrogen sulfide remain incompletely understood.
Understanding the general biological functions of hydrogen
sulfide has emerged as a subject of topical interest since its recent
description as a gasotransmitter in mammals (9-11). Despite an
appreciation of sulfide signaling, the mechanisms of how H,S
functions as a signaling molecule remain under investigation (12).
Emerging evidence suggests that highly oxidized sulfur species,
termed reactive sulfur species (RSS), are the actual sulfide-sig-
naling species (13-16). These include HSe, cysteine sulfenic acids,
cysteine persulfides, glutathione persulfides (GSSHs), and in-
organic polysulfide species, which catalyze persulfidation of specific
proteins and enzymes (13, 17-20), although the functional impact
of this protein modification is as yet not generally clear (17).
Hydrogen sulfide inhibits respiration by poisoning cytochrome
oxidase and binding and precipitating biologically required divalent
transition metals, and is thus toxic at high concentrations (21). The
ability to adapt to a sulfide-rich environment is therefore critical for
the survival for some microorganisms. The universal first step in
H,S detoxification and utilization of H,S as an electron donor
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includes the sulfide:cytochrome ¢ reductases (SoxF and FccAB) or
sulfide:quinone reductases (SQRs), the latter used to reduce
quinones via the two-electron oxidation of sulfide to sulfane or
zero-valent S°. In the case of SQRs, S is conjugated to a variety of
nucleophilic acceptors, such as sulfite (SO32’), CN-, S*, or a low-
molecular-weight thiol, for example glutathione (22-24), the latter
of which gives rise to glutathione persulfide. In the purple pho-
tosynthetic bacterium Rhodobacter capsulatus, SOR is the major
enzyme responsible for catalyzing this first step in sulfide oxida-
tion, with the level of SQR expression increasing after sulfide
treatment (25). R. capsulatus can also grow photosynthetically,
using sulfide as well as several inorganic and organic compounds
as electron donors. Thus, R. capsulatus seems to use sophisticated
regulatory strategies to control different photosynthetic growth
modes in response to environmental changes. However, a sulfide-
responsive sensor protein has not been identified in R. capsulatus.
To better understand sulfide sensing in photosynthetic bacteria,
we aimed to identify a sulfide-responsive sensor protein from
R. capsulatus. Genetic mutant screening resulted in the identifica-
tion of the transcriptional regulator SqrR, which functions as a re-
pressor of genes responsible for sulfide-dependent photosynthesis.
We show that SqrR DNA-binding and transcriptional regulatory
activity is regulated by persulfide-dependent cysteine modification,
which is analogous to that previously described for the persulfide
sensor in Staphylococcus aureus, CstR (26). However, SqrR and
CstR are derived from distinct structural classes of transcriptional
repressors, suggesting that SqrR functions as a novel sensor of
sulfide-derived reactive sulfur species in bacterial cells.

Results

Identification of sqrR in R. capsulatus. To identify a sulfide-regulated
sensor protein in photosynthetic bacteria, we took advantage of
the well-established genetic system of R. capsulatus (27). Because
SQR expression in R. capsulatus increases upon sulfide treatment
(25), we exploited changes in sqr expression as a means to isolate
sulfide-insensitive mutants. To screen for mutants, we constructed
a plasmid where the sqr promoter drives lacZ expression. To verify
whether the sqr promoter responds to sulfide specifically, we
carried out p-galactosidase assays with R. capsulatus containing the
sqr::lacZ expression plasmid treated with sulfide under aerobic
and anaerobic growth conditions. The sqr promoter specifically
responds to sulfide under both conditions (Fig. 1). Primer exten-
sion analysis reveals the presence of a single transcriptional start
site located 40 bp upstream of the sqr start codon (Fig. S1).
Wild-type (WT) R. capsulatus cells cannot grow with lactose as
a sole carbon source, because R. capsulatus does not encode the
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Fig. 1. Sulfide responsiveness of the sqr promoter regions. (A) p-Galactosi-
dase activity measurements of the sqr promoter region of 1,238 bp upstream
of the start codon and /acZ fusion. Cells were grown to midlog phase under
aerobic conditions and 0.6 mM Na,S (triangles) or nothing (squares) was
added at t = 0. Cells were harvested at each time point and assayed for
p-galactosidase activity. Error bars indicate SD of the mean. ONP, o-nitro-
phenyl-p-p-galactopyranoside. (B) Same as in A, except that cells were grown
under anaerobic conditions.
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lac operon in its genome. However, R. capsulatus containing the
sqr::lacZ fusion construct can grow on lactose-containing medium
in the presence of sulfide but not in the absence of sulfide. This
sulfide-dependent growth allowed the screening of sulfide-
insensitive suppressor mutants. Specifically, R. capsulatus express-
ing the full-length sgr:lacZ gene fusion was treated with ethyl
methanesulfonate to induce point mutations, with these muta-
genized cells plated onto lactose plates for selective growth under
aerobic conditions in the absence of sulfide. From this selection,
we isolated ~30 colonies from 10° mutagenized cells that
exhibited growth independent of the presence of sulfide (Fig.
S24). We sequenced the reporter plasmids from these strains to
confirm that there were no mutations present in the sqgr promoter
region, and then applied genome sequence analysis to identify
suppressor mutations. Genomic suppressor mutations in several
candidate genes were found (Dataset S1). Disruption of one
candidate gene, which we named sulfide:quinone reductase re-
pressor (sgrR) (GenBank accession no. ADE85198), yielded
constitutively high sgr expression even in the absence of sulfide,
suggesting that it likely encodes a transcriptional repressor (Fig.
S2B). Oxidative stress resulting from H,O, treatment does not
significantly affect sqr expression in the WT or the sqgrR mutant
strain (Fig. S34), with the sqrR gene constitutively expressed,
although at a level slightly decreased by sulfide treatment (Fig.
S3B). R. capsulatus encodes two homologs of the previously
characterized homotetrameric persulfide sensor from S. aureus,
CstR (26), and deletion strains of one or both cstR-like genes are
fully sulfide-responsive (Fig. S2C). These two CstR paralogs are
most closely related to the formaldehyde-sensing repressor
FrmR (GenBank accession no. ADE84633) and the nickel-
sensing repressor RenR (GenBank accession no. ADES3853)
(Fig. S44), and are structurally unrelated to SqrR (28, 29). These
data taken collectively reveal that SqrR is the primary sulfide
sensor in R. capsulatus.

There are two possible AUG initiation codons separated by 13
residues in the putative sgrR ORF. To determine the exact start
codon for SqrR translation, translational lacZ fusions to each start
codon were constructed with subsequent B-galactosidase activity
measurements; these experiments reveal that the more down-
stream initiation codon is the bona fide start of translation (Fig.
S5). A bioinformatics analysis reveals that SqrR homologs are
present in nearly all major classes of proteobacteria. A multiple-
amino acid sequence alignment of SqrR homologs from a-, -, and
y-proteobacteria reveals several conserved regions, including the
helix-turn-helix motif and two highly conserved cysteines (Fig.
S4B). SqrR is a member of the arsenic repressor (ArsR) family of
prokaryotic repressors (30), and is evolutionarily related to BigR
from the plant pathogens Xyella and Agrobacterium spp., described
previously as mediating hydrogen sulfide detoxification (31). An
unrooted phylogenetic tree of SqrR homologs indicates that some
B- and y-proteobacterial SqrR homologs are found within the
a-proteobacterial clade, suggesting lateral gene transfer of sqgrR
among proteobacteria (Fig. S4C).

Biochemical Properties of SqrR. We next purified recombinant
R. capsulatus SqrR for in vitro studies using an Escherichia coli
overexpression system followed by affinity chromatography. DNase
I footprint analysis was undertaken with purified SqrR to de-
termine the site of SqrR binding to the sqr promoter region (Fig.
24). Good protection was observed in the sqr promoter region
around the —10 o-subunit recognition sequences and transcrip-
tional start site, consistent with the classification of SqrR as a
transcriptional repressor. Gel mobility-shift analysis of purified
SqrR was next carried out with a DNA probe that encompasses
the SqrR-protected region in the sqr promoter. These assays were
performed with untreated and fully reduced SqrR as well as with
SqrR treated with a representative persulfide sulfur donor, GSSH.
To avoid oxidation of Cys residues by molecular oxygen, all
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Fig. 2. Biochemical properties of SqrR. (A) DNase | footprint analysis of
SgrR. Binding to the sqr promoter region under aerobic conditions.
(A, Bottom) Regions corresponding to the DNase | protection regions are
shown with a gray background. The —35 and —10 s-subunit recognition se-
quences are in boxed letters, with the transcription start site indicated in red.
(B) Gel mobility-shift assay using a DNA fragment of the sqr promoter region
under anaerobic conditions with reduced SqrR (18 to 90 nM) or GSSH-treated
SqrR (45 to 150 nM). (C) Binding isotherms of reduced (open circles and solid
line) and GSSH-treated SqrR (filled circles and dashed line) plotted as a
fraction of the shifted probe. (D) C9S SqrR reacts with glutathione persulfide
but not glutathione, glutathione disulfide, or Na,S to form intramolecular
cross-links. LC-ESI-MS spectra of reduced C9S SqrR, GSH-reacted C9S SqrR,
GSSG-reacted C9S SqrR, Na,S-reacted C9S SqrR, and GSSH-reacted C9S SqrR.
Monomeric C9S SqrR (12,296 Da) was found to be the dominant species in all
samples except for GSSH-reacted C9S SqrR, in which the tetrasulfide—cross-
linked C9S SqrR (12,358 Da) was found to dominate, accompanied by a small
amount (<5%) of trisulfide—cross-linked C9S SqrR (12,326 Da). Conditions:
25 mM Tris-HCI, 200 mM NacCl, 2 mM EDTA (pH 8.0).

experiments were carried out under anaerobic conditions. SqrR
binds to the DNA probe in a concentration-dependent manner
(Fig. 2B), yielding an EC;s value (effective concentration of SqrR
for 50% binding) (Fig. 2C) for untreated (reduced) SqrR of
~56 nM, which is approximately twofold lower than that of GSSH-
treated SqrR (~110 nM). The DNA-binding affinity of untreated
and fully reduced C9S SqrR is significantly higher than that of
GSSH-treated C9S SqrR, suggesting that C9S SqrR, like WT
SqrR, is fully capable of sensing persulfides (Fig. S64). In striking
contrast, the C41S and C107S SqrRs do not show a significant
GSSH-dependent reduction in DNA affinity, with ECs, values
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(~50 nM) similar to that of WT reduced SqrR (Fig. S6 B and C).
Finally, aerobic gel mobility-shift experiments carried out in the
absence or presence of the reductant DTT reveal that the affinity
of SqrR is significantly higher in the presence of DTT relative to
its absence (Fig. S6D). These experiments collectively reveal that
the operator-promoter DNA-binding affinity of SqrR in vitro is
sensitive to reversible thiol oxidation such as disulfide-bond for-
mation, as previously observed for the SqrR homolog BigR (31).

To define the chemical nature of the SqrR modification by
GSSH, we measured the molecular mass distribution of C9S SqrR
species following an anaerobic incubation with an excess of GSSH
by liquid chromatography (LC) coupled with a mass spectrometer
(MS) equipped with an electrospray interface (ESI). These mass
spectra were compared with those obtained with untreated, re-
duced SqrR vs. those incubated with the corresponding thiol,
glutathione (GSH), glutathione disulfide (GSSG), and Na,S (Fig.
2D). C9S SqrR is active in cells (vide infra), and was used for these
experiments to minimize complications from oxidative chemistry
occurring at Cys9. We find that untreated C9S SqrR is fully re-
duced, with no evidence of other modifications (M, 12,296 Da).
We observe no change in this mass spectrum in the presence of
GSH, GSSG, or Na,S. In contrast, GSSH specifically shifts the
mass distribution to that largely corresponding to a +62-Da spe-
cies, a mass shift consistent with an intramolecular (intraprotomer)
tetrasulfide cross-link between the remaining C41 and C107 resi-
dues (Fig. 2D). In addition, a small amount of +30-Da product is
also observed, consistent with an intramolecular trisulfide cross-
link (Fig. 2D). High-resolution tandem mass spectrometry of
trypsin-digested GSSH-treated C9S SqrR confirms the presence of
both intramolecular tri- and tetrasulfide cross-links linking C41 and
C107 on the same subunit (Fig. S7).

Similar findings were obtained for the WT SqrR. Specifically,
incubation with GSSH, but not GSH, GSSG, and Na,S, results in
molecular mass shifts of +30 and +62 Da, with the latter the major
product (Fig. S84), consistent with intramolecular tri- and tetra-
sulfide cross-links between C41 and C107, as described for C9S
SqrR. Tandem ESI-MS/MS analysis of the trisulfide—cross-linked
species confirms this assignment in the +3 charge state (Fig. S8B).
Both cross-links are fully reduced by the thiol-reducing agent Tris
(2-carboxyethyl)phosphine (TCEP) (Fig. S84), establishing the
reversibility of the tri- and tetrasulfide bonds in SqrR. Interestingly,
a number of S-glutathionylated adducts were also observed in
GSSG- and GSSH-derivatized WT SqrR relative to C9S SqrR (Fig.
S8C), but the significance of this S-glutathionylation is unknown,
because C9S SqrR is fully functional in cells (vide infra). Intra-
protomer cross-linking between C41 and C107 is supported by a
model structure of SqrR derived from crystal structures of Xylella
fastidiosa BigR, an SqrR homolog, in the disulfide-oxidized and
thiol-reduced states (32) (Fig. 34). Oxidized BigR is characterized
by an intramolecular disulfide bond between two cysteines that
correspond to C41 and C107 in R. capsulatus SqrR (31). These two
cysteine residues must be in close physical proximity, as would be
required for intramolecular di-, tri-, and tetrasulfide-bond forma-
tion in SqrR.

We next constructed strains of R. capsulatus where each SqrR
cysteine (C9, C41, and C107) was individually changed to a serine
and recombined into its native genomic locus to determine the
degree to which these residues impact the ability of SqrR to sense
exogenous sulfide in vivo. As expected, the C41S and C107S
mutants both lose the ability to derepress sqr expression in the
presence of exogenous sulfide; in contrast, the C9S mutant retains
WT transcriptional derepression activity (Fig. 3B). The C41S
mutant was impaired in photoautotrophic growth using H,S as a
sole electron donor (Fig. S94), and AsqrR and C41S mutants
exhibited a more pale or a darker color, respectively, than the WT
strain on a sulfide-containing growth medium (Fig. S9B). Under
these conditions, bacteriochlorophyll and carotenoid contents in
the AsgrR strain were ~30% lower than in WT. Photosynthetic

PNAS | February 28,2017 | vol. 114 | no.9 | 2357

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614133114/-/DCSupplemental/pnas.201614133SI.pdf?targetid=nameddest=SF9

W

B-galactosidase activity
moles ONP/min/mg protein
H g p
3 3

o O N ©
o o o©

nNow
o o

=
(=}

(=]

: N R @ © o @
SqgrR: ¥ o (Q‘Cp 9% w7 QN
wT 4R Ces C41S C107S o & SHES A

I:'):_ First dimension (-DTT) —~ First dimension (-DTT)

_-—
= ® =

o SRBE5F &8 2 @ E

< 5 | sufide - -+
? 2 - + +
g é (kDa) AMS

'-5 o 20 |
k= =

s 3 W 15

& ]

« (kDa)

SqrR:FLAG

Fig. 3. Characterization of SqrR in vivo. (4) Structural model of SqrR based on
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activity measurements are as in Fig. 1. The control is the WT strain containing
the sqr-lacZ fusion. Aerobically grown cells that reached midlog phase were
induced by sodium sulfide (gray bars) or not induced (open bars), and then cells
were harvested after 4 h. A FLAG-tagged coding sequence was integrated into
the genomic sqrR 3’ end in R. capsulatus (SQrR:FLAG). Each point mutant was
constructed using the sqrR-FLAG mutant as background. Error bars indicate SD
of the mean. (C) Detection of C-terminally FLAG-tagged WT and mutant SqrRs
by Western blotting using an anti-FLAG antibody. (D) Nonreducing (-DTT) and
reducing (+DTT) 2D electrophoresis coupled with Western blotting using an
anti-FLAG antibody. WT (negative control) and SqrR-FLAG strains grown aer-
obically were treated with 0.6 mM Na,S for 4 h and then subjected to SDS/
PAGE. An arrow indicates the specific band for the SqrR-FLAG monomer. Red
asterisks indicate nonspecific bands. (E) Mobility shifts of SqrR caused by thiol
modification on SDS/polyacrylamide gels. The SqrR-FLAG mutant was labeled
with AMS. Cells were grown to midlog phase under aerobic conditions, fol-
lowed by the addition of 0.6 mM sodium sulfide. Before harvesting, cells were
treated with trichloroacetic acid (TCA) to rapidly quench thiol-disulfide ex-
change reactions.

growth profiles of WT and AsgrR were also analyzed. Cells pre-
cultured in the presence and absence of sulfide were transferred to
sulfide-free fresh medium and growth rates were measured under
anaerobic light conditions (Fig. SOC). When cells were transferred
from sulfide-containing medium to sulfide-free medium, slow
growth was observed before the logarithmic growth phase, al-
though such delayed growth was not observed when cells were
transferred from sulfide-free preculture. Notably, the delayed
growth phenotype of AsqrR was longer (~8 h) than that of WT
(~4 h). These experiments establish the physiological importance
of the tetrasulfide-bond formation of SqrR for sulfide utilization
and regulated photopigment synthesis.

To assess the stability of mutant SqrRs in cells, we performed
Western blot analysis using C-terminally FLAG-tagged SqrRs and
an anti-FLAG antibody. Given that the FLAG tag was integrated
into the sgrR 3'-end coding sequence, the copy numbers should be
similar to those of the WT. WT SqrR-FLAG could be specifically
detected, with both C9S and C41S SqrRs also detected, albeit at
levels modestly lower than WT SqrR (Fig. 3C). Although C107S
SqrR was not detected in this experiment, this may be due to a
lower stability and/or loss of the FLAG tag, because the sqr re-
pressor activity of C107S SqrR is only modestly affected and readily
distinguished from a AsgrR strain (Fig. S2D). Two-dimensional
nonreducing and reducing electrophoresis coupled with Western
blot detection reveals that SqrR does not form covalently cross-
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linked dimers in cells in the presence of sulfide stress (Fig. 3D), a
finding consistent with the in vitro mass spectrometry experiments
indicative of an intraprotomer cross-link (Fig. 2D and Fig. S8). To
confirm the presence of an intraprotomer C41-C107 cross-link,
total protein extracts were treated with the thiol-modifying agent
4-acetamido-4'-maleimidylstilbene-2,2’-disulfonic acid (AMS),
which derivatizes only free Cys sulthydryl groups, followed by
analysis by SDS/PAGE and Western blotting. A tetrasulfide bond
would be resistant to AMS modification, so any AMS modifications
that retard electrophoretic mobility would reflect the status of free
Cys sulthydryls in SqrR. As shown in Fig. 3E, the molecular mass of
SqrR-FLAG in non-sulfide-treated vs. sulfide-treated cells is in-
creased by ~2.4 and ~0.8 kDa, respectively, after treatment with
AMS relative to that of SqrR-FLAG that was not modified with
AMS. Given that the increase in molecular mass of the non—
sulfide-treated sample is approximately threefold that of the
sulfide-treated sample, we conclude that the number of free Cys
sulthydryls is changed from three to one after treatment of cells
with exogenous sulfide. Although the nature of the C41-C107
cross-link in SqrR isolated from cells can be defined by this ex-
periment, these findings are fully consistent with the in vitro
GSSH-cross-linking experiments (Fig. 2 and Fig. S8) in that
there are two cysteine residues of SqrR that are cross-linked by
exogenous sulfide-derived reactive sulfur species in vivo.

Identification of Genes Controlled by SqrR. To identify SqrR-regulated
genes, we performed an RNA-sequencing (RNA-seq) transcriptomic
analysis of the R. capsulatus WT and sqrR-disrupted mutant in the
absence and presence of exogenous sulfide. In one experiment, we
identified sulfide-inducible genes in WT cells by comparing tran-
scription levels in WT cells untreated vs. treated with sulfide. In a
parallel experiment, we identified SqrR-regulated genes by com-
paring the expression levels in WT vs. sgrR mutant cells grown in
the absence of sulfide (Dataset S2). These results reveal that 45%
of all sulfide-responsive genes in the R. capsulatus genome are
directly or indirectly regulated by SqrR. The identified sulfide-
responsive genes include a number of genes known to function in
sulfur metabolism or assimilation, including thiosulfate-sulfite
oxidoreductases and thiosulfate sulfurtransferases or rhodanese
homology domain proteins (33, 34), whose expression is strongly
repressed by SqrR. Although originally described as functioning in
cyanide detoxification (35), sulfurtransferases and structurally
unrelated single-Cys—containing TusA domains (36) are generally
involved in persulfide shuttling, and are capable of accepting
sulfur from a variety of RSS, including thiosulfate and low-
molecular-weight persulfides (37). Another major target of SqrR is
a putative peroxiredoxin, a thiol peroxidase known to be involved in
detoxification of reactive oxygen species (38); this finding suggests a
novel role in detoxification of RSS. Interestingly, the expression of
diguanylate cyclase/phosphodiesterase, which catalyzes bis-
(3’-5")-cyclic dimeric guanosine monophosphate (c-di-GMP)
synthesis, and acetone carboxylase are also regulated by SqrR. A
divergently transcribed operon encoding an RND family efflux
transporter and acriflavin resistance protein located downstream of
sqrR are also strongly repressed by SqrR. Although the repression
level is not high, sulfite assimilation- and cysteine biosynthesis-re-
lated genes are also regulated by SqrR. Comparison of the pro-
moter sequences of genes characterized by >10-fold changes by
sqrR disruption reveals a strong consensus operator sequence for
SqrR, namely ATTC-Ng-GAAT (Fig. S10). Interestingly, the ex-
pression of most genes in the photosynthetic gene cluster (puf, puc,
bch, and crr) are ~0.5-fold repressed in the sgrR mutant relative to
WT cells.

Discussion

In this study, we have identified and characterized a novel sulfide-
responsive transcriptional repressor, SqrR, that controls sulfide-
dependent photosynthetic electron transfer in R. capsulatus. The
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Fig. 4. Model for SqrR sulfide-responsive gene regulation. In the absence of
hydrogen sulfide, C41 and C107 of SqrR are in the reduced form. This form of
SqrR binds the promoter region and represses the expression of sulfide-
responsive genes (SRGs). In the presence of hydrogen sulfide, the resultant
cellular RSS promotes the formation of a di-, tri-, or tetrasulfide bond between
C41 and C107, inhibiting the ability of SgrR to bind to the promoter region.
RNA polymerase binds DNA and subsequently induces gene expression.

expression level of sgr, which encodes a canonical sulfide:quinone
oxidoreductase (39, 40), is induced by sulfide in WT cells and is
elevated in the sgrR-disrupted mutant irrespective of the presence
of sulfide (Fig. 3B). The DNA-binding activity of purified SqrR is
significantly reduced upon anaerobic incubation of GSSH, re-
vealing that negative regulation of DNA binding and transcriptional
derepression in cells involves thiol modifications (Fig. 2C). Two
cysteine residues, at positions 41 and 107, are conserved in SqrR
homologs from other bacteria, and substitution of each with serine
results in the loss of a GSSH-responsive decrease in DNA-binding
affinity in vitro (Fig. S6 B and C) and sulfide-dependent regulation
in vivo (Fig. 3B). LC-ESI-MS/MS analysis shows that GSSH reacts
with purified and fully reduced WT and C9S SqrRs to increase the
molecular mass by +30 or +62 Da, with the latter species pre-
dominating (Fig. 2D and Fig. S84). Furthermore, in sulfide-treated
relative to untreated cells, SqrR harbors two cysteine residues that
cannot be modified by AMS (Fig. 3E). Our data collectively reveal
that C41 and C107 form an intramolecular tetrasulfide bond upon
sensing of sulfide-derived reactive sulfur species, such as glutathi-
one persulfide, that are expected to accumulate in sulfide-treated
bacterial cells (39) (Fig. 4).

It was previously shown that the SqrR homolog BigR from
X. fastidiosa is capable of forming an intramolecular disulfide bond
in vitro via an unknown mechanism but that formation of this
disulfide was proposed to be important in the detoxification of
hydrogen sulfide, specifically under hypoxic, biofilm-promoting
conditions (31). Here we show that purified R. capsulatus SqrR also
forms an intramolecular di-, tri-, or tetrasulfide bond, which we
show reduces its DNA-binding affinity in vitro (Fig. S6D). Consis-
tent with a role in sensing reactive sulfur species rather than reactive
oxygen species, SqrR-dependent transcriptional regulation in vivo is
specifically sulfide-inducible and independent of oxygen and/or re-
dox status of the cell (Fig. 1 and Fig. S34). The findings parallel
those previously described for the persulfide sensor CstR from S.
aureus (26). These results reveal that SqrR in R. capsulatus senses
sulfide and is not a simple redox sensor. The difference between
SqrR and BigR functions may be due to their distinct metabolic
features, as R capsulatus is a facultative anaerobic bacterium
whereas X. fastidiosa is strictly aerobic.

SqrR is a member of the ArsR family of bacterial repressors
encoding a wide range of metal-, metalloid-, and non—-metal-sensing
proteins (41, 42). This structural classification contrasts sharply with
that of the only other known sulfide-responsive, persulfide-sensing
repressor, CstR, from S. aureus, which is a member of the CsoR/
RenR family of metalloregulatory proteins (43). Homotetrameric
CstR forms intersubunit di-, tri-, and tetrasulfide bonds between
two conserved cysteines in the presence of low-molecular-weight
persulfides and inorganic polysulfides that negatively regulate
DNA-binding affinity to target promoters in sulfide-stressed cells
(26). Although R. capsulatus harbors two CstR-like proteins, they
are true paralogs predicted to function in formaldehyde de-
toxification (FrmR) (29) and nickel homeostasis (RcnR) (Fig. S44).
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Consistent with this, deletion of either or both genes in R. capsulatus
has no effect on sgr expression (Fig. S2C). Our RNA-seq analysis
indicates that SqrR contributes to the regulation of many (45%) of
the sulfide-responsive genes. These SqrR-regulated genes include
not only those anticipated RSS detoxification proteins and persul-
fide carriers but also c-di-GMP cyclase/phosphodiesterase and ac-
etone carboxylase. C-di-GMP, known as a bacterial second
messenger, affected sulfide homeostasis to motility and biofilm
formation in X fastidiosa (31); furthermore, the electrophilic C8
position of guanine nucleotides is reported to be a significant site of
thiolation by RSS in mammalian cells (13). Acetone carboxylase, on
the other hand, is involved in nonrubisco CO, fixation (44), and
may therefore function as an inducible electron sink. SqrR also
regulates RND family efflux transporter genes, suggesting a role in
reductase assembly. Furthermore, genes that show a >8-fold sul-
fide-dependent change in expression are clearly regulated by SqrR.
Based on these observations, we conclude that SqrR is the master
regulator of sulfide response in R. capsulatus.

Disruption of sgrR also influences the expression of photosyn-
thesis-related genes in the photosynthesis gene cluster. The ex-
pression changes may be due to alteration of the redox status of the
quinone pool, which would influence the phosphorylation activity of
the sensor kinase RegB, known to control photosynthesis gene ex-
pression in response to alterations in the ubiquinone pool (45).
These observations suggest that regulating the synthesis of the
photosynthetic apparatus involves the synchronization of electron
transfer activities among several components, with expression
responding to different electron donors that are variable in nature.
A non-sulfide-responsive mutant SqrR impacts sulfide-dependent
pigmentation (Fig. S9), consistent with this hypothesis.

In mammalian cells, a small but significant fraction of the pro-
teome is persulfidated as a result of the endogenous production of
H,S by enzymes of the transsulfuration pathway, which potentially
results in significant metabolic changes in the cell (18). The extent
to which such intramolecular signaling by RSS and shifts in me-
tabolism are operative in bacteria is currently unknown. These
studies establish that the sulfide-regulated repressor SqrR allows
R. capsulatus to adapt to changes in sulfide availability via thiol
persulfidation chemistry on SqrR, which we hypothesize involves
the intermediacy of RSS in cells. The functional characteristics of
SqrR appear largely analogous to those of CstR in S. aureus (26),
which also regulates an H,S oxidation and detoxification system
(46), despite vastly distinct structural scaffolds (47). Further elu-
cidation of the functional role(s) of persulfide trafficking and
sulfide homeostasis in R. capsulatus promises a better under-
standing of how these processes impact photosynthesis in this in-
dustrially important bacterium.

Materials and Methods

Materials and methods are described in S/ Materials and Methods. They in-
clude bacterial strains, growth conditions, mutagenesis, genetic sulfide-insensitive
suppressor mutant screening, purification of recombinant SqrR, primer extension
analysis, GSSH preparation, LC-ESI-MS analysis, LC-MS/MS analysis, gel mobility-shift
analysis, DNase | footprint assay, p-galactosidase assay, Western blotting, ex-
traction of photosynthetic pigments, and RNA-seq.

Data represent the mean of at least three independent experiments (error
bars indicate SD of the mean). The P value and statistical significance of
difference were analyzed by using unpaired t tests (P < 0.05, significant).
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