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ABSTRACT: Hydrogen sulfide (H,S) is both a lethal gas and an emerging gasotransmitter in SSO,*
humans, suggesting that the cellular H,S level must be tightly regulated. CstB is encoded by the
cst operon of the major human pathogen Staphylococcus aureus and is under the transcriptional
control of the persulfide sensor CstR and H,S. Here, we show that CstB is a multifunctional
Fe(II)-containing persulfide dioxygenase (PDO), analogous to the vertebrate protein ETHEL
(ethylmalonic encephalopathy protein 1). Chromosomal deletion of ethel is fatal in vertebrates.
In the presence of molecular oxygen (O,), hETHEI oxidizes glutathione persulfide (GSSH) to
generate sulfite and reduced glutathione. In contrast, CstB oxidizes major cellular low molecular
weight (LMW) persulfide substrates from S. aureus, coenzyme A persulfide (CoASSH) and
bacillithiol persulfide (BSSH), directly to generate thiosulfate (TS) and reduced thiols, thereby
avoiding the cellular toxicity of sulfite. Both Cys201 in the N-terminal PDO domain (CstB*"°)
and Cys408 in the C-terminal rhodanese domain (CstB*™?) strongly enhance the TS generating
activity of CstB. CstB also possesses persulfide transferase (PT; reverse rhodanese) activity,
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which generates TS when provided with LMW persulfides and sulfite, as well as conventional thiosulfate transferase (TST;
rhodanese) activity; both of these activities require Cys408. CstB protects S. aureus against H,$ toxicity, with the C201S and
C408S cstB genes being unable to rescue a NaHS-induced AcstB growth phenotype. Induction of the cst operon by NaHS reveals
that functional CstB impacts cellular TS concentrations. These data collectively suggest that CstB may have evolved to facilitate
the clearance of LMW persulfides that occur upon elevation of the level of cellular H,S and hence may have an impact on
bacterial viability under H,S misregulation, in concert with the other enzymes encoded by the cst operon.

ydrogen sulfide (H,S) is a colorless and flammable gas

that has a strong rotten egg smell and can freely pass
through biological membranes. In the cell, it primarily exists as
hydrosulfide anion (HS™)."' H,S inhibits cellular respiration by
poisoning the terminal electron acceptor cytochrome c oxidase
at submicromolar concentrations.””* H,S may also exhibit
toxicity when HS™ reacts directly with the oxidized low
molecular weight (LMW) thiols that collectively control the
cellular redox potential, e.g., glutathione disulfide (GSSG) or
bacillithiol disulfide (BSSB), to form reactive sulfur species
(RSS),” glutathione or bacillithiol persulfides (GSSH, BSSH).®
Recent studies reveal that H,S can also play positive biological
roles. In mammalian systems, H,S has been characterized as a
gasotransmitter or signaling molecule that influences a number
of processes, including vasorelaxation, cardioprotection, and
neurotransmission.” ~ In many bacteria, endogenous produc-
tion of H,S by three major H,S-generating enzymes,
cystathionine f-synthase (CBS), cystathionine y-lyase (CSE),
and 3-mercaptopyruvate sulfur transferase (3-MST), has been
shown to enhance resistance to oxidative stress induced by
antibiotic treatment via an unknown mechanism. "’
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This combination of toxicity and utility of H,S suggests a
physiological need to regulate intracellular H,S concentrations.
One example of such regulation in eukaryotic systems is the
mitochondrial persulfide dioxygenase (PDO), ethylmalonic
encephalopathy protein 1 (ETHEL). Chromosomal deletion of
ethel causes ethylmalonic encephalopathy and is ultimately
fatal, due to H,S toxicity.'" Although there is a report of a HS™
efflux transporter from the human pathogen Clostridium
difficile,’> major H,S detoxification mechanisms in bacteria
remain poorly understood.

Staphylococcus aureus is a Gram-positive opportunistic
pathogen that causes a wide variety of hospital- and
community-acquired infections, ranging from minor skin
infections to life-threatening diseases'> With no gene encoding
3-MST, S. aureus relies on CBS and CSE for the synthesis of
endogenous H,S."” We recently described the cst (copper-
sensing operon repressor-like sulfur transferase) operon,
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which appears to be crucial for sulfide detoxification in S. aureus
(Figure 1). Transcription of the cst operon is regulated by a
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Figure 1. Genomic region of S. aureus subspecies aureus strains
Newman (top) and COL (middle, bottom) encompassing the cst
operon region. Locus tag identifiers are indicated as NWMN_0029—
NWMN_0026 (top) encoding SQR (shaded green), CstB (orange),
CstA (blue), CstR (yellow), and TauE (red), SACOL0065—
SACOL0061 (middle), and duplicated in the strain COL as
SACOL0045—SACOL0050 (bottom), shaded as indicated for the
Newman strain. The duplicated core cst operon region (SACOL0046—
SACOL0049; cstB2, cstA2, cstR2, tauE2) is upstream of a methicillin-
resistance determinant (SACOL00S0, pls or methicillin-resistance
surface protein) and downstream of the mecA, mecR1, and mecl genes
(not shown), encoding the penicillin binding protein 2A, a f-lactam
sensor/signal transducer membrane protein that binds methicillin, and
the methicillin-resistance repressor, respectively (Figure S1). CstB
encoded by NWMN_0028 is the subject of the studies reported here.

per- and polysulfide-sensing repressor, CstR, and is induced
upon addition of exogenous NaHS or polysulfides to cells
grown aerobically in liquid culture.”” Three of the genes
encoded by the cst operon, including cstA, cstB, and sqr, the
latter encoding a sulfide:quinone oxidoreductase, are necessary
to mitigate the effects of cellular sulfide toxicity."> The core cst-
encoded genes, tauE, cstR, cstA, and cstB, are often duplicated in
methicillin-resistant strains of S. aureus (MRSA), and a synteny
analysis reveals that this copy is flanked by methicillin-
resistance determinants from the major staphylococcal cassette
chromosome mec element types (SCCmec) (Figure S1).
CstA has recently been characterized as a multidomain
sulfurtransferase that reacts with a persulfide formed on the
cysteine desulfurase SufS as well as with inorganic polysulfides
such as sodium tetrasulfide.’® SQR and CstB, on the other
hand, are predicted to comprise a system analogous to the first
two steps in human mitochondrial H,S oxidation. Human SQR
(hSQR) initially oxidizes H,S to glutathione persulfide
(GSSH); subsequently, ETHE1 oxidizes GSSH to sulfite in
the presence of molecular oxygen while regenerating reduced
glutathione (GSH)."” In the mitochondrion, toxic sulfite'® can
be further oxidized to thiosulfate (TS) via a persulfide
transferase (PT; also known as a reverse rhodanese) activity
or to sulfate via the molybdopterin-requiring enzyme sulfite
oxidase. Since S. aureus encodes no known sulfite oxidase, we
surmise that sulfite is either assimilated by one of four identified
cellular rhodaneses including those found in CstA and CstB'"
or is effluxed from the cell via an unknown mechanism.*’
CstB is predicted to be a three-domain enzyme containing an
N-terminal metallo-S-lactamase-like (MBL), a nonheme Fe(II)-
containing PDO domain, followed by a pseudorhodanese
homology (RHD) domain, and a conventional C-terminal
rhodanese (Rhod) domain (Figure 2A). The N-terminal PDO
domain of CstB is homologous to full-length human ETHEI,
with 21% identity (Figure S2), as well as to Arabidopsis
ETHE1.>"** The conserved iron-binding residues in the active
site (Figure S2) are highlighted in the crystal structure of
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hETHEI shown in the left panel of Figure 2B.** Although this
enzyme forms the basis for our hypotheses regarding the
enzymatic activity of CstB, such relatively low sequence identity
leads us to anticipate important structural differences that
impact enzyme function.

A number of structural genomics initiatives have provided
several crystal structures that collectively provide additional
perspectives on CstB function. These structures include CstB2
from S. aureus strain COL, which shows the N-terminal PDO
and middle RHD domains but lacks the C-terminal Rhod
domain (Figure 2B, middle panel). This protein is 77%
identical to CstB from S. aureus strain Newman and is
representative of CstBs contained within a duplicated core cst
operon in the COL (SACOLO0046; Figure 1) and other
methicillin-resistant S. aureus strains (Figure S1); SACOL0064-
encoding CstB1 is 100% identical to the Newman-strain CstB
studied here (Figure 1). The structure of the CstB2 PDO
domain is similar to that of hETHE1 and that of ETHE1 from
Arabidopsis thaliana,”">> except for the presence a long,
cysteine-containing loop near the iron active site, highlighted
in Figure 2B. Like ETHEI, the CstB2 structure also shows
Fe(1I) bound in a semifacial triad composed of the side chains
of HS6, H119, and D145 (Figure 2B, inset). Another related
structure comes from an Alicyclobacillus acidocaldarius protein
with a very similar domain organization as that of full-length
CstB (3TP9PPO-RHD-Rhod) (Figure 2B, right panel). This protein
is 52% identical to CstB and contains all three cysteine residues
that are conserved in S. aureus CstB (equivalent to C20, C201,
and C408, highlighted in Figures 2B and S1). The N-terminal
and middle domains are oriented similarly to the CstB2
structure, suggesting that the three domains of CstB might pack
together in a similar orientation in order to function
collaboratively.

In this work, we show that CstB catalyzes the oxidation of
major LMW persulfides from S. aureus, coenzyme A persulfide
(CoASSH) and bacillithiol persulfide (BSSH) and to a lesser
extent cysteine persulfide (CSSH) and glutathione persulfide
(GSSH), to TS and reduced thiols, in contrast to the sulfite-
generating activity of ETHEL'” CstB is also shown to be a
multifunctional enzyme that harbors persulfide transferase
(PT) and conventional thiosulfate transferase (TST) activities,
both catalyzed by the CstBR™? domain. All three cysteine
residues of CstB, C20, C201, and C408, are crucial for cellular
viability under NaHS stress despite the fact that C20 and C201
are not conserved in eukaryotic PDOs. This work represents
the first characterization of a multidomain bacterial PDO-RHD-
Rhod fold protein from a human pathogen, and the potential
significance of these findings on S. aureus physiology is
discussed, in concert with the other known activities of cst-
encoded gene products.'>'°

B MATERIALS AND METHODS

Cloning and Purification of Recombinant CstB
Proteins. Full-length CstBs (wild-type, C20S, C201S, C408S,
and C201S/C408S) and CstBPORHD yere cloned into a
pET15b expression plasmid using the Ncol and BamHI
restriction sites. CstB®'* was cloned into pHis parallel
expression plasmid using Ncol and Sall restriction sites. CstB
mutants (C20S, C201S, and C408S) were generated by site-
directed mutagenesis. All CstB expression plasmids were
transformed into the E. coli Rosetta strain, cultured in LB
medium at 37 °C until the ODgy, reached 0.6—0.8, induced
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Figure 2. Structural overview of CstB and related enzymes. (A) Domain organization of S. aureus CstB, with N-terminal persulfide dioxygenase
(PDO) domain, middle rhodanese homology domain (RHD), and C-terminal rhodanese domain (Rhod). (B) Structures of CstB homologues
previously published or from structural genomics efforts: hETHEL (PDB 4CHL, left panel), S. aureus COL CstB2"PO*HP (PDB 3R2U, middle
panel), and A. acidocaldarius homologue of unknown function (PDB 3TP9, right panel). PDO domains are shaded green, RHD, light blue, and
rhodanese domains, dark blue. Conserved metal-binding side chain ligands are highlighted in orange, and conserved cysteines, yellow. The extended
loop containing C201 that is not present in hETHEL1 is highlighted in purple in the other two structures. (C) Cartoon model of S. aureus CstB
highlighting the three catalytic activities documented here: coupled persulfide dioxygenase-persulfide transferase (cPDO-PT) activity, reaction 1;
persulfide transferase (PT) activity, reaction 2; and rhodanese or thiosulfate transferase (TST) activity, reaction 3. Approximate locations of
conserved cysteines and Fe center are indicated by the red and brown circles, respectively. In all panels, the PDO domain is shaded green, RHD, light

blue, and Rhod, domain dark blue.

with 1 mM IPTG, and expressed at 16 °C for 16 h. Cells were
harvested by centrifugation and stored at —80 °C.

Full-length CstBs (wild-type, C201S, C408S, and C201S/
C408S) and CstBPPORHD were all purified using similar
protocols. The cell pellet was resuspended in 25 mM
HEPES, 150 mM NaCl, S mM DTT, 2 mM EDTA, pH 7.0,
and lysed by sonication. The cell lysate was clarified by
centrifugation, and 0.015% (w/v) polyethylenimine (PEI) was
added to the supernatant to precipitate nucleic acids and
nucleic acid binding proteins. Full-length CstBs coprecipitated
with nucleic acids with the addition of 0.015% (w/v) PEI and
were redissolved by stirring the pellet in 25 mM Tris-HCI, 1 M
NaCl, S mM DTT, 2 mM EDTA, pH 8.0, for 2 h at 4 °C.
Ammonium sulfate (AS) precipitation was next performed to
salt out full-length CstBs between 40 and 60% (w/v) AS.
CstB™PORHD remained in solution with the addition of 0.015%
(w/v) PEI and was salted out between 30 and 50% (w/v) AS
directly. Ammonium sulfate pellets were then resuspended in
25 mM Tris-HCl, 50 mM NaCl, $ mM DTT, 2 mM EDTA, pH
8.0, and CstB proteins were purified by anion exchange
chromatography (Q-sepharose) followed by size exclusion
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chromatography (G200 16/60). Fractions containing target
proteins with a purity of >95%, as evaluated by SDS-PAGE
analysis, were pooled and stored at —80 °C until use with 20%
(v/v) final concentration of glycerol added.

CstB™°? was purified by Ni-NTA affinity chromatography
followed by removal of the N-terminal Hiss-tag. The cell pellet
was resuspended in 25 mM Tris-HCl, 500 mM NaCl, 20 mM
imidazole, 2 mM TCEP, pH 8.0, and lysed by sonication. The
cell lysate was clarified by centrifugation, and the supernatant
was loaded on a Ni-NTA column, which was pre-equilibrated
with lysis buffer. The column was washed with lysis buffer
containing 50 mM imidazole, followed by elution with 500 mM
imidazole. Hiss-CstB""*? was exchanged into lysis buffer and
incubated with tobacco etch virus (TEV) protease at 4 °C
overnight. The cleaved His tag was removed by reapplication
of the TEV-incubated protein to the Ni-NTA column, and the
cleaved CstB*"*? was collected in the flow-through and in the
50 mM imidazole wash fractions, followed by further
purification by size exclusion chromatography (G75 16/60).
Fractions containing CstB™™? with a purity of >95% were
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pooled and stored at —80 °C until use with 20% (v/v) final
concentration of glycerol added.

Metal Analysis. Wild-type CstB was analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) to
confirm that iron (Fe) was the only significant metal found,
with undetectable zinc (Zn), cobalt (Co), manganese (Mn),
and nickel (Ni). The Fe content for all CstBs was then
quantified by atomic absorption spectroscopy (AAS), utilizing
proteins prepared at 20 yM in 25 mM Tris-HBr, 100 mM
NaBr, pH 8.0, as follows: all CstBs were exchanged into
degassed and chelexed, metal-free 25 mM Tris-HBr, 100 mM
NaBr, pH 8.0, in an anaerobic chamber to remove reducing
reagents and EDTA, then loaded with Fe by exchanging into 25
mM Tris-HBr, 100 mM NaBr, 10 mM FeSO,, 10 mM
Na,S,0,, pH 8.0, and finally into 25 mM Tris-HBr, 100 mM
NaBr, pH 8.0, to remove free Fe.

EPR Spectroscopy. X-band EPR spectroscopy was carried
out in the NMR Facility, Department of Chemistry, essentially
as described®* and was used to estimate the total Fe(III)
content in wild-type CstB following anaerobic loading of Fe to
a stoichiometry of 1:1 and subsequent reduction with sodium
dithionite.'” Fe(III) was quantified by comparison to a series of
standard solutions acquired under the same conditions. 200 yuM
Fe(II)-loaded CstB was found to contain 18 M Fe(IIl),
revealing ~90% Fe(Il) in this preparation. Multiple prepara-
tions of CstB contained similar specific activities. All other
mutant CstB preparations were assumed to harbor largely
reduced Fe(II) as a result of this anaerobic reconstitution
procedure.

Gel Filtration Chromatography. All CstBs containing
stoichiometric Fe were chromatographed on an analytical G200
GL column by loading 100 yL at 10 uM protomer
concentration protein and eluting at 0.5 mL/min at 4 °C.
CstB™° was chromatographed on an analytical G75 column by
loading 100 L of 20 uM protomer concentration protein and
eluting at 0.5 mL/min at 4 °C.

Preparation of LMW Persulfide Substrates. Bacillithiol
disulfide (BSSB) was synthesized by the Vanderbilt Chemical
Synthesis Core and reduced to BSH according to published
procedures.”” All other reduced thiols and disulfides were
obtained from commercial sources and used without further
purification. LMW persulfides were freshly prepared by mixing
a 5-fold molar excess of sodium sulfide (Na,S) with oxidized
LMW disulfide and incubating anaerobically at 30 °C for 30
min in degassed 300 mM phosphate, pH 7.4. The
concentration of generated LMW persulfides was determined
using a cold cyanolysis assay and used without further
purification in enzymatic assays at the indicated final
concentration."”

Coupled Persulfide Dioxygenase-Persulfide Trans-
ferase (cPDO-PT) Activity Assays. The cPDO-PT activity
was measured using a fluorescence-based HPLC assay to detect
the production of TS as outlined previously."> Typical 100 L
reactions contained 40 nM CstBs and a specific LMW
persulfide substrate ranging from 40 M to 2.56 mM, buffered
by air-saturated 25 mM MES, 100 mM NaBr, pH 6.0, at 25 °C.
These reactions were initiated with the addition of enzyme or
BSA (as a control), incubated for 2 min, and terminated by
addition of 0.5 uL of 5 M methanesulfonic acid (MA). Proteins
were removed by ultrafiltration, and 25 uL of the filtered
solution was labeled in the dark by 75 pL of monobromobi-
mane (mBBr) labeling solution containing 25 mM Tris-HBr, 2
M mBBr, pH 8.0, for 30 min at room temperature. The labeling
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reaction was terminated by addition of 100 uL of 16.4%
methanol, 0.25% acetic acid, pH 3.9. Twenty microliter samples
were injected in duplicate onto a Kinetex C18 reversed-phase
column (Phenomenex, no. 00F-4601-E0, 4.6 mm X 150 mm, 5
um, 100 A) outfitted with a Zorbax Eclipse Plus C18 guard
column, followed by chromatographic analysis on a Waters 600
high-performance liquid chromatography system equipped with
a Waters 717 plus autosampler, a Waters 474 scanning
fluorescence detector (4., = 384 nm and A, = 478 nm), and
Empower chromatography software installed on a standard PC
running Windows XP. A methanol-based gradient system was
employed to analyze the samples at 25 °C (solvent A: 16.8%
methanol, 0.25% acetic acid, pH 3.9; solvent B: 90% methanol,
0.25% acetic acid, pH 3.9) with a flow rate of 1.2 mL/min and
an elution protocol as follows: 0—10 min, 0% B isocratic; 10—
12 min, 0—100% B, linear gradient; 12—17 min, 100% B
isocratic followed by re-equilibration to 0% B. Quantitation of
TS was enabled by running a series of authentic TS standards in
separate chromatographic runs with an identical protocol. For
time course studies, 200 yL reactions containing 10 uM CstB
and 200 uM persulfide substrate in 25 mM MES, 100 mM
NaBr, pH 6.0, at 25 °C were used. Here, the reactions were
initiated as above and terminated at various times, from 0 to 32
min, by adding 1 yL of S M methanesulfonic acid (MA). Fifty
microliters of the ultrafiltered solution was labeled in the dark
by S0 uL of mBBr labeling solution containing 25 mM Tris-
HBr, 2 M mBBr, pH 8.0, for 30 min at room temperature. The
labeling reaction was terminated by addition of 100 uL of
16.8% methanol, 0.25% acetic acid, pH 3.9, and 40 uL samples
were subjected to chromatographic analysis as described above.

Persulfide Transferase (PT) Activity Assays. The PT
activity was measured using the fluorescence-based HPLC assay
described above for TS production. Five-hundred microliter
reactions contained 200 nM C201S CstB or CstB*® or BSA (as
a control) and a specific persulfide substrate ranging from 8 to
384 uM and 200 uM sulfite buffered in degassed 25 mM MES,
100 mM NaBr, pH 6.0, at 25 °C. The reaction was initiated in
the anaerobic chamber by sulfite, incubated for 2 min, and
terminated by addition of 2.5 yL of S M MA. Fifty microliters
of the ultrafiltered solution was labeled in the dark with 50 uL
of mBBr labeling solution containing 25 mM Tris-HBr, 2 M
mBBr, pH 8.0, for 30 min at room temperature. These
reactions were analyzed as described above for the cPDO-PT
activity assays.

Thiosulfate Transferase (TST) Activity Assays. Purified
CstBs were preincubated with 1000-fold molar excess of
potassium cyanide (KCN) (prepared as 2 M KCN stock in 100
mM Tris-HC], pH 8.0) at room temperature for 1 h to strip any
persulfide sulfur on the cysteine residues that may have
occurred during purification. KCN-treated CstBs were then
extensively exchanged into fully degassed 25 mM Tris-HBr, 100
mM NaBr, pH 8.0, in an anaerobic chamber to remove KCN.
The TST activity was measured using a cold cyanolysis assay
for the thiocyanate production essentially as described
previously for CstA proteins.'® One milliliter reactions
contained 400 nM CstBs, S0 mM KCN, and TS ranging
from 100 uM to 6.4 mM, buffered by 100 mM MES, pH 6.0, at
37 °C, with the reactions initiated with the addition of enzyme,
incubated for 4 min, and terminated by addition of 2 mL of Fe/
formaldehyde solution [SO g/L Fe(NO;); in 65% HNO;/37%
formaldehyde 1:3 (v/v)]. The potassium thiocyanate
(KSCN) production was measured using a 96-well plate reader
for absorption at 460 nm for the generated thiocyanato iron
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Table 1. Molecular Weights and Iron Binding Stoichiometries of Wild-Type and Mutant CstBs

b
molecular mass  molecular mass (Da)

protein (Da)” (calculated) filtration®
CstB 49275.8 492774 220 000
C201S CstB 49262.5 49261.3 221 000
C408S CstB 492623 49261.3 298 000
CstB*S 492439 492452 293 000
CstBPPO-RHD 383332 38334.3 147 000
CstBRd 111329 11133.3 34 000

molecular mass (Da) gel

Fe content post loading (mol Fe/

Fe content as purified (mol Fe/
mol protomer)

mol protomer)

0.5 + 0.1 1.0+ 0.1
0.5+ 0.1 1.0 + 0.1
0.5 + 0.1 1.0 £ 0.1
0.5+ 0.1 1.0 + 0.1
03 £02 1.0 £ 0.1
N/A N/A

“Protomer molecular mass measured by ESI MS. bCalculated from the amino acid sequence. “Native chromatography on Sepharose G200 GL, 10—

20 uM protomer, pH 8.0.

complex. Quantitation of KSCN was enabled by running a
series of authentic KSCN standards in separate runs using an
identical protocol.

Cell Growth. S. aureus Newman strains were inoculated
from glycerol stocks and grown in S mL of tryptic soy broth
(TSB) medium with 10 pg/mL chloramphenicol overnight, as
all the strains carry either the empty pOSI vector (wild-type
strain and AcstB strain) or the indicated cstB alleles constructed
in the pOS1 vector."” The overnight cultures were pelleted by
centrifugation, resuspended in equal volume of Hussain—
Hastings—White modified (HHWm) medium, and diluted into
1S mL of HHWm supplemented with 0.5 mM TS, in the
presence and absence of 0.2 mM NaHS. All cultures (~25 mL)
were grown aerobically at 37 °C in duplicate with shaking at
200 rpm in loosely capped 50 mL Falcon tubes. Cell density
was recorded hourly for 10 h by removal of 0.5 mL and
measurement of optical density at 600 nm. The starting ODyg,
of each culture was ~0.008.

Measurement of Cellular TS Concentration. All S.
aureus wild-type, AcstB, and complemented strains were grown
in 10 mL of TSB medium with 10 pg/mL chloramphenicol
overnight. Cells were pelleted and washed with phosphate
buffered saline (PBS), and cultures were initiated at ODg,o of
~0.02 in HHWm medium with 10 pug/mL chloramphenicol
and 0.5 mM TS as the sole sulfur source. NaHS was added to
the cultures at a final concentration of 0.2 mM when the ODy,
reached ~0.2. All cultures were grown in loosely capped 50 mL
Falcon tubes at 37 °C with shaking at 200 rpm. Aliquots were
removed at 0, 10, 30, 60, and 120 min following addition of
NaHS (equivalent to 15 mL of ODgy, = 0.2 cells) and harvested
by centrifugation at 3000 rpm for 10 min, with the culture
medium supernatant being discarded. Cell pellets were then
washed with PBS, pelleted again by centrifugation at 13 200
rpm for 5 min, and stored frozen at —80 °C until analysis. Cell
pellets were then thawed, resuspended in 100 uL of mBBr
labeling solution containing 20 mM Tris-HBr, pH 8.0, 50%
acetonitrile, 1 mM mBBr, and 2 yM N-acetyl-L-cysteine (NAC)
for use as an internal standard, and incubated at 60 °C for 1 h
in the dark in screw capped Eppendorf tubes to avoid liquid
loss by evaporation. Cellular debris and proteins were then
pelleted by centrifugation at 13200 rpm for 5 min, and the
supernatant was transferred to a fresh Eppendorf tube
containing 300 #L of 10 mM MA to terminate the labeling
reaction. These samples were centrifuged at 13 200 rpm for 5
min through 0.2 pm centrifugal filter unit to remove
particulates, and 40 uL samples were injected onto a Kinetex
C18 reversed-phase column exactly as described above.
Duplicate samples were typically analyzed using the a
methanol-based gradient system (solvent A: 10% methanol,
0.25% acetic acid, pH 3.9; solvent B: 90% methanol, 0.25%
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acetic acid, pH 3.9) with the elution protocol at 25 °C and a
flow rate of 1.2 mL/min as follows: 0—10 min, 0% B isocratic;
10—22 min, 0—24% B, linear gradient; 24—32 min, 24% B
isocratic; 32—4S min, 24—45% B, linear gradient; 45—50 min,
45—82% B, linear gradient; 50—52 min, 82—100% B, linear
gradient, followed by re-equilibration to 0% B. Quantitation of
TS was enabled by running a series of authentic TS standards in
separate chromatographic runs with the identical protocol.

B RESULTS

Purification and Biochemical Characterization of CstB
and CstB Mutants, CstBPPORHD and CstBRM°Y, Intact wild-
type and CstB mutants (C201S and C408S) were purified to
>95% purity, with molecular masses confirmed by ESI mass
spectrometry (Table 1). All enzymes contained the full
complement of reduced cysteines, as determined by a DTNB
assay.”® Because crystal structures show that both ETHEI and
the S. aureus COL CstB2 bind Fe(II) in a semifacial triad of
protein-derived ligands (Figure 2B), we predicted that the side
chains of HS6, H119, and D145 coordinate Fe(II) in CstB.
Indeed, purified CstBs contain ~0.5 mol equivalent of iron per
protomer as isolated, and each is capable of binding iron up to a
ratio of 1:1 upon anaerobic addition of excess exogenous
Fe(1l), followed by separation of bound from free Fe(II)
(Table 1). EPR studies of purified CstB show that the oxidation
state is >90% Fe(II) following anaerobic reduction with
dithionite.

Analytical gel filtration experiments show that Fe(1I)-loaded
wild-type CstB is tetrameric (226 kDa), as is C201S CstB and
the truncated CstB* 9P (Table 1 and Figure S4A,B). These
findings are in contrast to hETHE1, which exists in a
monomer—dimer equilibrium in solution,”® but they are
consistent with the D,-symmetric assembly state observed in
the crystal structure of CstB2 (Figure S3). This structure shows
the middle RHD domain mediates most of the intersubunit
contacts in the solid state; CstB from S. aureus strain Newman
likely adopts a similar architecture in solution. In contrast,
chromatography of C408S CstB results in a smaller retention
time and larger apparent molecular weight, ~298 kDa (Table 1
and Figure S4C). The same apparent molecular weight is
obtained for the double C201S/C408S CstB, designated
CstB*“ (Table 1 and Figure S4D). This suggests that C408S
CstB and CstB*“S each exist as hexamers or, alternatively, more
poorly packed and hydrodynamically larger tetramers, perhaps
harboring a destabilized C-terminal Rhod domain. A
homonuclear 'H-'"H NOESY spectrum of the isolated
CstBR? (residues 347—444) shows mostly broad lines and a
few very sharp resonances found in the random-coil region of
the amide spectrum (Figure SS); this isolated domain also
results in an oligomeric, mostly trimeric, assembly state (Table
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Figure 3. Coupled persulfide dioxygenase-persulfide transferase (cPDO-PT) activity of CstB with various persulfide substrates. (A) Representative
LC-based assays used to measure reactant—product profiles of cPDO-PT activity with BSSH at t = 0 min (top trace) and t = 2 min (bottom trace) as
substrates at 400 nM CstB. The chromatographic position of sulfite is indicated by the arrow."* Note that B1 and B2 peaks are from labeling buffer;
labeled BSH displays as two major peaks (BSH P1 and P2) and one minor peak; BSSH is highly unstable in the aerobic buffer used here to lyse the
cells and thus is underestimated as two small peaks (BSSH P1 and P2). The concentration was alternatively measured using a cold cyanolysis assay.'”
(B) Stoichiometry of persulfide substrates consumed (CoASSH and BSSH) versus TS generated for cPDO-PT activity of CstB. The molar ratio of
CoASSH consumed to TS generated is 1.9, and that of BSSH consumed to TS generated is 22.1 in in multiple experiments carried out at 400 nM
CstB. (C) Initial TS generation rates as a function of concentrations of CoASSH (open circles) vs CoA (open squares), CoA™ (open diamonds),
and Na,$ (crosses). The dashed, continuous line through the open circles is a fit to the Michaelis—Menten equation, with parameters summarized in
Table 2. (D) Initial TS generation rates as a function of the concentrations of BSSH (open circles) vs BSH (open squares), BSSB (open diamonds),
and Na,$ (crosses). The dashed, continuous line through the open circles is a fit to the Michaelis—Menten equation, with parameters summarized in

Table 2.

1 and Figure S4F). These data suggest that C-terminal Rhod
domain may be poorly folded in the absence of the rest of CstB,
consistent with the considerable interdomain packing shown in
the structure of the A. acidocaldarius CstB-like protein (Figure
2B, right panel). Likewise, substitution of the presumed Rhod
active-site C408 also appears to destabilize the native fold.
Efforts to purify a core ETHE1-like CstB*®® domain (residues
1—256) were also unsuccessful due to insolubility in bacterial
lysates, rationalized by the appreciable packing of the N-
terminal PDO and middle RHD domains (Figure 2B, middle
panel). This is validated by the analytical gel filtration result on
CstB™PORHP indicating the tetrameric status of purified
CstBPPORHD (Table 1 and Figure S4E). These findings
collectively highlight the substantial differences between the
vertebrate core PDOs and bacterial PDO—RHD—Rhod fusion
proteins in overall structural organization.

Coupled Persulfide Dioxygenase-Persulfide Trans-
ferase (cPDO-PT) Activity of CstB. We employed a
fluorescence-based assay to quantify reactant-product profiles
obtained with a variety of LMW persulfides as substrates using
Fe(Il)-loaded wild-type and mutant CstBs to measure the
cPDO-PT activity (see Figure 2C, reaction 1). Briefly, reactions
were carried out at pH 6.0 for some time ¢, with the products
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derivatized with monobromobimane (mBBr), quenched with
excess thiol blocker, acidified, filtered, and subjected to C18
reversed-phase HPLC using a methanol-based gradient system
at pH 3.9 (Figure 3A).””* The results of a representative assay
carried out at high wild-type CstB concentration (400 nM
protomer) using bacillithiol persulfide (BSSH) and molecular
O, to quantify the consumption of substrate and the yield of
products are shown (Figure 3A). Two points are apparent from
these experiments. First, approximately two mols of BSSH are
consumed to yield a single mole equivalent of TS, similar to the
finding on CoASSH (Figure 3B). Second, free sulfite is below
the level of detection under these conditions (0.62 M) and
thus appears not to be a major product (Figure 3A). This is
consistent with tight coupling of the PDO activity and
presumed persulfide transferase activity (see Figure 2C,
reaction 2; vide infra). The latter activity likely employs
PDO-catalyzed formation of sulfite or a LMW S-sulfonate to
generate TS and a second mole equivalent of RSH, since in
stand-alone persulfide dioxygenases, sulfite is the major
product.'”

Utilizing this assay, we next measured the initial rate of TS
production as a function of LMW persulfide concentration and
saturating O, at 40 nM enzyme and obtained Michaelis—
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Table 2. Kinetic Characterization of the Coupled Persulfide Dioxygenase-Persulfide Transferase (cPDO-PT) Activity of Wild-

Type CstB with Various Substrates”

o
(X10™° M)  V,,, (umol TS:min~"mg™")

substrate ke (s71)
CoASSH 1.1+ 03 233 +25 193 +22
BSSH 1.8 + 04 24.1 + 3.0 19.7 + 2.5
CSSH” 20 + 21 34 + 32 28 + 27
GSSH" 7.8 + 5.0 7.9 + 4.0 6.5 +33

kew/Ky (1073 M~ 1s7h)

specific activity ([substrate] = 1 mM) (umol TS-min~'mg™")

17.5 £ 5.1 112 + 12
109 + 2.8 86 + 1.1
14 +20 15 £ 0.1
08 + 0.7 09 = 0.1

“Conditions: 0.04 uM CstB (protomer), 25 mM MES, 100 mM NaBr, pH 6.0, 25 °C. bVery low activity (see Figure S6), making it difficult to

measure K, and V. accurately.
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Figure 4. Specific coupled persulfide dioxygenase-persulfide transferase (cPDO-PT) activities of various CstBs determined at 1 mM LMW persulfide

substrate: (A) CoASSH and (B) BSSH.

Menten kinetic constants (K, V,,,,) for wild-type and mutant
CstBs. We find that wild-type CstB preferentially catalyzes the
oxidation of CoASSH, with K, = 1.1 + 0.3 mM, V., =233 +
2.5 pmol-min~"smg™" (Table 2 and Figure 3C), and BSSH, with
a K, =18 + 04 mM, V= 241 + 3.0 ymol'min~"-mg™"
(Table 2 and Figure 3D). In parallel control experiments, CstB
does not catalyze the formation of TS from reduced LMW
thiol, oxidized LMW disulfide or Na,S, all used to generate
LMW persulfide substrates in situ which were used without
purification'” (Figures 3C,D). Cysteine persulfide (CSSH) and
glutathione persulfide (GSSH) also serve as persulfide
substrates for wild-type CstB but are poorer substrates, with
K, > 20 mM for CSSH and K, = 7.8 + 5.0 mM for GSSH
(Table 2 and Figure S6A,B), the latter of which was reported as
major persulfide substrate for human ETHEI. k,/K,, for these
two substrates are only 10—15% that of preferred substrates
CoASSH and BSSH (Table 2).

Further investigation of the requirements for ¢PDO-PT
activity reveals that neither isolated CstB"PORHP nor CstBRhod
domain is capable of generating TS using CoASSH and BSSH
as substrates since no detectable product is observed (Figure
4A,B). Additionally, TS is not observed when the two domains
are mixed together and tested in trans, a result perhaps
attributed to the poor folding of the isolated Rhod domain
(vide supra). This finding was validated in time-course
experiments with CSSH and GSSH serving as persulfide
substrates using higher enzyme concentrations due to the low
specific activities with CSSH and GSSH (Figure S7A,B). We
also tested the activity of C201S and C408S mutant CstBs.
C201S displays a specific activity at 1 mM persulfide substrate
(~K,,) that is 225% that of wild-type CstB (Figure 4A,B), with
the same K, of 1.1 + 0.1 mM but a reduced V,,,, of 6.0 + 0.3
pmol-min~"-mg~" for CoOASSH. The C408S enzyme is even less
active, with a K, again comparable to that of wild-type and
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C201S CstBs, 1.2 & 0.9 mM, but a substantially reduced V,,,, of
1.0 + 0.3 ymol-min~"-mg ™" using CoASSH as substrate (Figure
4A). Similar findings characterize the reaction for C201S and
C408S mutant CstBs with BSSH as substrate (Figure 4B).
Further investigation also validates the time-course experiments
for C201S and C408S mutant CstBs with CSSH and GSSH
serving as persulfide substrates using higher enzyme concen-
trations (Figure S7C,D). There is no detectable sulfite
generated in these assays with mutant CstBs, again consistent
with a strong coupling of persulfide dioxygenase and persulfide
transferase activities. These data taken collectively reveal that
both conserved Cys play important roles in cPDO-PT catalytic
efficiency, with C408 clearly being more important for
formation of TS product (see Discussion).

Growth Phenotypes of AcstB Strains under Hydrogen
Sulfide Stress. We showed in previous work that CstB is
required for Staphylococcus aureus to recover from hydrogen
sulfide stress and that the growth defect of the AcstB strain can
be complemented by ectopic expression of the wild-type allele
from an extrachromosomal plasmid (Figure SA)." Since both
C201 and C408 play catalytically important roles in the PDO
activity of CstB (see Figure 4), we tested the effect of
complementation with mutant allelic cstBs under NaHS stress
(0.2 mM). We find that the growth defect of AcstB strain under
NaHS stress cannot be efficiently complemented by ectopic
expression of either the C201S allele or C408S allele (Figure
SB). The same is true for a strain expressing a C20S CstB allele
(Figure SB). Since we were unable to express recombinant
C20S CstB in E. coli, C20 may play a structural role in the
assembly of active CstB; note that this residue is 100% buried
in the structure of CstB">O*® (Figure 2A). Thus, all three Cys
substitution mutants fail to efficiently rescue a AcstB strain
stressed with exogenous hydrogen sulfide.
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Figure S. Representative growth curves for wild-type (WT), AcstB,
and plasmid-complemented AcstB allelic S. aureus Newman strains on
HHWm media in the presence of 0 and 0.2 mM NaHS added at t = 0
h. (A) WT (black square), AcstB (blue circle), and AcstB:pCstB
(green diamond) strains in the presence of 0 mM NaHS; WT (red
square), AcstB (magenta circle), and AcstB:pCstB (wine diamond)
strains in the presence of 0.2 mM NaHS. Note that both the WT and
AcstB:pCstB strains exhibit a growth lag (=7 h) in the presence of 0.2
mM NaHS; AcstB exhibits a more significant growth lag (~9 h) in the
presence of 0.2 mM NaHS. Also note that all strains grow normally in
the presence of 0 mM NaHS. (B) AcstB:pCstB<*® (black square),
AcstB:pCstB“*"'S  (blue circle), and AcstB: pCstB“%S (green
diamond) strains in the presence of 0 mM NaHS; AcstB:pCstB“*%
(red square), AcstB:pCstBS'S (magenta circle), and AcstB:
pCstB<*S (wine diamond) strains in the presence of 0.2 mM
NaHS. Note that all three strains exhibit a more significant growth lag
(~9 h) in the presence of 0.2 mM NaHS. Also note that all strains
grow normally in the presence of 0 mM NaHS.

Persulfide Transferase (PT) Activity of CstB. A key
aspect of the reactant—product profile obtained as a result of
PDO turnover is the consumption of 2 mol equivalents of
LMW persulfide and the lack of sulfite as an intermediate
product (Figure 3). This leads to the prediction that the C-
terminal Rhod domain possesses intrinsic PT activity when
provided with sulfite exogenously, independent of Fe(II)-
dependent PDO activity (Figure 2C, reactions 1 and 2). It is
also known that LMW thiols react noncatalytically to form TS
(Figure S8A,B). In order to test this, we measured PT activity
in an anaerobic chamber with degassed buffers, using C201S
CstB, which has reduced O,-dependent PDO activity (Figure
4), and relatively low concentrations of each of four LMW
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persulfide substrates (Figures 6A,B and 9A,B). With correction
of the background, non-enzyme-catalyzed rate of TS formation,
we find that all three major LMW thiol persulfides from S.
aureus, including CoASSH, BSSH, and CSSH, can function as
the persulfide substrates in this assay with similar catalytic
efficiencies, and K, values are ~20-fold lower than those found
for the preferred substrates for the cPDO-PT activity, CoASSH
and BSSH (Table 3). GSSH is also a persulfide substrate for
this reaction, but it is characterized by relatively lower substrate
affinity and catalytic efficiency (Table 3). As verified above for
the cPDO-PT activity, control experiments reveal that C201S
CstB does not catalyze any reaction of sulfite with a reduced
LMW thiol, oxidized LMW disulfide, or Na,S to generate TS
(Figures 6A,B and S9A,B). In a second control experiment, we
show that the double Cys substitution mutant CstB*“® has no
PT activity above the background, noncatalyzed rates of TS
formation (Figure S8A,B) with any persulfide substrate (Figure
S9C—F). These findings collectively suggest that the C-terminal
Rhod domain is capable of catalyzing PT activity, and this
activity may function in concert with the initial Fe-oxidation
step in the PDO activity to generate TS.

Thiosulfate Transferase (TST) Activity of CstB. Free-
standing rhodaneses as well as the N-terminal Rhod domain of
CstA encoded by the cst operon catalyze TS break down to
generate a protein persulfide and sulfite.'®'® When provided
with an exogenous nucleophile, e.g, CN~, the Rhod Cys-
derived persulfide turns over to generate thiocyanate anion
(SCN™) and reduced active-site sulthydryl (Figure 2C, reaction
3). We therefore tested if the wild-type and various mutant
forms of CstB possess TST activity and, if so, obtained kinetic
parameters under standard assay conditions. Wild-type CstB is
characterized by K, = 1.7 = 02 mM and V_, = 104 + 0.6
pmol-min~"-mg~" toward TS in the typical TST assay (Table 4
and Figure 7). Consistent with the prediction of the functional
roles of individual domains in CstB, both CstB"PO*HP domain
and C408S CstB are completely inactive in this assay. In
contrast, even though C201S CstB is deficient in ¢cPDO-PT
activity, it displays nearly identical kinetic constants as those of
wild-type CstB in this assay, with K, = 2.2 + 04 mM and V,,
= 112 + 0.9 pmol'min~"-mg™" (Table 4 and Figure 7). As
expected, this reveals that the TST activity is contained entirely
in the C-terminal Rhod domain of CstB. Interestingly, the
isolated CstB*™¢ domain is inactive in this TST activity, and
mixing stoichiometric CstB*™*d with CstB*P*HP als0 does not
recover activity (Table 4 and Figure 7). One explanation for
these findings is that the structure of the isolated CstB™? is
non-native (Figure SS) and, as a result, the independently
purified domains fail to interact productively (Table 4 and
Figure 7).

Cellular Thiosulfate Concentrations in AcstB and
Complemented Strains. The experiments described above
reveal that CstB catalyzes three distinct reactions in vitro, two of
which synthesize TS via reduction of LMW persulfides (Figure
2C, reactions 1 and 2) and one of which consumes TS (Figure
2C, reaction 3). We therefore determined the impact of
deletion of cstB and complementation with wild-type and
mutant cstB genes on cellular TS concentrations™ in aerobic
mid log S. aureus cells as a function of time following induction
of the cst operon by 0.2 mM NaHS using TS as the sole sulfur
source. Previous qRT-PCR experiments revealed that the cst
operon is maximally induced 10 min following addition of
NaHS under these conditions, with mRNA levels returning to
near baseline at 30 min."’
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Figure 6. C201S CstB displays persulfide transferase (PT) activity with LMW persulfide substrates. (A) Initial TS generation rates as a function of
concentrations of CoASSH (open circles), CoA (open squares), CoAox (open diamonds), and Na,$ (crosses). The dashed, continuous line through
the open circles is a fit to the Michaelis—Menten equation, with parameters summarized in Table 3. (B) Initial TS generation rates as a function of
concentrations of BSSH (open circles), BSH (open squares), BSSB (open diamonds), and Na,S (crosses). The dashed, continuous line through the
open circles is a fit to the Michaelis—Menten equation, with parameters summarized in Table 3.

Table 3. Comparison of the Kinetic Properties of the Enzyme-Catalyzed Persulfide Transferase (PT) Activity of C201S CstB

with Various Substrates”

substrate K, (x107¢ M) Viax (#mol TS-min~"mg™") ke (s74) e/ Ky (1073 M7Ls71)
CoASSH 49 + 13 33+03 2.7 +£0.2 55.1 + 152
BSSH 40.1 + 5.2 3.1 +0.1 2.5+ 0.1 62.3 + 84

CSSH 370 £ 7.5 29 +02 24 + 0.1 64.8 + 134
GSSH 110 + 27 4.0 + 04 33+03 30.0 + 79
KSCN NA" NA NA NA

“Conditions: 0.2 uM C201S CstB (protomer), 25 mM MES, 100 mM NaBr, pH 6.0, 25 °C, anaerobic conditions. ’NA, no observable activity.

Table 4. Comparison of the Thiosulfate Transferase (TST) Activities of Various CstBs“

enzyme K, (X107 M) Vinax (mol SCN-min~"mg™") ko (s7Y) koo/K,, (x1073 M~ Ls71)
CstB 1.7 £ 02 104 + 0.6 8.5+ 0.5 50 + 0.7
C201S CstB 22 + 04 112 + 09 92 + 0.7 42 +08
C408S CstB NA® NA NA NA
CstBPPO-RHD NA NA NA NA
CstBRhod NA NA NA NA
CstBPPO-RHD | CgtpRhed NA NA NA NA

“Conditions: 0.4 M CstB (protomer), SO0 mM KCN, 100 mM MES, pH 6.0, 25 °C. bNA, no activity observed.
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Figure 7. Maximal velocities (V,,,,) for thiosulfate transferase (TST)
activities of various CstBs using cyanide anion (CN~) as sulfane sulfur
acceptor. *, none detected (<0.1 gmol-min~"mg™" protein). Kinetic
constants are summarized in Table 4.
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As found previously, TS is below the limit of detection in
cells prior to NaHS addition, suggesting that TS is efficiently
utilized as the sole sulfur source once it is imported into the cell
and that it does not efficiently accumulate.”® In the wild-type
strain, the cellular TS level reaches 15 nmol per mg protein 10
min following NaHS addition and decreases ~2-fold over the
course of 2 h, or approximately two culture doublings (Figure
8). In the AcstB strain, the cellular TS level is significantly lower
at t = 10 min, &9 nmol per mg protein, decreasing to &6 nmol
per mg protein by 2 h. This overall decrease in the cellular TS
level in the AcstB strain can be complemented by
extrachromosomal expression of the wild-type cstB allele, but
it cannot be complemented by the C20S or C201S cstB alleles
(Figure 8). This suggests that the PDO activity of CstB makes a
significant contribution to the cellular TS level under NaHS
stress immediately following induction.

In contrast, complementation with the C408S cstB allele
over-complements the cstB deletion, with a wild-type-like
cellular TS level observed 10 min postinduction, at ~15 nmol
per mg protein, and remaining elevated throughout the 2 h
time course (Figure 8). Since C408 plays roles in all three CstB
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for AcstB:pCstB“*® strain, orange for AcstB:pCstB*'S strain, and
gray for AcstB:pCstB“%S strain,

activities, but gives rise to a TS level accumulation phenotype
opposite to that observed with the C201S mutant, this suggests
that the TST activity of the CstB™™¢ domain plays a more
significant role in governing the cellular TS level following
NaHS induction, particularly at longer time points post-
induction.

B DISCUSSION

In this work, we show that S. aureus CstB is a nonheme Fe(II)-
containing multidomain persulfide dioxygenase-sulfurtransfer-
ase. We describe three separable enzymatic activities of CstB,
including an Fe(Il)-dependent cPDO-PT activity, the first half
of which was previously described for human mitochondrial
ETHE1" and Arabidopsis ETHE1,***’ a PT activity, and a
TST activity, with the latter two activities catalyzed by the C-
terminal Rhod domain (Figure 2C). Thus, CstB possesses two
activities that we hypothesize function collaboratively to clear
LMW organic persulfides that accumulate in cells when they are
exposed to H,S stress or as a result of misregulation of H,S
homeostasis. The major observable products of the cPDO-PT
reaction are TS and reduced LMW thiols, with no detectable
sulfite formed as an intermediate (Figure 3A). This finding is in
contrast to previous studies of hETHE1 and Arabidopsis
ETHE]1, where sulfite is the only product formed from the
oxidation of GSSH; subsequent addition of a classical Rhod
domain in trans would be anticipated to lead to the formation
of TS."”*” We show here that the CstB"PO*P fragment when
mixed with the CstB""*? does not generate sulfite as product, as
could be expected if the two enzyme activities were uncoupled
as a result of reconstitution in trans. Clearly, C201S CstB has
significant PT activity using sulfite as an exogenous nucleophile,
thus suggesting that it may not be likely that sulfite is channeled
in some way to the C408 active site directly from the Fe active
site. How the Fe and C408 active sites communicate with one
another is therefore unknown. We do show that the cPDO-PT
activity is highest with persulfide substrates derived from major
cellular thiols in S. aureus, including bacillithiol and coenzyme
A, and is less efficient when glutathione and cysteine persulfides
are used as substrates (Table 2).
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CstB is a homotetramer in solution and is characterized by a
core PDO domain that is structurally superimposable on
Arabidopsis ETHE1-like protein and hETHE] fused to a middle
RHD domain that is packed against the core PDO domain but
lacks an active site cysteine (Figure 2B). This RHD may well
provide the majority of the interprotomer contacts that stabilize
the tetramer in solution as well (Figure S3). In CstB, this
PDO—RHD is connected to a C-terminal classical Rhod
domain that harbors an active site C408. This latter domain was
not resolved in the crystal structure of CstB2, but it is found in
a CstB-like protein from A. acidocaldarius (Figure 2B). The
biochemical activity of this A. acidocaldarius CstB-like protein,
to our knowledge, is not yet known, so these structural
comparisons must be taken with a degree of caution.
Nonetheless, it is striking that all three Cys in S. aureus CstB
are conserved in this CstB-like protein, including the equivalent
of C201, which makes close approach to an active site metal ion
and itself is coordinated in exactly the same way as in CstB,
hETHEI, and the Arabidopsis ETHEl-like protein. If this A.
acidocaldarius CstB-like protein is a good structural model of
CstB, then this reveals that C408 and the open coordination
site of the Fe atom are indeed oriented toward one another
within the same subunit, but they may be too far apart in this
conformation to drive a concerted oxidation of the terminal
persulfide sulfur atom at the Fe active site to TS without release
of sulfite. Other plausible scenarios include a Rhod domain of
one subunit making closer approach to the PDO domain Fe(1I)
atom of an adjacent subunit or that the flexible loop containing
C201 facilitates intramolecular transfer from the PDO active
site to C408.

Interestingly, wild-type and C201S CstBs have identical TST
activities and, in fact, exhibit kinetic parameters that are very
similar to those measured for the N-terminal Rhod domain of S.
aureus CstA (Table 4).'° This suggests that the access of
CstBR"d to TS substrate is not rate limiting even in the context
of intact CstB, thus providing another argument against a close
structural approach of the Fe(II) and C408 active sites. In fact,
it is this TST activity that may dominate cellular TS
metabolism following acute-phase NaHS stress (Figure 8).
CstA is also under the transcriptional control of the persulfide
sensor CstR,'> and genes encoding CstA and CstB may
comprise a minimal LMW persulfide clearance system that is
duplicated in many methicillin-resistant strains (Figure S1),
either via reduction of RSSH to RSH concomitant with the
generation of TS via CstB or, as in the case of CstA, by reacting
directly with LMW persulfides and inorganic polysulfides to
generate CstA-bound persulfides as a means to assimilate
sulfide-derived sulfur.'® In preliminary experiments, we have
tested if a CstA-bound persulfide can function as a substrate (at
200 uM) for the cPDO-PT activity of CstB and were unable to
measure activity (J. Shen and H. Peng, unpublished results).
Since the multidomain sulfurtransferase CstA is capable of
shuttling persulfides between the N-terminal Rhod and middle
TusA domain,'® the lifetime of a persulfide on the Rhod
domain may be short; furthermore, we have not yet tested if the
C-terminal TusD domain is part of this CstA persulfide shuttle
or is capable of functioning as a direct persulfide donor to CstB.
Alternatively, the TS generated by the cPDO-PT activity of
CstB is shuttled directly to CstA to generate mobilizable sulfur
in the form of protein-bound persulfides (Figure 9). Finally, it
also seems possible, by analogy with the mitochondrial sulfide
oxidation system, that an SQR-bound persulfide might function
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Figure 9. Current model for cellular H,S detoxification in Staph-
ylococcus aureus highlighting the known or proposed enzymatic
activities encoded by the cst operon (this work). Extracellular H,S
freely penetrates the cell membrane and exists as HS™ once in the
cytoplasm. SQR then carries out the initial two-electron oxidation of
HS™ to form SQR-bound persulfide, and the SQR-bound persulfide is
transferred to reduced cellular LMW thiols (LMW-SH) to form LMW
persulfides (LMW-SSH), which can also be generated from HS~
directly via reaction with oxidized LMW thiols (LMW-S-S-LMW). In
the presence of molecular oxygen (O,), CstB™™° further oxidizes
LMW persulfides to possibly form a LMW thiol-S-sulfonate or CstB-S-
sulfonate (denoted R-S-SO;”) intermediate, which requires further
investigation. Free thiosulfate (TS) is then immediately dgenerated
either through the persulfide transferase activity of CstB*™? or other
cellular rhodanese proteins (other Rhod) or directly generated via
reaction of a LMW persulfide with LMW thiol-S-sulfonate or CstB-S-
sulfonate. Finally, accumulating thiosulfate is processed by the
thiosulfate sulfurtransferase activities of CstBR"Y, CstAR™, or other
cellular rhodanese proteins. Sulfite (SO;*7) is effluxed from the cell
(perhaps by TauE), and sulfane sulfur (S°) is proposed to be
transferred to as yet unknown downstream cellular sulfur acceptor(s)
for assimilation.

as a persulfide donor for CstB.** Preliminary experiments to
distinguish among these possibilities are in progress.

The chemical mechanism of the PDO activity is unknown, as
is the functional role of the conserved C201. Reduced Fe(1II) is
required for activity and, by analogy to cysteine dioxygenase
(CDO), may involve direct coordination of the persulfide
substrate via one or both sulfur atoms to the side of the Fe(II)
that is free of protein-derived ligands (Figure 2B).”" By further
analogy to CDO, a high-valent Fe-oxo species is the likely
oxidant, which leads to the formation of a Fe-bound organic
LMW-S-sulfinate, RSSO,, followed by addition of H,O to
generate RSSO;. Then, in the second phase of the reaction, the
S—S bond may be cleaved by an attacking LMW persulfide or a
Rhod-bound persulfide formed as a result of the PT activity of
CstB to generate TS and a second equivalent of LMW thiol.
C201 could function in this second step by forming an enzyme-
bound S-sulfocysteine intermediate, which is then attacked by
the C408 persulfide. The low, but detectable, level of cPDO-PT
activity of C408S CstB (Figure 4) may derive from LMW
persulfides reacting with LMW thiol-S-sulfonate or CstB-S-
sulfonate, potentially generated by the PDO activity of C408S
CstB. Additional experiments are required to substantiate this
mechanistic model, including efforts to trap a possible enzyme-
bound covalent intermediate in this process. It is unknown, for
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example, if there are two physically distinct RSSH binding sites,
one for the initial oxidation and another for the persulfide
transfer step.

We note that candidate CstR-regulated genes near a clearly
identifiable, consensus cst operator sequence'* are also found in
two other Gram-positive human pathogens, Enterococcus facaelis
and Bacillus anthracis. In both instances, downstream genes
include two stand-alone candidate Rhod homology domains
that flank a gene that is annotated as a CoA disulfide reductase-
rhodanese homology domain protein (CoADR-RHD). In both
organisms, an authentic CoADR is encoded elsewhere in the
genome,‘?’2 suggesting an alternate function for CoADR-RHD.
Interestingly, the crystal structure of B. anthracis CoOADR-RHD
has been solved, and biochemical experiments carried out prior
to the knowledge of CstR-regulated cellular persulfide
chemistry'” reveal that the substrate binding channel for CoA
is unlikely to accommodate the CoA disulfide. Furthermore, the
two cysteines, one each in the core CoADR and rhodanese
domains on a complementary subunit, although separated by
~25 A, are proposed to communicate with one another via the
long swinging pantethiene arm.”” We speculate that both B.
anthracis and E. facaelis CoOADR-RHDs have evolved to catalyze
the reduction of CoASSH formed under conditions of sulfide
or RSS stress to the free thiol concomitant with the generation
of a RHD enzyme-bound persulfide, which may then be
assimilated by cellular components in some way via a
subsequent persulfide transfer. Thus, CstB and CoADR-RHD
may provide distinct solutions to a common problem, ie., to
clear CoASSH (CoA is a major cellular thiol in both S. aureus®
and B. anthracis) that may accumulate under conditions of H,S
toxicity. It will be of interest, for example, to determine if
CoADR-RHD can functionally complement a AcstB S. aureus
Newman strain. Finally, the function of the cst operon in
general microbial physiology is not yet firmly established, but at
least one transcriptomic experiment in S. aureus strain N315
ties strong induction of the cst operon-encoded genes, including
cstB, to nitric oxide-mediated dispersal of staphylococcal
biofilms.”* Efforts are underway to link this process with the
need to regulate endogenous hydrogen sulfide levels in this
human pathogen.
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