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ABSTRACT: Disruption of the unusual thiol-based redox
homeostasis mechanisms in Staphylococcus aureus represents a
unique opportunity to identify new metabolic processes and
new targets for intervention. Targeting uncommon aspects of
CoASH biosynthetic and redox functions in S. aureus, the
antibiotic CJ-15,801 has recently been demonstrated to be an
antimetabolite of the CoASH biosynthetic pathway in this
organism; CoAS-mimetics containing α,β-unsaturated sulfone
and carboxyl moieties have also been exploited as irreversible
inhibitors of S. aureus coenzyme A-disulfide reductase
(SaCoADR). In this work we have determined the crystal
structures of three of these covalent SaCoADR-inhibitor complexes, prepared by inactivation of wild-type enzyme during
turnover. The structures reveal the covalent linkage between the active-site Cys43-Sγ and Cβ of the vinyl sulfone or carboxyl
moiety. The full occupancy of two inhibitor molecules per enzyme dimer, together with kinetic analyses of the wild-type/C43S
heterodimer, indicates that half-sites-reactivity is not a factor during normal catalytic turnover. Further, we provide the structures
of SaCoADR active-site mutants; in particular, Tyr419′-OH plays dramatic roles in directing intramolecular reduction of the
Cys43-SSCoA redox center, in the redox asymmetry observed for the two FAD per dimer in NADPH titrations, and in catalysis.
The two conformations observed for the Ser43 side chain in the C43S mutant structure lend support to a conformational switch
for Cys43-Sγ during its catalytic Cys43-SSCoA/Cys43-SH redox cycle. Finally, the structures of the three inhibitor complexes
provide a framework for design of more effective inhibitors with therapeutic potential against several major bacterial pathogens.

The “thiolome” has been referred to as the proteome-wide
redox state of cysteine residues.1 Coenzyme A-disulfide

reductase (CoADR), other flavoprotein disulfide reductases,
and the thioredoxin fold proteins that include the putative
bacilliredoxin, YphP, account for a major portion of the
thiolomes in Staphylococcus aureus and Bacillus anthracis.2−6 We
extend the definition of the thiolome to apply to the diversity in
the structure, function, and distribution of low-molecular-
weight thiols ― the metabolite-based thiolome. CoASH and
the recently identified bacillithiol7 function together with the
protein-based thiolome to maintain redox homeostasis in these
organisms.6 Bioinformatics analyses8 have classified flavoprotein
disulfide reductases into three subgroups: the disulfide
reductases that include GR, the alkyl hydroperoxide reductases
that include thioredoxin reductase, and the peroxidase-oxidase-
reductases that include CoADR, the CoADR-RHD isoform ―
which contains a C-terminal rhodanese homology domain, as
characterized in B. anthracis9 and Shewanella loihica10 ― and
the Pelobacter carbinolicus “NAD(FAD)-dependent dehydro-
genase” isoform encoded by the Pcar_0429 locus.11 In spite of

clear similarities with regard to the reactions that they catalyze,
the CoADR enzymes are mechanistically distinct from the
disulfide reductase subgroup enzymes, in that a single active-site
cysteine (SaCoADR Cys43 and BaCoADR Cys42, respectively)
reacts with the (CoAS)2 substrate to form a Cys-SSCoA mixed
disulfide redox center, which represents the resting state of the
enzyme and is reduced by NAD(P)H via the flavin cofactor in
the catalytic cycle.12,13

Kinetic and structural analyses of the SaCoADR and
BaCoADR enzymes have revealed several important features
relevant to catalysis. Detailed equilibrium titration studies have
demonstrated significant asymmetric behavior for both SaCoADR13

and BaCoADR,2 which occur as homodimeric enzymes. NADPH
titrations of SaCoADR lead to an asymmetric EH2·NADPH/
EH4·NADP

+ complex in which only one FAD/dimer is reduced
(Scheme 1). However, crystal structures of SaCoADR14 and
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BaCoADR,2 in oxidized form and in the reduced BaCoADR
EH2·CoASH·NAD(P)H complex, provide no structural basis
for such asymmetric behavior with NAD(P)H. In a recent
study CoAS-mimetics were designed and used to inactivate
SaCoADR by conjugate addition of the Cys43-thiolate
in turnover.15 However, since the stoichiometry of the
modification (i.e., whether full inactivation requires modifica-
tion of one or both Cys43/dimer) was not determined, these
results could not provide additional insight into the apparent
asymmetric behavior.
In addition, active-site analyses of the two CoADR structures

gave clear evidence for intersubunit cooperation, if not
cooperativity, in catalysis. In the 1.5 Å structure of oxidized
(FAD, Cys43-SSCoA) SaCoADR, a well-ordered chloride ion
3.8 Å from the CoAS-sulfur (chain A) receives hydrogen bonds
from several donors including Tyr361′-OH (chain B, 3.1 Å).
The position of this chloride ion was taken as the anchor
position for the sulfur of the modeled CoAS-II that represents
the CoASH product formed on attack of (CoAS)2 by Cys43-S

−.
A second conserved Tyr (Tyr419′, chain B) is 4.2 Å from
Cys43-Sγ (chain A), but the Tyr361′−OH−Cl− interaction, in
particular, suggested that the latter served the primary role in
protonation of the departing CoAS-II thiolate. This working
conclusion came into question with the structural analysis of
the 2.3 Å BaCoADR EH2·CoASH·NAD(P)H complex, which
provides evidence for a reduced enzyme form in which Cys42
adopts an alternate, external conformation. Though not
supportive of either Cys42-S− → FAD charge-transfer or in-
line nucleophilic attack on the CoAS-I sulfur of (CoAS)2, this
Cys42-S− interacts strongly with Tyr367′-OH (3.0 Å) and, in
particular, Tyr425′-OH (2.9 Å) (equivalent to SaCoADR
Tyr361′ and Tyr419′ respectively), suggesting that the latter in
fact serves as the primary proton donor.
Given the structural equivalence of Tyr425 and human GR

His467, the essential acid−base catalyst in GS-I protonation,16

kinetic analyses were performed on BaCoADR and the
corresponding Tyr → Phe mutants to further elucidate the
catalytic importance of Tyr367 and Tyr425.2 Compared to a
wild-type activity of kcat = 27 s−1, the Y367F and Y425F
mutants exhibited kcat values of 7 s−1 (26%) and 0.9 s−1 (3%)
with NADH and (CoAS)2 respectively, with no activity
reported for the Y367,425F double mutant. These data suggest
that while Tyr367 (SaCoADR Tyr361) does play a cryptic role
as alternate proton donor, Tyr425 is the primary acid−base
catalyst (Scheme 2).

Kinetic parameters determined by stopped-flow initial velocity
are very similar for Sa- and BaCoADR, with kcat = 27−29 s−1,
Km(NADPH) ca. 1 μM, and Km[(CoAS)2] = 2−6 μM;
BaCoADR differs primarily in that it exhibits dual NAD(P)H
specificity. However, in stopped-flow studies in which an
alternate disulfide substrate, MMTS (Km

app = 78 μM and kcat =
6.4 s−1, with wild-type SaCoADR), was used,9 the Y361F
mutant was actually found to be more efficient (kcat/Km = 2.2 ×
105 M−1 s−1) than wild-type enzyme (kcat/Km = 8.2 × 104

M−1 s−1); Y419F and Y361,419F mutants were only 3−5% as
efficient (kcat/Km = 2.1−4.0 × 103 M−1 s−1) as wild-type
enzyme. It is important to note that only the internal redox step,
i.e., the reduction of Cys43-SSCH3 by E(FADH2) that results in
CH3SH formation requires a proton donor in MMTS turnover
(ref 9, Scheme 4); with (CoAS)2 both internal and external
(attack of Cys43 on CoAS-I) steps require proton donors.
While the case for intersubunit cooperation in CoADR is

therefore supported by both structural and kinetic studies, the
question remains as to whether the redox asymmetry seen with
SaCoADR in particular is translated to the catalytic mechanism.
If it is, are Tyr361 and/or Tyr419 important in intersubunit
communication? Early studies on mercuric ion reductase17

strongly supported active-site communication in the dimeric
enzyme and led to an alternating sites hypothesis for catalysis.
Although the catalytic core has spectroscopic and NADP(H)
binding properties identical to those of the full-length protein,
the high-resolution crystal structure was not informative18 on
the mechanism of functional asymmetry. Plasmodium falcipa-
rum thioredoxin reductase is another disulfide reductase
subgroup enzyme for which intersubunit cooperativity was
considered in early work.19 While heterodimers of wild-type
enzyme and either C88A or C535A mutants are ca. 50% active
with thioredoxin, the wild-type/C88,535A heterodimer is
inactive. Recent studies with the flavin oxidoreductase LuxG20

and with three bacterial biotin carboxylases21 provide detailed
kinetic and structural evidence for half-sites-reactivity.
In the interest of evaluating the roles of the SaCoADR Tyr

residues, the role of intersubunit cooperativity in catalysis, and
the possible link between Tyr361 and/or Tyr419 and this
functional asymmetry, we have taken several approaches. First,
we determined the catalytic properties of the SaCoADR wild-
type/C43S heterodimer and the high-resolution structure of
the C43S mutant. Second, we performed reductive titrations on
each of the Tyr → Phe mutants and determined their crystal
structures. Finally, we also determined the crystal structures for

Scheme 1. Reductive Intermediates on NADPH Titration of
SaCoADR

Scheme 2. Proton Donors and Their Proposed Roles in
BaCoADR
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the SaCoADR enzymes as inhibited by each of the three
different Michael acceptor-containing CoAS-mimetics used in
the recent CoADR inhibition study.15 Taken together, the
results provide a perspective on intersubunit cooperation in
CoADR and on inhibition of this as yet unexploited drug target
that establishes a platform for probing the thiol-based redox
networks in S. aureus, B. anthracis, and other pathogens.6

■ EXPERIMENTAL PROCEDURES
Materials. NADPH and NADP+ were purchased from

Boehringer Mannheim or Sigma-Aldrich. Adenosine 2′,5′-
diphosphate agarose was purchased from Sigma. (CoAS)2 was
either purchased from Fluka or prepared as described
previously.15 All other chemicals, as purchased from sources
described previously,9 were of the best grades available.
Expression and Purification of Wild-Type and Mutant

SaCoADRs. Full-length wild-type and mutant (Y361F, Y419F,
Y361,419F, and C43S) SaCoADR proteins were expressed and
purified as previously described.9,13 Standard spectrophoto-
metric SaCoADR activity assays and anaerobic titrations were
performed as previously described for BaCoADR.2 The
following extinction coefficients were used (in M−1 cm−1):
NADPH, 6200 at 340 nm; NADP+, 18000 at 260 nm; (CoAS)2,
33600 at 260 nm; and wild-type SaCoADR, 12800 at 452 nm.13

Co-Expression and Purification of Wild-Type/C43S
SaCoADR Heterodimers in Escherichia coli C41(DE3). The
procedure for coexpression and purification of SaCoADR
homo- and heterodimers followed the general protocol
described by Krnajski et al.19 E. coli C41(DE3) cells were
transformed with an Ampr plasmid containing the wild-type cdr
with an N-terminal Strep-tag and a Cmr plasmid encoding the
C43S mutant (N-terminal His-tag). The protocol for large-scale
growth and expression was essentially as described by Wallen
et al.,9 but with both Amp and Cm supplementation of the growth
media. Cell-free extracts were processed as in Luba et al.,13

including both ammonium sulfate fractionation and affinity
chromatography with adenosine 2′,5′-diphosphate agarose. The
enriched total SaCoADR pool (ca. 125 mg of SaCoADR, based
on A450), in 20 mM Tris-HCl, 50 mM sodium phosphate, pH
8.0, containing 4 M NaCl, was applied to a Ni-NTA Superflow
(Qiagen) column equilibrated in the sodium phosphate buffer
containing 0.5 M NaCl. Some SaCoADR was collected in the
flow-through, presumably the Strep-tagged wild-type homo-
dimer, and the bound enzyme was eluted with a gradient from
0 → 250 mM imidazole in the phosphate/NaCl buffer.
Approximately 90 mg of SaCoADR, presumably heterodimer
plus C43S homodimer, resulted at this stage. When this pool
was applied directly to a StrepTactin column, a large volume
containing presumed C43S homodimer flowed through the
column. Elution, with the desthiobiotin-containing buffer
provided by the vendor, gave a small amount of presumed
wild-type/C43S heterodimer. A yield of ca. 3.6 mg of purified
SaCoADR Strep/His-tagged wild-type/C43S heterodimer was
estimated by A452.
Crystallizations. Crystals of C43S, Y361F, Y419F, and

Y361,419F SaCoADR were obtained, largely following the
protocol for wild-type enzyme.14 For the C43S mutant, the
optimal condition was 31% PEG 600, 0.4 M MgCl2, and 0.1 M
HEPES, pH 7.2, containing 1.3 mM NADP+ and 0.4 mM
(CoAS)2. The Tyr361 and Tyr419 mutants behaved similarly,
in the absence of (CoAS)2. Optimal conditions were 35−37%
PEG 600, 0.3−0.4 M MgCl2, and 0.1 M HEPES, pH 7.5, plus
1.3 mM NADP+. The best Y361,419F mutant crystals were

obtained in a nearly identical protocol, but with 27% PEG 600
and 0.4 M MgCl2 at pH 7.2. Growth and handling of crystals
for data collection followed the procedures published for wild-
type SaCoADR.14 For preparation of cocrystals of wild-type
SaCoADR with the three Michael acceptor-containing CoAS-
mimetics [prepared as described previously15], the enzyme was
first reduced using a 10-fold molar excess of NADPH:enzyme
to ensure proper inhibitor binding, followed immediately by the
addition of a 20:1 molar ratio of each of the respective
inhibitors. After a 1-h incubation on ice, the reduced enzyme−
inhibitor complex was buffer exchanged into 10 mM HEPES,
pH 7.2, using a 30 kDa MWCO Amicon concentrator, and
subsequently concentrated to >10 mg/mL. Sitting drop, vapor
diffusion crystallization experiments were performed as
previously detailed.14 Crystal nucleation formed within 3
days, growing into large crystals after 5 days. Crystals were
looped and flash frozen in liquid nitrogen in preparation for
X-ray data collection.

Data Collection, Structure Solution, and Refinements.
X-ray diffraction data for all SaCoADR mutants were collected
either in-house (C43S, Y361F) on a Rigaku Saturn-92 CCD
detector as described for native BaCoADR2 or at beamlines
X25 (Y419F) and X26C (Y361,419F) of the National
Synchrotron Light Source, using ADSC Quantum-315 and
Quantum-4 CCD detectors, respectively. Data sets were
indexed, integrated, and scaled in d*TREK,22 with model
building and refinements being carried out using CNS23 and
the 1.5 Å wild-type SaCoADR structure (PDB entry 1YQZ) as
the starting model. Final refinements were performed using
TLS24 plus restrained refinement in REFMAC5,25 with
COOT26 being applied for manual rebuilding and addition of
waters. X-ray diffraction data for the inhibitor complexes were
collected at the Advanced Photon Source at Argonne National
Laboratories using the SER-CAT ID-23 beamline. Crystals
were indexed in the space group P21, with unit cells of a = 76.5
Å, b = 64.8 Å, c = 94.6 Å, and β = 105°, α,γ = 90.0°. The
asymmetric unit was composed of two 51 kDa monomers.
Diffraction data were indexed, integrated, and scaled using
HKL2000.27 Table 1 summarizes the data collection statistics
for all structures. The inhibitor complex structures were phased
by molecular replacement using Phaser 28 and the wild-type
SaCoADR structure. Positive density was found in the Fo − Fc
SA-omit maps for the inhibitors which were covalently bound
to Cys43 in the active site. Ligand models and parameter files
were generated using the ProDRG server and JLigand.29

Structures were refined using simulated annealing, torsion angle,
and B-factor refinement using the Phenix software suite.30

Manual refinement of protein residues and inhibitor models was
completed using COOT. Refinement statistics for all models are
summarized in Table 2.

■ RESULTS
Spectral and Redox Properties of SaCoADR Tyr

Mutants. Luba et al.13 reported the results for dithionite and
NADPH titrations of wild-type and C43S SaCoADR. With
dithionite, the first equiv/FAD clearly reduces each Cys43-
SSCoA in each subunit of the wild-type dimer as evidenced
by a stoichiometric decrease in flavin fluorescence, with only a
minor change in the absorbance spectrum. With the second
equivalent of dithionite/FAD, the flavin is stoichiometrically
reduced. Importantly, it should be noted that no EH2-like
charge-transfer intermediate is observed at 1 equiv of dithionite/
FAD. Moreover, the same titration with wild-type BaCoADR2
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also fails to reveal any EH2-like charge-transfer intermediate at
1 equiv/FAD, giving instead an asymmetric redox intermediate,
E(FAD, Cys42-SH)A/E(FADH2, Cys42-SSCoA)B.
The dithionite titration with wild-type SaCoADR also

demonstrates that the Cys43-SSCoA redox center is effectively
fully reduced before flavin reduction is observed, at equilibrium.
The difference in redox potentials, E2 − E1, where E2 represents
reduction of oxidized wild-type SaCoADR to the EH2 (FAD,
Cys43-SH) form and E1 is the redox potential for EH2 (FAD)→
EH4 (FADH2),

31 is ca. 90 mV. In this respect SaCoADR is
similar to NADH peroxidase, a peroxidase-oxidase-reductase
subgroup enzyme with a Cys42-sulfenic acid (Cys42-SOH)
redox center.32,33 But, while both nonflavin redox centers
(Cys43-SSCoA and Cys42-SOH) are reduced preferentially
with dithionite, and with no evidence of intersubunit redox
asymmetry, only NADH peroxidase reveals the characteristic
EH2 charge-transfer interaction.
With this in mind, dithionite titrations were performed with

SaCoADR Y361F, Y419F, and Y361,419F mutants. Detailed
results are presented for the Y419F mutant (Figure 1) and are
very similar to those obtained with the double mutant. Both
mutants behave quite differently compared to the wild-type
enzyme, in that flavin reduction is observed in even early stages
of the titration; however, full flavin reduction is only seen at
2 equiv of dithionite/FAD. Flavin reduction is linear with equiv
dithionite added through ca. 1.1 equiv/FAD, and 56% of the
total ΔA454 is seen at 1 equiv/FAD. In contrast with wild-type
enzyme, the extents of reduction (at equilibrium) for the flavin
and nonflavin centers in Y419F SaCoADR are comparable,
demonstrating that Tyr419 plays a major role in contributing to
the difference in redox potentials, E2 − E1. One explanation, in
the absence of a more quantitative analysis, is that Tyr419-OH
has a key stabilizing effect on (Cys43-SH + CoASH) in the
[Cys43-SSCoA/(Cys43-SH + CoASH)] redox couple, and this
is consistent with the structure of the BaCoADR EH2·CoASH·
NAD(P)H complex. In this context, the structure of the reduced
BaCoADR Y425F mutant would be quite relevant.
With NADPH, the earlier work of Luba et al.13 showed that

titration of wild-type SaCoADR was also biphasic, but in a
manner strongly supportive of intersubunit redox asymmetry. In
contrast to reduction with dithionite, the first equiv of NADPH/
FAD clearly gives significant flavin reduction; however, only one
flavin/dimer is reduced. The second flavin/dimer is not reduced
(at equilibrium) on addition of 2.4 equiv NADPH/FAD. The
redox scheme (Scheme 1) proposed to account for these
observations is provided above (see the Introduction). NADPH
titration of Y419F SaCoADR (Figure 1) also shows flavin
reduction in early stages of the experiment. However, in contrast
to wild-type SaCoADR, full (100%) formation of the
E(FADH2·NADP

+, Cys43-SSCoA) intermediate is observed at
1 equiv of NADPH/FAD. The strong FADH2·NADP

+ charge-
transfer band centered at 750 nm is very similar to that observed
with C43S SaCoADR on NADPH titration13 and is, at the same
time, qualitatively different from that seen in the wild-type
SaCoADR experiment. As the second equiv of NADPH/FAD is
added, there are saturable, stoichiometric changes in absorbance
at 454 and 750 nm, and the presence of excess (beyond 1 equiv/
FAD) NADPH is clearly indicated at 340 nm. As NADP+

binding to the wild-type SaCoADR EH2 form is associated with
stoichiometric changes in A452,

13 we interpret this phase as
representing partial displacement of bound NADP+ in the
presence of excess NADPH. A similar observation was made in
NADPH titrations of C43S SaCoADR. However, it appears as ifT
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only a small fraction of enzyme molecules reflect this NADPH
effect, as addition of NADPH to 7.6 equiv/FAD gives little if
any further change in A452. Two additional observations can be
made: (1) there is no spectral evidence for any intersubunit
redox asymmetry on NADPH titration of the Y419F mutant, in
dramatic contrast to the behavior of wild-type SaCoADR, and
(2) while the absorbance changes brought on in the presence of
excess NADPH could reflect intramolecular conversion of some
E(FADH2·NADP

+, Cys43-SSCoA) (EH2′) to E(FAD·NADPH,
Cys43-SH): (a) this would clearly be substoichiometric, and (b)
we have no direct evidence for Cys43-SSCoA reduction in the
Y419F titration with NADPH; the spectral course is very similar
to that for C43S SaCoADR. The crystal structure clearly shows
2 CoAS-/dimer, present as the respective Cys43-SSCoA
disulfides, in the Y419F mutant. The NADPH titration behavior
of Y361F SaCoADR is quite similar to that of wild-type enzyme,
and that of the Y361,419F double mutant is very similar to that
described for the Y419F mutant.a Given that Tyr419 is
structurally equivalent with His439, the very important acid−
base catalyst required for GS-I protonation in E. coli GR,34 the
kinetic analysis of the GR H439A mutant also demonstrated an
altered, rate-limiting intramolecular electron transfer from that
E(FADH2·NADP

+) intermediate to the redox-active Cys42-
Cys47 disulfide.
Specific Activities of Recombinant SaCoADR Homo-

and Heterodimers. Recombinant wild-type SaCoADR gives
specific activities of 29−34 units/mg (kcat = 25−29 s−1) in the
standard spectrophotometric assay.13 The C43S enzyme has
only ca. 0.03% activity relative to wild-type SaCoADR. If the
intersubunit redox asymmetry observed on NADPH titration is
translated to half-the-sites reactivity in the catalytic cycle, the
wild-type/C43S heterodimer would be expected to have the
same specific activity as wild-type homodimer. Coexpression of
wild-type and C43S constructs in E. coli C41(DE3) cells resulted
in Strep-tagged wild-type homodimers, His-tagged C43S
homodimers, and Strep/His-tagged wild-type/C43S hetero-
dimers. Affinity purification over 2′,5′-ADP agarose, Ni-NTA,
and StrepTactin resins gave ca. 3.6 mg of wild-type/C43S hetero-
dimer. Specific activities in the standard assay were found to be
(1) wild-type homodimer, 25 units/mg; (2) C43S homodimer,
0.3 units/mg; and (3) wild-type/C43S heterodimer, 11 units/mg.
The heterodimer is ca. 44% as active as wild-type homodimer;
this result is consistent with full-site reactivity in wild-type

SaCoADR. On this basis we conclude that the intersubunit redox
asymmetry is not reflected in any half-the-sites catalytic activity.

Crystal Structures of SaCoADR C43S and Tyr Mutants.
The absence of covalently bound CoAS- in C43S CoADR was
originally demonstrated by mass spectrometry.13 As expected,
both dithionite and NADPH titrations led directly to
stoichiometric flavin reduction, yielding the E(FADH2·NADP

+)
complex in the latter case. The structure of C43S SaCoADR
has now been determined to 1.7 Å resolution and refined to an
Rfree value of 19.2%. The overall tertiary structures of wild-type
and C43S enzyme are very similar, with an all-atom rmsd of
0.12 Å. The prime interest is residue 43 and its environment,
including the residues of the CoAS-binding cleft. No density
corresponding to CoAS- is observed in the mutant. Figure 2
gives Fo − Fc SA-omit electron density for the C43S SaCoADR
active site, including Ser43, Tyr361′, Tyr419′, and portions of
the FAD, together with the refined model. The Ser43 side chain
adopts two conformations, and the superposition with the
active site of the reduced BaCoADR·CoASH·NADH complex
reveals that the primary β (“external”) conformation corre-
sponds to that for Cys42-Sγ in the reduced BaCoADR
structure,2 with optimal Ser43-Oγ―Tyr-OH distances of
2.52 and 2.72 Å, respectively, for Tyr361′ and Tyr419′. The
secondary α (“internal”) conformation gives a proximal Ser43-Oγ

to FAD-C4a distance of 2.9 Å but is unfavorable for interactions
with either Tyr. In our analysis of the BaCoADR structure, we
concluded that the external (now β) conformation resulted from
the presence of tightly bound, reduced CoASH (CoAS-I). The
present observation with C43S SaCoADR, demonstrating that
an external conformation for the isosteric Ser side chain is well
populated, indicates that the equivalent Cys43-Sγ conformer may
also be populated to a significant extent during catalysis ―
and in the absence of bound CoASH product. A similar external
conformation for Cys44-Sγ in the E. coli lipoamide dehydrogen-
ase EH2 form could correspond to the fluorescent species I
identified in dithionite titrations.35 As discussed previously, an
α-like conformation for BaCoADR Cys42-S− is required for both
the charge-transfer interaction with the flavin and nucleophilic
attack on (CoAS)2.
In the 1.5 Å resolution wild-type SaCoADR structure,14 a

chloride ion was identified in the active site, as confirmed by
anomalous dispersion data. A strong interaction with Tyr361′-
OH (3.1 Å) was described, and this chloride was taken to

Table 2. Crystallographic Refinement Statistics for Wild-type SaCoADR Complexes with the Three Michael
Acceptor-Containing CoAS-Mimetics and for SaCoADR C43S and Tyr Mutants

C43S Y361F Y419F Y361,419F EtVC-CoA MeVS-CoA PhVS-CoA

R-work 0.193 0.185 0.178 0.180 0.164 0.179 0.153
(0.263)a (0.253) (0.272) (0.268) (0.187) (0.262) (0.225)

R-free 0.232 0.226 0.201 0.207 0.218 0.226 0.202
(0.318) (0.315) (0.284) (0.275) (0.246) (0.321) (0.362)

molecules per asymmetric unit (AU) 2 2 2 2 2 2 2
no. of amino acids per AU 874b 874 874 874 874 876c 876
no. of waters per AU 939 1216 1268 1285 226 998 1084
average B-factors 22.81 22.24 18.18 16.99 33.67 26.69 20.66
Stereochemical ideality

bond length rmsd (Å) 0.030 0.006 0.005 0.005 0.02 0.008 0.01
bond angle rmsd (deg) 2.220 1.047 1.032 1.027 1.816 1.719 1.758
Φ,Ψ preferred (%) 98 97 98 98 94.6 97.5 97
Φ,Ψ allowed (%) 1.7 2.6 1.6 1.6 4.4 2.3 2.6
Φ,Ψ outliers (%) 0.23 0.34 0.34 0.34 1.0 0.20 0.34

aNumbers in parentheses represent data for the highest-resolution shell. bSaCoADR dimer. cLys438 included in the final refined model.
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represent the position of the modeled CoAS-II binding mode.
In addition, the external conformation of the Cys42 side chain
in the reduced BaCoADR complex places Cys42-Sγ in contact
violation (2.2 Å) with the SaCoADR chloride, as determined
from a superposition. Though not confirmed by anomalous
dispersion, a chloride ion is also found in the same position in

each of the mutant structures. While we anticipated that the
external β conformer of C43S SaCoADR would position
Ser43-Oγ in contact violation with the chloride, this is not the
case. Ser43-Oγ in this conformer is shifted relative to Cys42-Sγ of
the reduced BaCoADR complex and is 2.8 Å from the chloride.
The observation of this chloride in all mutant structures is generally
consistent with the absence of synchrotron reduction ―
excepting the Y361,419F double mutant ― observed
with SaCoADR versus BaCoADR2 and BaCoADR-RHD9

crystals.
The CoAS-binding cleft in wild-type SaCoADR14 consists of

residues from both segments of the FAD-binding domain
(chain A) as well as from the Interface domain (chain B). In
particular, the pantetheine-4′-pyrophosphate component is very
important to the CoAS-:protein interaction in oxidized wild-type
enzyme, with a combination of salt bridges, hydrogen-bonding

Figure 1. Dithionite and NADPH titrations of Y419F SaCoADR. (A)
The enzyme (53.6 μM, in 1.0 mL of 50 mM potassium phosphate, pH
7.0, plus 0.5 mM EDTA) was titrated with a 7.5 mM solution of
dithionite. Spectra shown, in order of decreasing absorbance at 454
nm, correspond to the addition of 0 (red), 0.56 (blue), 0.93 (green),
1.48 (black), and 2.04 (orange) equiv of dithionite/FAD. Inset:
Absorbance change at 454 nm versus added dithionite. The end point
corresponds to 1.69 equiv of dithionite/FAD. (B) The enzyme (42.7
μM, prepared as above) was titrated with a 5.4 mM solution of
NADPH. Spectra shown, in order of decreasing absorbance at 454 nm,
correspond to the addition of 0 (red), 0.2 (blue), 0.4 (green), 0.6
(black), and 1.0 (magenta) equiv of NADPH/FAD. The increase in
A454 on addition of a second equiv (cyan) of NADPH/FAD
corresponds to partial formation of the EH2·NADPH species given
in Scheme 1. (C) Absorbance changes at 454 (red circles) and 750 nm
(blue squares) versus added NADPH. The end points (ΔA454)
correspond to 1.0 and 2.05 equiv of NADPH/FAD.

Figure 2. (A) Stereoview of the SaCoADR C43S mutant, focusing on
the active site. The refined model includes FAD (color-coded by atom
type, with portions omitted for clarity), both conformations (α and β)
of the Ser43 side chain, and Tyr361′ and Tyr419′. An Fo − Fc SA-omit
map is shown contoured at 1.5σ. All protein residues are color-coded
by atom type, with Cα and side chain carbon atoms colored cyan and
magenta for chain A and chain B of the homodimer, respectively.
Chain A secondary structural elements are rendered as 50%
transparent. (B) Superposition of the SaCoADR C43S mutant and
the BaCoADR EH2·CoASH·NADH complex. The refined model for
the reduced BaCoADR complex includes FAD, CoASH (carbon
atoms colored orange), NADH (carbon atoms colored slate blue),
Cys42-SH, and active-site Tyr residues 367′ and 425′. Color-coding
for SaCoADR is as in (A), above, with the active-site chloride ion
represented as a green sphere. Side chain carbon atoms for BaCoADR
chain A and chain B residues are colored light gray and dark gray,
respectively. Most notable is that the external, β-conformation of the
Ser43 side chain in the mutant adopts the same conformation as that
of Cys42-SH in the reduced BaCoADR structure. Secondary structural
elements are rendered as 50% transparent.
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interactions, and hydrophobic contacts involving the pantothenic
acid moiety. Even the bound CoASH of the reduced BaCoADR
complex remains well ordered,2 with the analogous protein
contacts preserved. We expected that the absence of the large,
extended CoAS- in C43S SaCoADR could also lead to
rearrangements within the cleft, proximal to the FAD in the
active site. Figure 3 gives an overlay for wild-type and C43S
SaCoADR, focusing on several residues known to interact with
bound CoAS- in the cleft. There are two significant differences
noted within the cleft. The Lys427′ side chain normally interacts
through a salt bridge with the 4′-phosphopantetheine moiety of
bound CoAS-; in the C43S mutant, two conformations are
observed for Lys427′. One superimposes very well with the same
residue in the wild-type structure, even though CoAS- is absent
in the mutant. The second conformer is stabilized by a new
hydrogen-bonding interaction with Gln19-Oε1. Second, with
similar resolutions of 1.7 and 1.5 Å, there are 11 additional
waters in the CoAS-binding cleft of the C43S CoADR structure,
relative to wild-type. These waters take the place of the bound
CoAS-, either replacing the adenosine moiety (two waters) or
other CoAS- components (nine waters) more proximal to Ser43.
In human erythrocyte GR, a structural analysis showed that
NADPH binding physically displaced 14 waters;16 in both GR
and CoADR, bound water molecules mimic the polar groups of
the respective adenine nucleotide and may contribute to the
favorable entropic component for ligand binding.
The structures of Y361F and Y419F SaCoADR mutants have

been determined to resolutions of 1.8 and 1.5 Å, respectively
(Rfree = 21.0 and 19.7%). All-atom rmsd values are 0.08−0.1 Å

from comparisons with wild-type enzyme, confirming the
absence of major structural differences. Both active sites of both
asymmetric units contain oxidized Cys43-SSCoA redox centers,
even after exposure to synchrotron radiation during data
collection. There is no specific perturbation in the juxtaposition
of Cys43-SSCoA and FAD that would indicate unfavorable
FADH2 → Cys43-SSCoA electron transfer. Considering the
40-fold reduction in kcat/Km(MMTS)9 and the altered redox pro-
perties observed in titrations with the NADPH substrate, both
with Y419F SaCoADR, and the dramatically reduced activity
observed with (CoAS)2 for the equivalent Y425F mutant of
BaCoADR,2 the Y419F SaCoADR structure confirms that these
are not due to global structural changes in the oxidized enzyme.
The structure of the Y361,419F double mutant, determined

to 1.5 Å resolution (Rfree = 20%), reveals partial reduction
(ca. 50%) of both Cys43-SSCoA per asymmetric unit.a As the
behavior of the double mutant in both MMTS reduction
kinetics and NADPH titrations is very similar to that of the
Y419F mutant, we interpret these catalytic and redox properties
as a primary consequence of the Tyr419 replacement. The
absence of activity in the (CoAS)2 reduction assay with the
equivalent BaCoADR double mutant, compared with the residual
activity observed with the Y425F mutant, reflects the role of
BaCoADR Tyr367′ as a cryptic proton donor.

Crystal Structures of SaCoADR-Inhibitor Complexes.
Following on the successful development of irreversible inhibitors
of cysteine proteases such as cathepsin K36 and cruzain37 ―
targeting the respective active-site cysteine residues with electro-
philic Michael acceptor-containing substrate analogues ― the

Figure 3. (A) Overlay of the wild-type and C43S mutant SaCoADR crystal structures, focusing on the CoAS-binding cleft. In addition to FAD,
Cys43-S-, and Tyr361′ and Tyr419′, key residues known to interact with the CoAS- moiety within the active-site cleft are indicated for the wild-type
structure, with carbon atoms colored light gray and dark gray for chains A and B as before. CoAS- has been omitted from the model for clarity. Chain
A and B carbon atoms for the mutant are colored cyan and magenta, as before. Notably, side chains lining the cleft maintain the conformations found
in the wild-type structure, even in the absence of bound CoAS-. Lys427′, however, adopts two conformations in the C43S mutant structure
attributed to this absence. Secondary structural elements are rendered as 50% transparent. (B, left) Overlay from (A), above, but including the full
Cys43-SSCoA model (CoAS- carbon atoms now in dark gray). (B, right) Same view as in (B, left), but now including the new bound solvent waters
(red spheres) that are recruited into the cleft in the absence of CoAS-. CoAS- has been omitted from the wild-type SaCoADR model as in (A),
above.
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Strauss laboratory recently demonstrated that a similar strategy
can be used for the irreversible inhibition of SaCoADR.15 In their
study, Michael acceptor-containing CoAS-mimetics were pre-
pared as electrophilic traps for the active-site Cys43 residue; this
was accomplished by replacing the thiol of CoASH with one of
three different electron-withdrawing groups, resulting in CoAS-
analogues that contained either an α,β-unsaturated ethyl ester
(EtVC-CoA), a methyl vinyl sulfone (MeVS-CoA), or a phenyl
vinyl sulfone (PhVS-CoA) moiety, respectively (Scheme 3).
These mechanism-based inhibitors operate in a two-step process
that involves reversible binding (Ki ca. 40 nM for PhVS-CoA)
followed by slow (kinact ca. 0.02 s−1) conjugate addition of the
SaCoADR Cys43-S− to the inhibitor. As the crystal structures of
cathepsin K and cruzain complexed with the respective inhibitors
accelerated structure-based drug design programs in both
cases,36,37 we undertook structural analyses of SaCoADR
complexed with each of three CoAS-mimetics. Moreover, we
hoped that such complex structures would provide further insight
into the roles of Tyr361′ and Tyr419′ as proton donors in the
SaCoADR-catalyzed reaction, considering that protonation of the
intermediate that forms on conjugate addition of Cys43-S− to the
inhibitor is essential to ensure irreversible, covalent attachment to
the enzyme (Scheme 3).
The inhibited enzyme complexes were prepared by incubating

SaCoADR with NADPH (10 equiv/FAD) and inhibitor (20
equiv/FAD) on ice for 1 h. Following buffer exchange and
crystallization, synchrotron data sets were collected for complexes
with PhVS-CoA, MeVS-CoA, and EtVC-CoA. The structures
were determined to resolutions of 1.8 Å (Rfree = 20.2%), 2.0 Å
(Rfree = 22.6%), and 2.4 Å (Rfree = 21.8%) (Table 2). Again, the
overall tertiary structures are very comparable to that of oxidized
(Cys43-SSCoA) SaCoADR, with all-atom rmsd values for the
respective dimers of 0.11−0.16 Å.
Figure 4 gives the Fo-Fc SA-omit map contoured at 1.2σ, for

the active-site region of the SaCoADRMeVS-CoA complex;
this map illustrates the accuracy of the final refined model and

is representative of those calculated for each complex. Each of
the final refined models includes one FAD and one inhibitor
molecule per active site (Figure 5). As the asymmetric unit
corresponds to the biological dimer, it is clear that inhibitor is
bound in both active sites per enzyme molecule, with full
occupancy. In combination with the activity data for the wild-
type/C43S SaCoADR heterodimer presented above, this
observation of full inhibitor occupancy in each subunit supports
the conclusion that SaCoADR does not operate via half-the-
sites reactivity. Each inhibitor has formed a covalent attachment
between its β-carbon (relative to the electron-withdrawing
group) and the enzyme Cys43-Sγ ― as expected for a
Michael addition of the Cys residue to the inhibitor. Moreover,
in all three inhibitor complexes the -dethia-CoA moiety is
clearly present in the CoAS-I site ― the same site occupied
by the Cys43-SSCoA redox center in oxidized SaCoADR. We
earlier identified an unoccupied cleft adjacent to bound

Scheme 3. Mechanism-Based Inhibition of SaCoADR by Covalent Modification of the Active Site Cys43 through Nucleophilic
Addition to the Michael Acceptor-Containing CoAS-Mimetics

Figure 4. Stereoview of the inhibited SaCoADR―MeVS-CoA
complex, focusing on the active site. The presentation is similar to that
given in Figure 2A for the C43S mutant but includes Cys43 of the
wild-type enzyme as modified with MeVS-CoA. Chain A and B protein
residues are color-coded, with carbon atoms in cyan and magenta,
respectively. FAD and bound MeVS-CoA are color-coded by atom
type, with FAD carbon atoms in yellow and MeVS-CoA carbon atoms
in orange. An Fo − Fc SA-omit map contoured at 1.2σ is shown for
MeVS-CoA. Secondary structural elements are represented as
transparent.
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CoAS-;14 in the inhibitor complexes this cleft is also unoccupied
and provides ample opportunity for the elaboration of inhibitor
structures.
One consideration for the exclusive association with the

CoAS-I site is whether the polar sulfone or carboxyl moieties of
the inhibitors contribute strongly to productive binding and
inactivation. In each of the four cruzain-inhibitor complexes,37

including that with a phenyl vinyl sulfone inhibitor (VSI)
structurally equivalent to PhVS-CoA, there are four hydrogen
bonds between one sulfone oxygen (O35) and the protein.
These were noted to outweigh other potential interactions and
to lock the inhibitor into the observed orientation. Although
unproven, it is likely that these same electrostatic interactions
contribute to inhibitor binding to cruzain.b In all three
SaCoADR-inhibitor complexes, the respective sulfone and
carboxyl moieties occupy the chloride binding site described for
oxidized SaCoADR, which provides hydrogen-bonding inter-
actions with Cys43-N, Tyr361′-OH, and an active-site water
molecule. The 1.5 Å resolution structure of oxidized SaCoADR
identified 12 polar interactions between CoAS- and protein res-
idues; four additional residues provide hydrophobic contacts.14

There are also 13 solvent waters identified as ligands to CoAS-.
As indicated in Figure 6 and in Table 3, these protein inter-
actions are conserved ― with two exceptions ― in the
1.8 Å resolution SaCoADR−PhVS-CoA structure. There is no

hydrogen bond between Thr15-OH and the pantothenic acid
2′-OH, and Arg22-Nη2 does not appear to interact directly with
the ribose 2′-OH. However, much more significant is the
presence of new electrostatic interactions between one of the
sulfone oxygen atoms and both Tyr361′-OH (2.5 Å) and
Tyr419′-OH (3.2 Å). This environment for the PhVS- moiety
resembles that observed in the analogous cruzain-VSI complex.
Additionally, there is a hydrophobic interaction between the
phenyl ring of the inhibitor and Pro426, which hovers above it.
The conformation of the -dethia-CoA moiety of the bound
PhVS-CoA inhibitor is essentially identical to that seen for
CoAS- in oxidized SaCoADR. For example, the adenine base is
partially solvent-exposed and interacts via a cation-π stacking
mode with the Arg22 guanidinium moiety, and the 3′-phosphate
and ribose are entirely solvent exposed.
For the cruzain-VSI complex the position of the phenyl ring

was determined solely via the electrostatic lock on oxygen O35
of the sulfone group.37 There is an end-on interaction with the
indole ring of Trp177, but there are no π-stacking interactions.
In comparison with the SaCoADR―PhVS-CoA complex,
the MeVS-CoA inhibitor conserves all 12 polar interactions
found with CoAS- in the oxidized enzyme but lacks the
Tyr419′−OH interaction with the sulfone oxygen. There are
eight solvent waters identified in this LIGPLOT analysis. The
EtVC-CoA inhibitor lacks both Ser39 and Asn42 interactions,
the carboxyl oxygen has no contact with either Tyr, and only
one solvent water (at the resolution of 2.4 Å) is identified. The
decrease in the number of interactions moving from PhVS-CoA
to MeVS-CoA to EtVC-CoA seems to be borne out by
competitive inhibition Ki values determined for these three
inhibitors (Table 4) ― 0.04 μM, 0.3 μM, and 0.66 μM,
respectively.15 The calculated ΔGi values therefore increase
(are less favorable) by 1.7 kcal/mol through the series.

■ DISCUSSION
CoASH-Based Thiolomes as Targets. The success of S.

aureus and B. anthracis as bacterial pathogens is dependent on
the ability of each to circumvent the innate immune system of
the human host.38,39 Low-molecular-weight thiols such as GSH
serve as important intracellular redox buffers in bacteria to
counter this challenge.40,41 S. aureus and B. anthracis, however,
are known to lack GSH;12,42 CoASH and the recently identified
bacillithiol (Cys-GlcN-malate) replace it.6,7 In E. coli, the
reduced form of GSH is required for all of its known functions,
and the disulfide reductase subgroup enzyme GR is responsible
for NADPH-dependent GSSG reduction.43 Similarly, the peroxidase-
oxidase-reductase subgroup enzyme CoADR has been characterized
in detail in both S. aureus 14 and B. anthracis 2 ― in our
selection of nine NIAID bacterial pathogens, seven have one
or more of the CoADR isoforms. Recently, CoADR has also
been shown to be essential for infection of the mammalian
host by the “newly recognized” NIAID pathogen, Borrelia
burgdorferi.44

Synchrotron Reduction of Cys-SSCoA Redox Centers,
Cys-SH Conformations, and Reaction Coordinates. The
stability of the SaCoADR Cys43-SSCoA center to potential
synchrotron reduction may be due to the presence of the well-
ordered chloride ion 3.8 Å from the CoAS- sulfur.14 Although
the chain B CoAS- moiety is less well ordered, electron density
for the disulfide remains well-defined. In contrast, both
BaCoADR Cys42-SSCoA and BaCoADR-RHD Cys44-SSCoA
centers are subject to synchrotron reduction, the latter to an
extent of ca. 50%.2,9 As described earlier, the naturally reduced

Figure 5. (A) Asymmetric unit for the inhibited SaCoADR―-
MeVS-CoA complex, corresponding to the biological dimer. Each
active site includes one Cys43―MeVS-CoA adduct. All elements
are color-coded as in Figure 4. (B) Overlay of the three inhibitor-
bound SaCoADR complexes, showing covalently bound MeVS-CoA
(carbon atoms colored pink), PhVS-CoA (carbon atoms colored
green), and EtVC-CoA (carbon atoms colored blue) inhibitors. The
MeVS-CoA complex conserves all 12 polar interactions seen with
bound CoAS- in wild-type SaCoADR. Tyr361′-OH interacts with one
sulfone oxygen in both MeVS-CoA and PhVS-CoA complexes, and
Tyr419′-OH interacts similarly in the PhVS-CoA complex structure.
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Cys42-SH side chain of the BaCoADR EH2·CoASH·NAD(P)H
complex adopts a new external conformation in which Cys42-Sγ
interacts with both Tyr367′-OH and Tyr425′-OH. While this

conformation has been attributed to the tightly bound CoASH
product, it may be populated to some extent during catalysis.
In the inactivated structures of SaCoADR presented in this

work, Cys43-Sγ adopts the internal conformation seen in the
oxidized Cys43-SSCoA enzyme. While this favorable comparison
for Cys43-SSCoA and Cys43-SCHR′CH2SO2Ph (R′ = -dethia-
CoA) conformations is anticipated, the nucleophilic attack of
Cys43-S− in the catalytic cycle, comparing the natural (CoAS)2
substrate disulfide with the Michael acceptor-containing CoAS-
mimetic, reveals insights into the respective transition states. In
the former case, both Cys43-Sγ and the CoAS-I sulfur [of
(CoAS)2] represent divalent sulfur; both atoms exhibit sp3

hybridization. In earlier work Rosenfield et al.45 analyzed crystal
structures of small molecules containing divalent sulfur in order
to establish preferred directions of nucleophilic attack (e.g., by
Cys43-S− on CoAS-I sulfur). For nonbonded S···S intermo-
lecular contacts, the nucleophilic center tends to approach the
complementary sulfur ca. along the extension of one of the
covalent bonds to that electrophilic center, i.e., in plane. This
SN2-like displacement involves no change in bond order about
CoAS-I sulfur (Scheme 2). The same applies as Cys43-S− attacks
the divalent sulfur center of MMTS.
However, the electrophilic carbon center of the Michael

acceptor-containing CoAS-mimetics is sp2 hybridized with trigonal
planar geometry relative to its -dethia-CoA, -H, and Cα

neighbors. This raises several stereochemical and conformational
questions for the reaction coordinate. First, does the proton
addition to Cα follow a syn or anti stereochemical course? Second,
presuming the -dethia-CoA moiety serves as a conformational
anchor in the addition reaction, the Cα-SO2Ph moiety will

Figure 6. (A) LIGPLOT representation of polar protein and solvent water interactions with CoAS- in the wild-type SaCoADR crystal structure.
These interactions are generally conserved in all three (MeVS-CoA, PhVS-CoA, and EtVC-CoA) inhibitor bound crystal structures, as detailed in the
text. (B) LIGPLOT representation of polar protein interactions with the PhVS-CoA inhibitor in the structure of that complex. A number of residues
lining the active-site cleft provide electrostatic and hydrogen-bonding interactions with the -dethia-CoA moiety and with one sulfone oxygen of the
inhibitor. Additional hydrogen-bonding interactions with the -dethia-CoA portion are indicated with ordered water molecules. All color coding is as
in Figure 5B.

Table 3. Polar Interactions with CoAS− and PhVS-CoA in
Oxidized SaCoADR and the SaCoADR-Inhibitor Complex

oxidized SaCoADR SaCoADRPhVS-CoA complex

protein and CoAS-
atomsa

D···A
(Å) protein and PhVS-CoA atoms

D···A
(Å)

Thr15-Oγ···CoAS-OAP 2.7 no contact with Thr15
Ser18-Oγ···CoAS-O5A 2.8 Ser18-Oγ···PhVS-CoA-O5A 3.1
Ser18-Oγ···CoAS-O2A 3.2 Ser18-Oγ···PhVS-CoA-O2A 3.3
Gln19-Nε2···CoAS-N7A 2.8 Gln19-Nε2···PhVS-CoA-N7A 2.8
Gln19-Nε2···CoAS-O5A 2.8 Gln19-Nε2···PhVS-CoA-O5A 3.2
Gln19-Oε1···CoAS-N6A 2.9 Gln19-Oε1···PhVS-CoA-N6A 2.8
Arg22-Nη2···CoAS-O2B 3.1 Arg22-Nη2···WAT319···PhVS

-CoA-O1A
3.0/2.6

Ser39-Oγ···CoAS-O9P 2.6 Ser39-Oγ···PhVS-CoA-O9P 3.0
Asn42-Oδ1···CoAS-N4P 3.0 Asn42-Oδ1···PhVS-CoA-N4P 2.6
Lys71-Nζ···CoAS-O2A 2.9 Lys71-Nζ···PhVS-CoA-O1A 3.1
His299-Nε2···CoAS-O5P 2.8 His299-Nε2···PhVS-CoA-O5P 2.7
Lys427′-Nζ···CoAS-O4A 2.7 Lys427′-Nζ···PhVS-CoA-O4A 2.7

Tyr361′-Oη···PhVS-CoA-
SO(O35)

2.5

Tyr419′-Oη···PhVS-CoA-
SO(O35)

3.2

aAtom labeling for CoAS- is derived from the Protein Data Bank
ligand summary.50 Atom labeling for PhVS-CoA is based directly on
that for CoAS-, with that for O35 of the sulfone group being taken from
that for the equivalent sulfone oxygen in the cruzain-VSI complex,37 as
described in the text. See also ref 51.
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change position in the reaction coordinate, as the Cβ electrophilic
center assumes tetrahedral, sp3 character. This may contribute
additional transition-state stabilization in the conjugate addition
reaction, which is 80-fold faster (kass) for R = −SO2Ph than for
−SO2Me.15 The inactivation kinetics with R = −CO2Et, −SO2Me,
and −SO2Ph can be compared with the reaction kinetics for
SaCoADR with both (CoAS)2

13 and with MMTS (Table 3).9

From the individual kinetic parameters and specificity constants
(inhibitor potencies), values for the binding energies and free
energies of activation have been calculated for these reactions.
Nucleophilic Additions of Thiols to Disulfides versus

Michael Acceptors. For the inactivation of cruzain with one
series of phenyl-containing vinyl sulfone inhibitors, Brinen et al. 37

reported values for kass (see Table 4) ranging from 105−107
M−1 s−1 at room temperature. In complexes with each of four
inhibitors, the electrostatic contributions of hydrogen bond
interactions with at least one sulfone oxygen lock each inhibitor
in the observed orientation. For the VSI inhibitor, kass = 3.2 ×
105 M−1 s−1 corresponds to ΔG‡

T = 9.9 kcal/mol; increasing
length for the spacer connecting the sulfone component with the
P1′ phenyl appears to have a favorable effect on kass. To the
extent that reported IC50 values represent competitive Ki
parameters, this also reflects a favorable effect on ΔGi for
increased inhibitor length. The reaction between cruzain Cys25
and VSI in fact mimics that for the formation of the “tetrahedral
intermediate” in protease catalysis.46 While the VSI phenyl group
is proximal to the P1′ binding site, with the addition of atoms
between the phenyl ring and the sulfone moiety contributing
favorably to kass (and thus, to ΔG‡

T), these observations suggest
that the peptidyl component must move in the transition state.
Although direct evidence that the sulfone group is locked in
place on VSI binding is lacking, this remains the working
conclusion.b

The kass values determined for cruzain (Cys25)37 and
SaCoADR (Cys43)15 to similar phenyl vinyl sulfone-based
Michael acceptor-containing mimetics (VSI and PhVS-CoA,
respectively, as corrected for different reaction temperatures)
differ by ca. 16-fold in favor of the cruzain reaction. This
corresponds to a ΔΔG‡

T of ca. 2 kcal/mol, in part reflecting the
non-natural conformational change about Cβ of the PhVS-CoA
electrophilic center in the reaction coordinate for SaCoADR
Cys43 reaction. The kass value of 4 × 104 M−1s−1 determined
for SaCoADR and PhVS-CoA at 37 °C is ca. 2 orders of

magnitude lower than kcat/Km[(CoAS)2] (9.0 × 106 M−1 s−1)
measured at 25 °C. While this corresponds to a ΔΔG‡

T of ca.
3.6 kcal/mol (not correcting for different reaction temper-
atures) favoring reduction of (CoAS)2 over reaction with the
CoAS-mimetic, the calculated ΔGi for PhVS-CoA is 3 kcal/mol
more favorable than ΔGs calculated for (CoAS)2.
The rates of reaction for an organic thiol with compounds

similar to those in the cruzain series have been reported, but only
as relative rates.47 Szajewski and Whitesides48 have analyzed the
reactions of organic thiols, both with free GSSG and with
protein-SSCH3 (and other) disulfides. The observed correlation
between thiol pKa and rate of nucleophilic attack on GSSG was
interpreted in support of a simple SN2 transition state, as
suggested by crystallographic analyses cited previously,45 yielding
a preferred direction of approach for a sulfur nucleophile to a
disulfide along that S−S axis. There is significant negative charge
on all three S atoms in this transition state (Snuc···Sc···Slg), but
it is concentrated on Snuc and Slg. While rates of GSSG reduction
in these model studies are generally slow, the reaction rates of
thiols with papain Cys25-SSCH3, for example, approach 8300
M−1 s−1 (= k1) for 2-mercaptoethanol.49 There is no evidence
from this work to suggest deviation from the SN2 displacement
reaction previously described for thiol-disulfide interchange; local
factors contributing to Cys-S− leaving group acidity, rather than
steric effects of protein structure, dominate the reactivity as
observed.

Inhibitor Design Potential. The observation that the
covalent inhibitors ― detailed in the cocrystal structures
reported here with S. aureus CoADR ― leave unoccupied
space in the CoAS-II binding cleft has been noted. Additionally,
it is clear that Tyr361′ and Tyr419′ assist in locking down the
inhibitors, as outlined in Figures 5B and 6B. Thus, there is good
evidence that the existing compounds provide a strong starting
point for novel inhibitor design. Indeed, next generation
inhibitors could be designed to exploit the open space in the
CoAS-II binding cleft, and in so doing provide increased
binding affinity and selectivity for the target enzymes in a range
of host organisms. If such compounds could be developed and
validated, they could contribute both basic and translational
leads in the search for new clinical approaches to several
NIAID priority pathogens, such as S. aureus, B. anthracis, and
B. burgdorferi.

Table 4. Kinetic Parameters and Associated Free Energies for SaCoADR Catalysis and Inactivation

T = 298 K Km kcat kcat/Km ΔGS
a ΔG‡

T
b ΔG‡c

(CoAS)2
wild-type 3 μM 27 s−1 9.0 × 106 M−1 s−1 −7.5 kcal·mol−1 8.0 kcal·mol−1 15.5 kcal·mol−1

MMTS
wild-type 78 μM 6.4 s−1 8.2 × 104 M−1s−1 −5.6 kcal·mol−1 10.7 kcal·mol−1 16.3 kcal·mol−1

Y361F 47 μM 10.4 s−1 2.2 × 105 M−1s−1 −5.9 kcal·mol−1 10.2 kcal·mol−1 16.1 kcal·mol−1

Y419F 575 μM 1.2 s−1 2.1 × 103 M−1s−1 −4.4 kcal·mol−1 12.9 kcal·mol−1 17.3 kcal·mol−1

T = 310 Kd Ki
e kinact (k2)

f kass (k2/Ki*)
g ΔGi

h ΔG‡
T
i ΔG‡j

EtVC-CoA 0.66 μM 219 M−1 s−1 −8.8 kcal·mol−1 14.8 kcal·mol−1 23.6 kcal·mol−1

MeVS-CoA 0.3 μM 500 M−1 s−1 −9.3 kcal·mol−1 14.3 kcal·mol−1 23.6 kcal·mol−1

PhVS-CoA 0.04 μMk (9.4 × 10−3 s−1)k 4.0 × 104 M−1s−1 −10.5 kcal·mol−1 11.6 kcal·mol−1 22.1 kcal·mol−1

aCalculated assuming Km = Kd.
bCalculated directly from kcat/Km.

cCalculated from (ΔG‡
T − ΔGS).

dKinetic parameters taken from ref 15.
eDetermined from competitive inhibition kinetics. fThe first-order rate constant, kinact

15 = k2 (ref 52, Scheme X).
gThe second-order rate constant,

kass (ref 52, Scheme IX) can be set = k2/Ki* in cases where no EI* is observed kinetically. Ki* ≠ Ki.
hCalculated assuming Ki = Kd.

iCalculated
directly from kass.

jCalculated from (ΔG‡
T − ΔGi).

kAs reported by van der Westhuyzen and Strauss,15 the plot of kobs versus [I] is hyperbolic only
for the PhVS-CoA inhibitor, allowing determination of k2 and Ki* only in its case. This value of k2 is given in parentheses. Free energy parameters are
defined as in ref 53.
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