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Abstract
Staphylococcus aureus CstR (CsoR-like sulfur transferase repressor) is a member of the CsoR
family of transition metal sensing metalloregulatory proteins. Unlike CsoR, CstR does not form a
stable complex with transition metals but instead reacts with sulfite to form a mixture of di- and
trisulfide species, CstR2

(RS-SR′) and CstR2
(RS-S-SR′)n, n = 1 or 2, respectively. Here, we investigate if

CstR performs similar chemistry with related chalcogen oxyanions selenite and tellurite. In this
work we show by high resolution tandem mass spectrometry that CstR is readily modified by
selenite (SeO3

2−) or tellurite (TeO3
2−) to form a mixture of intersubunit disulfides and

selenotrisulfides or tellurotrisulfides, respectively, between Cys31 and Cys60′. Analogous studies
with S. aureus CsoR reveals no reaction with selenite and minimal reaction with tellurite. All
cross-linked forms of CstR exhibit reduced DNA binding affinity. We show that Cys31 initiates
the reaction with sulfite through the formation of S-sulfocysteine (RS-SO3

2−) and Cys60 is
required to fully derivatize CstR to CstR2

(RS-SR′) and CstR2
(RS-S-SR′). The modification of Cys31

also drives an allosteric switch that negatively regulates DNA binding while derivatization of
Cys60 alone has no effect on DNA binding. These results highlight the differences between CstRs
and CsoRs in chemical reactivity and metal ion selectivity and establish Cys31 as the functionally
important cysteine residue in CstRs.

Introduction
Staphylococcus aureus is an opportunistic Gram-positive non-motile cocci that is the
causative agent of numerous illnesses ranging from minor skin infections to life-threatening
diseases.1, 2 In contrast to other human pathogens, S. aureus lacks a functional sulfate
assimilation pathway and must use other mechanisms to obtain sulfur from organic and
inorganic sources.3 Sulfur acquisition is essential for the biosynthesis of cysteine, iron-sulfur
clusters, and other low molecular weight sulfur-containing compounds and maintenance of
cellular redox balance.4, 5 Recent work has shown that regulation of cysteine metabolism in
S. aureus and its perturbation increases susceptibility to oxidative stress and decreases the
ability of this microorganism to form biofilms, which is essential for survival both inside
and outside of a host.5, 6 Additionally, components of sulfur metabolism and cysteine
biosynthesis in Mycobacterium tuberculosis have been identified as antimicrobial and
vaccine targets.7–9
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Although S. aureus lacks the sulfate assimilation pathway, it is capable of growing on
inorganic thiosulfate as a sole sulfur source3, 10 presumably by assimilating the sulfane
sulfur and effluxing sulfite (SO3

2−). Thiosulfate can be generated by the mammalian host
from mitochondrial hydrogen sulfide (H2S) detoxification11 via sulfur dioxygenase and
sulfide quinone reductase (SQR) activities.12 Further oxidation of thiosulfate may lead to the
formation of tetrathionate,13 a highly reactive sulfur compound that disrupts the redox state
of the cell by converting thiols, e.g., cysteine, to disulfides.14 Although some gut bacterial
pathogens use tetrathionate as a respiratory electron acceptor thereby providing a growth
advantage in this niche, S. aureus appears to lack this ability.13 In any case, S. aureus sulfur
metabolism and regulation in response to stress remains relatively underexplored.

We recently described a transcriptional regulator putatively involved in inorganic sulfur
metabolism or assimilation, CstR (CsoR-like sulfur-transferase repressor), a paralogue to the
Cu(I)-sensing CsoR (copper-sensitive operon repressor).10 Initial studies established that
CstR functions via a derepression mechanism and tightly controls the expression of the
divergently transcribed cst operon, which encodes five proteins likely involved in sulfur
metabolism. These include a putative sulfite/sulfonate efflux pump (TauE) and CstR
transcribed in one direction, and two multi-domain sulfurtransferases (CstA and CstB), a
putative sulfur dioxygenase (CstB), and a sulfide quinone oxidoreductase (SQR) transcribed
in the other. CstR was previously shown to be negatively regulated in vitro by sulfite
through the formation of a mixed disulfide or trisulfide across the protomer interface.10

CstRs are of unknown structure but are thought to be α-helical tetrameric bundles similar to
CsoRs10, 15–17 where four protomers are arranged as a dimer of dimers (Fig. 1A). In CsoRs,
two metal-binding ligands are contributed from one protomer while the third lies across the
dimer interface (Fig. 1B). CstRs retain two cysteines per protomer, Cys31 and Cys60, but
lack a key metal-binding histidine residue. It is Cys31 and Cys60′ that reduce sulfite to a
mixture of intrerprotomer disulfides, CstR2

(RS-SR′), and trisulfides, CstR2
(RS-S-SR′) across

the dimer interface.10

It was postulated that CstR would react with related chalcogen oxyanions, selenite (SeO3
2−)

and tellurite (TeO3
2−), both of which are biologically available and toxic to many

microorganisms.18 Chalcogen oxyanions display increasing reactivity as one moves down
the periodic table and are generally more reactive than sulfite.4, 19 Toxicity from these
compounds is presumed to be from disruption of the low molecular weight thiol pool,20 e.g.,
glutathione, cysteine, or coenzyme A. These thiols undergo redox reactions (H2SeO3 +
4RSH → RS-Se-SR + RS-SR + 3H2O) to form a mixtures of disulfides and
selenotrisulfides;21 analogous chemistry can also occur at enzyme active site or metal-
chelating cysteine residues.22 This could in turn induce a cellular response similar to that of
hypochlorite23 and nitrite,24 each of which strongly induce the cst operon, presumably by
disrupting the redox balance of the cell. Many firmicutes and related Gram-positive bacteria,
including S. aureus, exhibit strong resistance to these compounds through unknown
mechanisms25 and will form pink or black colonies from the reduction of SeO3

2− or TeO3
2−

to Se0 or Te0, respectively.18

In this work, we characterize by mass spectrometry the reaction products of S. aureus CstR
with the chalcogen oxyanions SeO3

2− and TeO3
2−. In each case we establish that the cross-

linking of the cysteine pair negatively regulates DNA binding. In addition, we explore the
relative impact of the reaction of cysteine residues with sulfite and establish functional
importance for Cys31 in driving negative regulation of operator DNA binding by CstR.
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Materials and Methods
Plasmid Preparation, Protein Expression, and Purification

CstR cysteine mutants were prepared by introducing nucleotide substitutions with standard
Quikchange™ site-directed mutagenesis techniques and appropriate primers (Table S1). All
expression plasmids were verified with DNA sequencing at the Indiana University
Molecular Biology Institute. CsoR, CstR and CstR cysteine mutants were purified as
previously described10 with minor modifications. Throughout the purification of CstR and
CstR cysteine mutants, 50 mM Tris at pH 8.0 was used in place of 50 mM HEPES at pH 7.0
and all buffers were degassed on a Schlenk line immediately prior to use. Experimental
buffers were also passed over Chelex 100 resin to remove trace metal ions and degassed/
backfilled with argon gas three times prior to anaerobic use. All glassware to be used
anaerobically was soaked in a 2% nitric acid bath overnight and extensively rinsed with
Milli-Q water. Dialysis tubing and stir bars used for anaerobic dialysis were washed with 0.5
M EDTA solution followed by thorough rinsing with Milli-Q water. Reduced thiols were
confirmed by LC-ESI-MS and quantified with a DTNB assay.26

CstR and CsoR Chalcogen Oxyanion Reactions
Fifteen micromolar samples of CstR (protomer) were reacted anaerobically in a Vacuum
Atmostpheres (Amesbury, MA) glovebox in 10 mM HEPES, 200 mM NaCl at pH 7.0 with a
5- fold thiol excess of modifying reagent (SO3

2−, SeO3
2−, TeO3

2−, or S4O6
2−) for 17 h at

22° C. After 17 h, samples were sealed in septa cap vials for immediate LC-ESI-MS
analysis. Samples used for tryptic digest and fluorescence anisotropy were reacted for 36 h
to ensure complete modification of thiols.

LC-ESI-MS Analysis of Intact CstR and CsoR
LC-ESI-MS analysis was performed at the Indiana University Mass Spectrometry Facility
using a Waters/Micromass LCT Classic time of flight (TOF, Milford, MA) mass
spectrometer with a CapLC inlet. Proteins were loaded onto a 50 mm Agilent BioBasic C8
reverse-phase column with a 5 μm particle size and 300 Å pore size in Solvent A (5%
acetonitrile, 95% water, 0.1% formic acid) and eluted with a 20 min linear gradient from
10% Solvent A to 90% Solvent B (95% acetonitrile, 5% water, 0.1% formic acid). Elution
was monitored at 215 nm. Data were collected and analyzed using MassLynx Software
(Waters, Milford, MA).

LTQ-Orbitrap Tandem MS Analysis of Tryptic Peptides
Reacted and unreacted CstR samples were solution digested with proteomics-grade trypsin
from porcine pancreas (Sigma-Aldrich, St. Louis, MO) at 37°C for 18 h with a 1:50 ratio of
trypsin:CstR. Following digestion, samples were desalted using a C18 Zip-Tip column
(Millipore, Billerica, MA), vacuum-centrifuged to dryness at 45 °C, and resuspended in
water immediately prior to analysis. Parameters used for LTQ-orbitrap tandem mass spectral
analysis are similar to those previously described.27 Briefly, five microliters of protein
digest were loaded onto a 15 mm × 100 μm i.d. C18 reversed-phase trapping column.
Peptides were eluted through a 150 mm × 75 μm internal diameter analytical column packed
with 5 μm, 100 Å Magic C18AQ packing material (Microm BioResourses Inc., Auburn,
CA), using a 60 min gradient from 97 % to 60 % solvent A, 97: 3: 0. 1 water/acetonitrile/
formic acid (Solvent B is 0.1% formic acid in acetonitrile) at 250 nL/min on a Dionex
UltiMate 3000 nanoLC (Sunnyvale, CA). Eluent from the column was ionized and
electrosprayed directly into a ThermoFinnigan (San Jose, CA) LTQ-Orbitrap XL mass
spectrometer which recorded mass spectra and “top five” data-dependent tandem mass
spectra of the peptide ions. Data were interpreted by manual investigation to identify

Luebke et al. Page 3

Metallomics. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



candidate MS/MS spectra and assign identifications of the fragment ions for confirmation of
the modified CstR. In some cases, cross-linked peptides eluted within the exclusion window
of a previous peak and were not selected for fragmentation. To obtain fragmentation spectra
of these species, multiple reaction monitoring (MRM) was employed to ensure collection of
fragmentation data.28

Fluorescence Anisotropy Titrations
Double stranded fluorescein-labeled cst OP1 DNA constructs (Table S1) were prepared as
described previously.27 A typical anisotropy experiment was performed with 10 nM cst OP1
dsDNA in a buffer containing 10 mM HEPES at pH 7.0 and 200 mM NaCl at 25 °C under
strictly anaerobic conditions. Injections of 1–5 μL were equilibrated for 3 min and then
anisotropy was monitored using an ISS PC1 Spectrofluorometer (Champaign, IL). The
fluorescein was excited at 490 nm and polarization monitored with a 515 nm cut-off filter in
the L-format. For each data point, five measurements were obtained and averaged. Data
collected were fit to a non-dissociable tetramer (CstR4) binding model where two tetramers
sequentially bind cst OP1 operator DNA10 using Dynafit29 to calculate K1 and K2. The
macroscopic binding constant, Ktet, was calculated as Ktet = (K1•K2)½ given the uncertainty
in extracting unique values for Ki due to their strong inverse correlation and lack of
significantly sigmoidal behavior in the binding isotherms. Previous findings10 establish a
linear relationship between robs and νi, the binding density at the ith addition of protein
titrant.

Results and Discussion
S. aureus CstR reacts with selenite and tellurite to form di-and trisulfide-like species

To test the reactivity of selenite and tellurite, we reacted a fivefold thiol excess of each
chalcogen with fully reduced CstR under anaerobic conditions for 17 h. Products of each
reaction and a control sample were analyzed with LC-ESI-MS (Fig. 2). Here, reduced CstR
and cross-linked CstR are readily distinguishable due to a shift in the charge state
distribution from +8–13 to +11–20, respectively (Fig. S1A–C). The shift in charge state
distribution is due to doubling of the possible sites for charges and conformational changes
induced by interprotomer cross-linking. Both selenite and tellurite-reacted samples produced
similar overall charge state distributions for cross-linked species. The selenite-reacted
sample contained a single distribution consistent with fully cross-linked protein while the
tellurite-reacted sample displayed two distinct charge state distributions (Fig. S1A and B).
The first is consistent with reduced and unreacted CstR and the second with cross-linked
CstR.

Closer inspection of individual charge states in the selenite and tellurite-reacted samples
reveals a series of peaks corresponding to disulfide and selenotrisulfide or tellurotrisulfide
cross-linked CstR as well as several other oxygen adducted species (Fig. 2B and C). The
first peak in these spectra (m/z of ~1135) is the disulfide cross-linked form of CstR and is
denoted RS-SR′. The next peak is a doubly oxygen adducted peak with a +32 Da mass shift
followed by +79 Da or +128 Da mass shifts that are consistent with either selenium or
tellurium cross-linked CstR, respectively. In addition to RS-Se-SR′ and RS-Te-SR′, we
observe prominent doubly oxygen adducted cross-linked peaks of these species. A complete
listing of all observed CstR peaks is given in Table S2.

These results indicate that CstR does in fact react with heavier chalcogen oxyanions to yield
products similar to those observed following reaction with sulfite.10 Here the SeO3

2−

reaction is complete at this time point while the TeO3
2− sample contains a large portion of
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unreacted or reduced CstR (Fig. S1B and C). This indicates that despite the intrinsic greater
reactivity of TeO3

2−, CstR reacts more readily with the smaller and less reactive SeO3
2−.

S. aureus CsoR does not react with selenite but reacts with tellurite to form a mixed
disulfide and tellurotrisulfide

Experiments analogous to those performed with CstR were also performed with S. aureus
CsoR. CsoR was previously shown to be unreactive toward sulfite10 but given the higher
reactivity of related chalcogens, we hypothesized that the greater reactivity of heavier
chalcogen oxyanions may yield products similar to the CstR reaction. When analyzed by
LC-ESI-MS the reduced form of CsoR has a charge state distribution of +7–15 and +13–23
in the cross-linked form (Fig. S1D–F). We observe only the reduced form of CsoR when
reacted with SeO3

2− as with sulfite10 (Fig. 2E). However, the more reactive TeO3
2−

oxyanion forms disulfide and tellurium cross-linked CsoR (Fig. 2F) but lacks the oxygen
adducts observed in the CstR TeO3

2− reaction (Fig. 2C). A complete listing of all observed
CsoR peaks is available in Table S3.

The sum of the chalcogen oxyanion experiments with CstR and CsoR further highlights the
differential selectivity of these paralogous regulatory proteins. Several recent reports have
begun to explore the mechanisms by which regulatory proteins are capable of forming a
regulatory disulfide bond in response to oxidative stress. Examples include HypR,30 SarZ,31

MexR,32 and BigR,33 among others. The distance between Sγ of the regulatory cysteine
residues in these proteins typically ranges from 7–10 Å and is similar to that of apo-CsoR
(~8 Å) from Streptomyces lividans.16 S. aureus CsoR and CstR are likely to exhibit similar
distances but only the later is readily susceptible to cross-linking. Although the factors
contributing to differential reactivity remain unexplored, they may include sterics, structural
dynamics, charge-charge interactions, and intrinsic cysteine reactivity.

Selenite cross-linked CstR contains a selenotrisulfide as observed by LTQ-Orbitrap
tandem mass spectrometry

To further investigate the selenium cross-linked peaks observed in the CstR LC-ESI-MS
data, we performed a tryptic digest and analyzed the peptides using LTQ-orbitrap tandem
mass spectrometry. Cross-linked peptides were initially identified by accurate mass detected
in the LTQ (Table 1). The most abundant cross-linked peptides identified contained two
missed cleavages (indicated by “ | ” ) on opposite sides of Cys 31, 24MMEEGK|DCK|
DVITQISASK42 (denoted peptide “A”), and a fully digested peptide encompassing
Cys60, 48LMGIIISENLIECVK62 (denoted peptide “B”). The most intense charge state of
the cross-linked peptide was +4 charge state although less abundant charge states were also
observed at +3 and +5 (data not shown). Comparison of the accurate mass of the disulfide
and selenotrisulfide cross-linked peptides, 946.980 and 966.960 Da, respectively, reveals a
mass shift of 79.920 Da (Table 1). This is consistent with the monoisotopic mass of 80Se,
79.91652 Da. Furthermore, the isotopic distribution from the LTQ mirrors the predicated
distribution for peptide A and B with the addition of a selenium atom (Fig. 3A and C).

We next verified the assigned accurate mass assignments with the fragmentation spectra. In
all cross-linked spectra, peptide A fragmented to yield exclusively Ab7

+ and Ay7
+ ions as

major products and remained intact in all cross-linked fragments while peptide “B”
fragmented more readily. Numerous cross-linked fragments (denoted AB) were identified
with +78 to +80 Da mass shifts relative to disulfide cross-linked peptides (Fig. 3B and D).
and confirm the existence of a selenotrisulfide between Cys31 and Cys60′ of CstR. All
cross-linked spectra were cross-referenced with the fragmentation patterns of the individual
‘A’ and ‘B’ peptides (Fig. S2). Analogous samples were prepared to verify the
CstR2

RS-Te-SR′ tellurotrisulfide assignment but these efforts were ultimately unsuccessful
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(Table 1), likely due to hydrolysis of RS-Te-SR′ to RS-H or RS-SR′ and elemental
tellurium, Te0.34

In addition to selenium and tellurium cross-linked CstR, we observed prominent oxygen
adducts as evidenced by a +32 Da mass shift relative to the disulfide, selenotrisulfide, or
tellurotrisulfide peaks (Fig. 2B–C; Table 1). Further examination of the LTQ data allowed
us to recover peaks corresponding to disulfide cross-linked CstR with singly, doubly, and
triply oxygen adducted AB peptides with high mass accuracy (Table 1). The most abundant
oxygen adduct contains two oxygen atoms (Fig. S3A) which is consistent with our
observations from the LC-ESI-MS data (Fig. 2B–C). We initially speculated that these
adducts represented trapped intermediates of SeO3

2− and TeO3
2− reduction, e.g., RS-

Se(O2)-SR′,21 but could not obtain evidence for this. Rather, the principal oxygen adducts
were associated with the disulfide cross-linked peptide (Fig. S3A). Analysis of the
fragmentation data indicates that these oxidations are not associated with nearby methionine
residues either. This therefore necessitates that both oxygen atoms remain on the cysteine Sγ
atoms on either side of the disulfide bond and have been assigned as a thiosulfonate or α-
disulfoxide (Fig. S3B, Fig. 4).

To the best of our knowledge, a protein-derived thiosulfonate (Fig. 4B) or α-disulfoxide
(Fig. 4C) has not been previously observed but have been described in the organic literature
in thiol-containing compounds.35 It is intriguing that a likely precursor to a thiosulfonate,
specifically thiosulfinate (Fig. 4A), has been identified and characterized within an intact
protein using isotopic labelling and mass spectrometry during disulfide bond formation
between sulfiredoxin and peroxiredoxin.36 Other examples of protein thiol modifications are
becoming increasingly recognized as functionally important including stable sulfenic acids,
particularly in the context of reversible cysteine-based redox switches.37, 38 These are in
contrast to sulfenic acids that are considered transient intermediates in disulfide bond
formation and have recently been reviewed.39–41 With respect to the disulfide oxygen
adductions observed here, it is unknown if they are functionally significant or occur as a
result of over-oxidation by selenite under these conditions.

Formation of CstR cross-linked species as disulfides, selenotrisulfides, or
tellurotrisulfides negatively regulates DNA binding

To test if disulfide, selenotrisulfide, or tellurotrisulfide cross-linking of CstR negatively
regulates cst operator DNA binding, fluorescence anisotropy experiments were performed.
Fully reduced CstR or CstR modified with tetrathionate (S4O6

2−) as a disulfide control42

(Table S2), SeO3
2− or TeO3

2− was titrated into a solution containing fluorescently-labeled
cst OP1 under strictly anaerobic conditions (Fig. 5A). Data from these experiments were fit
to a sequential tetramer binding model.10 Each modified CstR bound weakly to cst OP1 with
a decrease in affinity of ≈30–60 fold relative to unmodified CstR (Table 2). These results
indicate that CstR is indiscriminate with respect to the nature of the cross-link in negative
regulation of DNA binding.

CstR Cys31 initiates the reaction with sulfite and its perturbation is required to negatively
regulate DNA binding

To better understand the reduction reaction of CstR with chalcogen oxyanions, we prepared
single and double cysteine substitution mutants, specifically C31A, C60A, and C31A/C60A
CstRs. Here, the C31A CstR mutant reports on the reactivity of Cys60 while C60A CstR
reports on Cys31. Each mutant was reacted with sulfite as described previously10 to test the
importance of individual cysteine residues. LC-ESI-MS analysis of sulfite-reacted C31A or
C60A CstR revealed that only the C60A mutant reacted with SO3

2− and formed S-
sulfocysteine (RS-SO3

2−, Fig. 6, Table S4). This result indicates that Cys31 of CstR initiates
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the chalcogen reduction reaction while Cys60′ is required to continue the reaction toward
cross-linked products.

Given the importance of Cys31 in the order of reduction, we hypothesized that modification
of Cys31 would be sufficient to negatively regulate DNA binding by CstR. Reduced mutant
CstR was shown to bind cst OP1 with wild type-like affinity (Fig. 5B, Table 2). To test the
influence of single-cysteine modifications, we reacted C31A or C60A CstR with the
cysteine-modifying reagent, methylmethanethiolsulfonate (MMTS) to form CstRRS-SCH3

(Table S4). Strikingly, derivatization of Cys60 (C31A CstR) gives nearly wild type-like
DNA binding affinity while derivatization of Cys31 (C60A CstR) decreased the affinity to
that of derivatized WT CstR (Fig. 5B, Table 2).

These results reveal that reduction of sulfite is ordered and is not a random multi-thiol
mechanism. This suggests in turn that local microenvironment near the two thiols directs
these compounds to Cys31 first. Similar findings characterize the reactions of C31A and
C60A CstRs with SeO3

2− except that both reactions form RS-SR′ and RS-Se-SR′ crosslinks.
likely across the tetramer interface. C60A CstR gives a number of oxidation products
including the anticipated S-selenocysteine on Cys31 (Fig. S4; Table S4). These
modifications are also inhibitory to operator DNA binding (Fig. S4E). These features
perhaps make CstR ideally suited to react with an wide range of cellular thiol oxidants. It is
interesting to note that the formaldehyde-sensing FrmR is a CsoR-family protein that retains
a single cysteine corresponding to Cys31 in CstR that is thought to react with carbon
electrophiles via Michael addition.43

Conclusions
Our results show that CstR is reactive toward biologically available chalcogen oxyanions
while the paralogous transcriptional regulator CsoR is weakly or not reactive under the same
experimental conditions. The modification of CstR by these oxyanions takes the form of a
mixed disulfide, CstR2

(RS-SR′) and CstR2
(RS-X-SR′)n, n = 1 or 2 where X is Se or Te. We also

show that these modifications negatively regulate cst OP1 operator DNA binding. In
addition, we establish that Cys31 of CstR as the thiol required to initiate the reaction
between CstR and sulfite. Furthermore, derivatization of this thiol only is necessary and
sufficient to negatively regulate DNA binding as modification of Cys60 does not impact
DNA binding affinity. These experiments make the prediction that CstR reacts with selenite
in cells thereby inducing the cst operon, although this is not yet known.

These data represent to our knowledge the first inter- or intramolecular selenotrisulfide
within a native-state protein characterized by tandem mass spectrometry. Other work has
been performed to identify a mixed selenotrisulfide between penicillamine-substituted
glutathione and Cys-β93 of hemoglobin using MALDI-TOF.44 Penicillamine was
substituted in that study due to the transient nature of the observed interaction.45 Another
selenotrisulfide was analysed with ESI-MS using a model synthetic zinc-finger peptide but
was not fragmented22 and thus unambiguously characterized using tandem mass
spectrometry. Our identification of a stable selenotrisulfide moiety in CstR by tandem mass
spectrometry provides a platform for the expansion of proteomics approaches for the
detection of selenotrisulfides. There is currently no biological evidence for inter- or
intramolecular selenotrisulfides in proteins in vivo but this may be due to how proteomics
approaches are typically implemented. For example, it is commonplace to reduce and
alkylate thiols during sample preparation46 which would reverse the adduct observed here.
Approaches avoiding the reduction of thiols may provide new insights into selenium uptake,
trafficking, and distribution in cells. Experiments are ongoing to further elucidate the

Luebke et al. Page 7

Metallomics. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chemical mechanism of sulfite/selenite reduction and the metabolic significance of selenite
toxicity and induction of the cst operon in S. aureus Newman strain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Crystal structure of Mycobacterium tuberculosis CsoR15 (A) and Cu(I) binding site (B).
CsoRs feature a tetrameric bundle as a “dimer of dimers” displayed as blue and red and
separated by a dashed line. There are four Cu(I) binding sites (bronze spheres), two per
dimer. In CstR, Cys31 and Cys60′ form cross-links with the corresponding protomer of the
dimer.7 Labelled residues are that of M. tuberculosis CsoR and those in parentheses are the
analogous residues in S. aureus CstR.
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Fig. 2.
LC-ESI-MS analysis of CstR (A–C) and CsoR (D–E) following reaction with SeO3

2− or
TeO3

2− and seleno- and tellurotrisulfides have been denoted RS-X-SR′ for Se or Te cross-
slinking, respectively. The CstR charge states displayed are +11 and +17 for the reduced and
cross-linked forms, respectively. The CsoR charge states are +13 and +19 for reduced and
cross-linked form, respectively.
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Fig. 3.
Tryptic peptides of SeO3

2−-reacted CstR identify a selenotrisulfide. The peptides involved in
the disulfide cross-link are denoted peptide “A” (red) for the Cys31
peptide 24MMEEGKDCKDVITQISASK42 and peptide “B” (blue) for
Cys60′, 48′LMGIIISENLIECVK62′. Fragmentation ions, b and y, are assigned relative to the
respective peptide, “A” or “B”, and cross-linked peptides are denoted as AByn. Peptide “A”
remained intact for all cross-linked ions identified and all fragmentation occurred on peptide
“B” (A) Accurate mass and isotopic distribution of the RS-SR′ CstR disulfide in the +4
charge state. The monoisotopic mass is 946.980 Da (Table 1) (B) Fragmentation pattern of
RS-SR′ disulfide (C) Isotopic distribution of RS-Se-SR′ selenotrisulfide in the +4 charge
state. The monoisotopic mass is 966.710 Da (all 12C and 80Se) and among the preceding
peaks, 76Se, 77Se and 78Se were identified. (D) Fragmentation of the RS-Se-SR′ cross-link.

Luebke et al. Page 12

Metallomics. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Depiction of thiosulfinate (A), thiosulfonate (B) and α-disulfoxide (C) oxygen adducts. In
CstR, the oxygen adducts have been assigned to the Sγ of Cys31 and Cys60 as either
thiosulfonate or α-disulfoxide (Fig. S3A). R and R′ are not defined as Cys31 or Cys60 as
they can not be distinguished.
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Fig. 5.
DNA binding characteristics of CstR and CstR cysteine. (A) Fluorescence anisotropy
titrations of CstR (circles) and CstR reacted with SeO3

2− (squares), TeO3
2− (diamonds), or

tetrathionate (S4O6
2−, triangle) with fluorescently-labeled cst OP1. (B) Fluorescence

anisotropy titrations of C31A CstR (circles) and C60A CstR (squares). Closed circles and
squares represent MMTS-derivatized thiol-modified CstRs. All data were fit to a sequential
tetramer model where two tetramers bind one operator DNA in a step-wise fashion defined
by K1 and K2. Ktet describes the average macroscopic binding constant (Ktet = (K1•K2)1/2).
Tetrameric bundles were assumed non-dissociable.
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Fig. 6.
LC-ESI-MS analysis of CstR cysteine mutants following reaction with SO3

2−. Both sets of
peaks are in the +11 charge state. C31A CstR (A) remains fully reduced while C60A CstR
(B) forms an S-sulfocysteine on Cys31 as indicated by a +80 Da mass shift.
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Table 1

Monoisotopic masses for the parent ions of tryptic peptides of interest as observed with high-resolution
tandem mass spectrometry. (−) denotes no data obtained.

Sample Amino Acids Charge State
Monoisotopic Mass (Da)

Calculated Observed

Control
Cys31, RS-H + 3 705.004 705.003

Cys60, RS-H + 2 704.361 704.352

+SeO3
2−

RS-SR′ + 4 946.978 946.980

+ O + 4 950.977 950.978

+ 2 O + 4 954.976 954.972

+ 3 O + 4 958.974 958.972

RS-Se-SR′ + 4 966.958 966.960

+ O + 4 970.965 970.966

+ 2 O + 4 974.955 -

+TeO3
2−

RS-SR′ + 4 946.978 946.790

RS-Te-SR′ + 4 979.455 -
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Table 2

Summary of binding constants obtained from fluorescence anisotropy experiments of WT CstR or CstR
cysteine mutants with cst OP1

Protein r0 rcomplex Ktet (M−1) × 10−7

CstR 0.133 0.155 6.3 (± 0.5)

CstR + SeO3
2− 0.132 0.154* 0.20 (± 0.03)

CstR + TeO3
2− 0.133 0.155* 0.13 (± 0.14)

CstR + S4O6
2− 0.132 0.154* 0.11 (± 0.11)

C31A CstR 0.135 0.161 3.3 (± 0.7)

C31A CstR + MMTS 0.135 0.159 2.0 (± 0.5)

C60A CstR 0.135 0.159 4.2 (± 1.0)

C60A CstR + MMTS 0.136 0.158* 0.31 (± 0.03)

C31A/C60A CstR 0.134 0.157 12 (± 5)

*
Fit to Δ anisotropy of corresponding non-derivatized CstR
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