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ABSTRACT: Coenzyme A (CoASH) replaces glutathione as the major low molecular weight thiol in
Staphylococcus aureus; it is maintained in the reduced state by coenzyme A-disulfide reductase (CoADR),
a homodimeric enzyme similar to NADH peroxidase but containing a novel Cys43-SSCoA redox center.
The crystal structure ofS. aureusCoADR has been solved using multiwavelength anomalous dispersion
data and refined at a resolution of 1.54 Å. The resulting electron density maps define the Cys43-SSCoA
disulfide conformation, with Cys43-Sγ located at the flavinsi face, 3.2 Å from FAD-C4aF, and the CoAS-
moiety lying in an extended conformation within a cleft at the dimer interface. A well-ordered chloride
ion is positioned adjacent to the Cys43-SSCoA disulfide and receives a hydrogen bond from Tyr361′-OH
of the complementary subunit, suggesting a role for Tyr361′ as an acid-base catalyst during the reduction
of CoAS-disulfide. Tyr419′-OH is located 3.2 Å from Tyr361′-OH as well and, based on its conservation
in known functional CoADRs, also appears to be important for activity. Identification of residues involved
in recognition of the CoAS-disulfide substrate and in formation and stabilization of the Cys43-SSCoA
redox center has allowed development of a CoAS-binding motif. Bioinformatics analyses indicate that
CoADR enzymes are broadly distributed in both bacterial and archaeal kingdoms, suggesting an even
broader significance for the CoASH/CoAS-disulfide redox system in prokaryotic thiol/disulfide
homeostasis.

In contrast to the central role played by the tripeptide thiol
glutathione [GSH (1)] in maintaining thiol/disulfide homeo-
stasis and providing an important line of antioxidant defense
in, for example,Escherichia coli, earlier studies clearly
indicated the absence of GSH in a number of bacteria (2, 3)
and in all archaea (4, 5). Coenzyme A (CoASH) was shown

to be the major low molecular weight thiol inBacillus
megaterium(3) andDeinococcus radiodurans(2), as well
as in the human pathogenStaphylococcus aureus(6).
Reinforcing the concept that CoASH assumes the intracel-
lular redox function of GSH inS. aureus, a novel NADPH-
dependent flavoprotein disulfide reductase, coenzyme A-di-
sulfide reductase (CoADR),1 was identified (6, 7). Consistent
with the important functional role attributed to CoADR,
staphylococcal virulence in mice was shown to be attenuated
for CoADR-deficient strains (8, 9).

In 2001, Dym and Eisenberg (10) defined two subfamilies
within the glutathione reductase (GR) family, based on
sequence-structure analyses of FAD-binding folds; the GR1

subfamily includes all of the functional pyridine nucleotide
disulfide oxidoreductases [PNDORs (11)]. Argyrou and
Blanchard (12) subsequently noted that the PNDORs could
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be subdivided on the basis of mechanistic and sequence-
structural information into three groups, with “group 3”
including CoADR, NADH peroxidase (Npx), and NADH
oxidase (Nox). Until the identification of CoADR (6), all
flavoprotein disulfide reductases were members of PNDOR
groups 1 and 2, and all group 3 enzymes were specific for
either H2O2 or O2 (f2H2O) reduction. CoADR is clearly
by sequence a group 3 PNDOR enzyme (7); it (like Npx
and Nox) differs fundamentally from the other PNDOR
groups in theabsenceof the primary cystine-disulfide redox
center (13). In contrast with Npx and Nox, however, the
single active site Cys43 of CoADR is able to reduce the
CoAS-disulfide (CoAD) substrate via formation of a Cys43-
SSCoA mixed disulfide that also represents the stable
oxidized form of the enzyme as purified from eitherS. aureus
or recombinantE. coli (14). GR is one of the best character-
ized members of PNDOR group 1; like CoADR, GR reduces
its low molecular weight disulfide substrate (GSSG) with
reducing equivalents derived from NADPH. Unlike CoADR,
GR contains a redox-active protein disulfide, in addition to
FAD. NADPH binds at the flavinre face, and electrons flow
through the FAD isoalloxazine, leading to reduction of the
redox-active disulfide (Cys58-SS-Cys63, in human erythro-
cyte GR). Each nascent Cys-SH has a distinct catalytic role:
Cys58, the interchange thiol, serves as the nucleophile which
attacks the GSSG substrate, forming the Cys58-SSG mixed
disulfide intermediate. Cys63, the charge-transfer thiol, is
characterized by a low pKa; the Cys63-thiolate is responsible
for the electronic interaction with the oxidized flavin that
imparts the long-wavelength absorbance band centered at
∼530 nm in the two-electron reduced (EH2; FAD, 2 Cys-
SH) enzyme. This Cys63-thiolate also reacts with the
Cys58-SSG intermediate to restore the redox-active disulfide
in the fully oxidized enzyme. Two GSH are released per
catalytic cycle, and His467′ (His439′ in E. coli GR) plays
an essential role in protonating the GS-I thiolate as the
Cys58-Cys63 disulfide is formed.

Mechanistically, since the functional equivalent of the
charge-transfer cysteine is absent in CoADR, the Cys43-
SSCoA mixed disulfide must be reduced by NADPH (via
the flavin). In terms of its redox and spectroscopic properties,
as assessed in reductive titrations, CoADR offers two
additional contrasts with GR: (1) although the CoADR EH2

intermediate is formally equivalent to that of GR, dithionite
titrations do not yield the characteristic charge-transfer
species, and (2) NADPH titrations of CoADR reveal strong
active site asymmetry; only one FAD of the homodimer is
reduced at equilibrium, with the physiological substrate.

We have undertaken structural studies ofS. aureus
CoADR in order to elucidate the origins of these catalytic
and redox properties that distinguish this enzyme from all
other members of the PNDOR family, combining the low
molecular weight disulfide substrate preferences of group 1
enzymes with structural features of the group 3 Npx and
Nox enzymes. Here, we report the crystal structure of native,
oxidized S. aureusCoADR, refined at 1.54 Å resolution.
Of particular interest is the active site Cys43-SSCoA redox
center, which identifies the residues involved in CoAS-
recognition and guides insights into the mechanism of CoAD
reduction. The structural and functional divergence between
CoADR and Npx/Nox, within the PNDOR group 3, has also

allowed the identification of CoADR homologues among
several biodefense pathogens and numerous archaea.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization.Expression and
purification of S. aureusCoADR followed published pro-
tocols (14). Purified enzyme, in 10 mM sodium HEPES, pH
7.0, was screened for crystallization at 20°C using hanging
drops (2µL of protein sample plus 2µL of reservoir solution,
final protein concentration of 10 mg/mL) and the sparse-
matrix strategy (15) implemented in Crystal Screens I and
II (Hampton Research, Inc.). Large, single crystals of
CoADR grew best in the presence of 1.3 mM NADP+, using
a reservoir solution of 33-43% PEG 400, 0.2-0.4 M MgCl2,
and 0.1 M HEPES (pH 7.0-7.5). Crystals appeared within
1 day, growing to full size (∼0.3 mm× 0.4 mm× 0.5 mm)
in 1 week, and were flash-frozen in a nitrogen stream at 100
K after being removed from the drop. SeMet-substituted
CoADR was expressed in the methionine auxotroph B834-
(DE3), essentially as described by Wood et al. (16) for
Salmonella typhimuriumAhpF. SeMet CoADR was purified
and crystallized in the same manner as the native protein.

Data Collection, Structure Solution, and Refinement.The
crystals belong to space groupP21, with a ) 76.1 Å, b )
65.2 Å,c ) 94.5 Å, andâ ) 104.8°; there are two 51 kDa
monomers in the asymmetric unit. Multiwavelength diffrac-
tion data with the SeMet crystals (Table 1) were processed
using the programs MOSFLM (17) and SCALA (18, 19) in
the CCP4 suite (20). SOLVE (21) was used to locate 16 of
the 18 Se sites, and these coordinates were used for phase
calculation in SHARP [Table 1 (22)]. The local NCS matrix
of the heavy atom sites was determined using the programs
POLARRFN and GETAX in the CCP4 suite. The initial
phases were improved using DM (23), through solvent
flattening, histogram matching, and NCS averaging. The
resulting electron density map allowed 70% of each mono-
mer to be built automatically using MAID (24). The
remaining residues were manually built usingO (25). A
number of native data sets were collected and analyzed
during the early stages of refinement; we report statistics
only for the data sets used in the final refinement (native1)
and for calculation of an anomalous map to confirm chloride
positions (native2). All native data were processed with
d*TREK (26). Refinement was carried out using CNS (27)
with cycles of simulated annealing, with both positional and
temperature factor refinements followed by manual rebuild-
ing into composite omit maps calculated by CNS. The
topology and parameter files for FAD and CoASH required
for CNS were constructed using XPLO2D (28). Water
molecules were identified by CNS, using a 3σ difference
Fourier cutoff, and were visually confirmed. In the later
stages of refinement, three magnesium ions were added to
the model on the basis of strong electron density peaks, as
coordinated with octahedral geometry to solvent water
molecules, and six chloride ions were identified on the basis
of the strength ofFo - Fc electron density, significant (>6σ)
peaks in an anomalous map, hydrogen-bonding distances,
andB-factors similar to those of surrounding atoms. A total
of 1363 solvent water molecules were added to the model,
with favorable hydrogen-bonding interactions and peaks
greater than 0.5σ in the 2Fo - Fc electron density map.
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Structure superpositions were performed using the DALI
server (29) and LSQKAB (30).

RESULTS AND DISCUSSION

Structure Solution and Quality of the Model.Molecular
replacement searches using AMoRe (31) and CNS with either
Npx (PDB code 1JOA) or Nox (PDB code 2BC0) as search
models gave no solution resulting in an interpretable electron
density map. Thus, a three-wavelength MAD data set was
collected using SeMet CoADR crystals in order to solve the
structure. A total of 16 Se sites were identified, and the
experimental MAD-phased electron density map calculated
at 2.7 Å resolution showed continuous electron density for
the protein backbone and allowed identification of most side
chain positions. The crystal structure of CoADR reveals one
symmetrical dimer (chains A and B) in the asymmetric unit,
consistent with the quaternary structures observed with nearly
all PNDOR enzymes (11). Both polypeptide chains are
clearly defined in the electron density and have similar
averageB-factors of 17 and 18 Å2, respectively. Less well-
defined regions of the protein involve two different segments
with solvent-exposed loops, residues 51-61 in chain A with
an averageB-factor of 34 Å2 and residues 361-378 in chain
B with an averageB-factor of 24 Å2. These two regions are
better ordered in the corresponding complementary subunits
with averageB-factors of 21 and 14 Å2, respectively, owing
in large part to crystal contacts with symmetry mates. These
variations are therefore attributed to different crystal-packing
environments rather than to intrinsic structural differences
between the A and B chains. Although NCS restraints were
not used during refinement with the 1.54 Å data, the two
subunits are virtually identical with an overall CR rmsd of
0.47 Å; detailed descriptions of the structure will primarily
focus on the active site of chain A, with residues from chain
B being designated by a prime symbol (e.g., Cys43) chain
A; Cys43′ ) chain B). The final model, comprising residues
2-438 for both subunits, 2 FAD cofactors, 2 covalently
bound CoAS-, 1363 solvent waters, 6 chloride ions, and 3
magnesium ions, yielded anR-factor of 17.7% (Rfree )
20.6%) with good geometry (Table 2). The refined structure
clearly establishes the identity of the residue at position 168
as Tyr, not Asn as reported from the original DNA sequence
(7). We were able to confirm the validity of Tyr168 by

resequencing the CoADR expression plasmid, which had
been obtained from delCardayre´ et al. (7). A Luzzati plot
(32) gives an estimated coordinate error of 0.14 Å for the
well-ordered parts of the model. The 2Fo - Fc map in the
active site region also illustrates the accuracy of the final
refined model (Figure 1).

OVerall Structure.The overall structure of CoADR (Figure
2) is very similar to that of Npx (33) and, by extension, to
that of GR (34, 35), the best characterized PNDOR enzyme.
The CoADR monomer consists of three domains, the two-
part FAD-binding domain (residues 1-114 and 242-319),
the NADPH-binding domain (residues 115-241), and the
C-terminal Interface domain (residues 323-438). In the
earlier GR and Npx structure reports, the C-terminal segment
of the FAD-binding domain was designated as a distinct
“Central” domain. The incorporation of this segment into
the currently defined FAD-binding domain originated with
theE. coli GR structure (36), and here we additionally define
the N-terminal and C-terminal segments as “FAD-1” and
“FAD-2.” The three-domain architecture is strongly con-
served and has been described in detail for several PNDORs,
including E. coli GR [group 1 (36)] and mammalian TrxR
[group 2 (37)], as well as for other members of the GR1

subfamily (10). As recently analyzed, this subfamily includes

Table 1: Data Collection and Phasing Statistics

native1a native2b edgec peakc remotec

wavelength (Å) 1.1000 1.5418 0.9799 0.9762 0.9000
resolution (Å) 1.54 1.89 2.50 2.70 2.50
reflections 942329 892209d 170804 135526 153427
unique reflections 131158 140099d 29437 23369 29357
completeness (%) 99.6 (96.6)e 100.0 (99.7)d 99.9 (99.9) 99.9 (99.9) 99.9 (99.9)
Rmeas(%)f 7.8 (35.6)g 7.9 (41.9)g 9.2 (34.1) 10.3 (26.0) 9.4 (26.6)
phasing power 4.04 3.72
resolution range (Å) 20.0-2.7 20.0-2.7 20.0-2.7
RCullis

e 0.35 0.36
RCullis (anomalous) 0.95 0.77 0.92
figure of merit 0.50

a Collected at beamline X26C of the National Synchrotron Light Source (Brookhaven National Laboratory) using an ADSC Quantum-4 CCD
detector.b Collected on a Rigaku Saturn-92 CCD detector using Cu KR radiation from a MicroMax-007 rotating anode X-ray generator.c Collected
using the 3× 3 CCD detector PX210 (Oxford) at undulator beamline BL44XU of SPring-8, Hyogo, Japan.d Completeness and redundancy statistics
reflect treatment ofI+ andI- as nonequivalent reflections in order to evaluate anomalous differences.e Numbers in parentheses represent data for
the highest resolution shell.f Rmeas is the multiplicity-weighted mergingR-factor of Diederichs and Karplus (19). g Data were scaled and merged
using d*TREK; unmerged profile-fitted reflections were imported into MTZ format for a run of SCALA to calculateRmeas.

Table 2: Crystallographic Refinement Statistics

resolution range (Å) 10-1.54
amplitude cutoff none
no. of amino acid residues 874
no. of magnesium ions 3
no. of chloride ions 6
no. of waters 1363
no. of total non-hydrogen atoms 8506
averageB-factor (Å2) 20.8

protein 17.9
FAD-binding domain 17.3
NADPH-binding domain 19.4
Interface domain 17.1

solvent 35.0
R-factor (%) 17.7
Rfree(%) 20.6
stereochemical ideality

bond length rmsd (Å) 0.010
bond angle rmsd (deg) 1.60
æ,ψ most favored (%) 88.4
æ,ψ additionally allowed (%) 10.7
æ,ψ generously allowed (%) 0.9
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functionally diverse proteins such as glutamate synthase,
adrenodoxin reductase, and cyclohexanone monooxygenase.
The FAD- and NADPH-binding domains of CoADR both
have canonical Rossmann folds (38); each consists of a
central five-stranded parallelâ-sheet, with a three-stranded
antiparallelâ-sheet packed on one side of the central sheet
and severalR-helices on the opposite side. CoAS- is
associated with a cleft at the dimer interface; this cleft is
formed by portions of the FAD-binding domain of chain A
and the Interface domain of chain B, which contains a large
five-stranded antiparallelâ-sheet with three shortR-helices
at the C-terminus. The dimer interface, with a total buried
surface area of 2652 Å2 per monomer, is L-shaped; direct
contacts between the respective Interface domains contribute
50% of the total buried surface area, with contacts between
each Interface domain and elements of the respective FAD-

binding domain providing the remainder. The Interface
domain is involved in all of the significant intersubunit
contacts.

When the DALI server is used to search the RCSB
structure database, Npx is identified as the protein whose
structure is most similar to that of CoADR (Figure 3), with
CR rmsd ) 2.1 Å for 433 atoms. A similar superposition
with the wild-type (Cys44-SO2H) Streptococcus pyogenes
Nox structure (PDB code 2BC0) gives a CR rmsd) 2.1 Å
for 431 atoms. The only significant main chain differences
between CoADR and Npx appear in two surface-exposed
segments corresponding to residues 284-288 and 309-315
in CoADR. In the NADPH-binding domain, CoADR has a
four-residue deletion (corresponding to Npx residues 119-
122) at its start; this corresponds to a slight shift in the
R-helix of the âRâ fold, away from the FAD-1 segment,

FIGURE 1: Final 2Fo - Fc map, in stereo, for the full FAD and Cys43-SSCoA redox centers of chain A, together with the refined model.
All carbon atoms are color-coded as follows: CoAS-, gray; Cys43, magenta; FAD, yellow. All other residues are color-coded by atom
type. The depicted contour level is 1σ.

FIGURE 2: Stereoview of the CoADR dimer, colored by subunit: chain A, magenta; chain B, cyan. CoAS- color coding is as in Figure 1,
FAD is in yellow, and Cys43, Tyr361, and Tyr419 side chain carbon atoms are colored by subunit.

FIGURE 3: Superposition, in stereo, of CoADR chain A (magenta) with an Npx (1JOA) monomer (blue). The DALI server gives rmsd)
2.1 Å for 433 CR atoms with 25% sequence identity. Cys43-SSCoA and FAD are color-coded as in Figure 2; Npx Cys42-SOH Câ is in
blue, with other elements color-coded by atom type. Main chain differences between CoADR and Npx are indicated by arrows for CoADR
segments 284-288 (1), 309-315 (2), and 337-349 (3).
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near the active site Cys43. Its 10° tilt relative to the
correspondingR-helix in the Npx NADH-binding domain
(39) can be attributed to an additional salt bridge (Arg56:
Asp137) in CoADR. The conformations of the respective
Interface domains are the most closely conserved, with the
only significant difference being the concerted displacement
of a shortR-helix and surface-exposed loop (residues 337-
349) of CoADR toward the core of the Interface domain,
away from the NADPH-binding domain. As with the group
3 PNDOR enzymes Npx and Nox, CoADR is rather less
similar to group 1 and 2 PNDORs (11, 12); a representative
comparison with the human GR structure results in an rmsd
value of 3.4 Å (17% sequence identity).

FAD and NADPH Recognition.Dym and Eisenberg (10)
summarized four conserved sequence motifs shared by all
NAD(P)H-dependent members of the GR1 subfamily. The
CLUSTAL (40) alignment for CoADR and other known
functional group 3 PNDORs (41-46) shows that these motifs
correspond to CoADR segments Gly8-Glu33 (FAD-1;
Figure 4), Gly155-Glu162 (NADPH), Asp231-Pro241
(NADPH-to-FAD-2 interface), and Thr267-Asp277 (FAD-
2); with one striking exception, these match the expected
sequence fingerprints very closely (47, 48). The FAD
coenzymes in CoADR and Npx are bound in nearly identical
extended conformations (Figure 3). In both cases the ribityl
moiety of FAD is involved in extensive hydrogen-bonding
interactions with both side chain and main chain elements
of the polypeptide; the redox-active FAD isoalloxazine is
buried within the protein core. In Npx Ser9 takes the place
of the highly conserved “second” Gly in the dinucleotide-
binding motif [DBM (47)]; this results in a 1 Åshift of the
adenylate phosphate (FAD-PA), as was demonstrated in an
earlier comparison of the Npx and GR structures (33). Unique
to CoADR, a Val residue (Val10) occupies this position
(Figure 4), but the even more dramatic shift anticipated for
FAD-PA is not observed. Instead, the Val10 side chain is
stabilized in a conformation pointing away from the position

of FAD-PA to interact with the side chain of Phe40, which
in turn adopts a rotamer distinct from that observed for the
equivalent Npx Phe39. The other group 3 PNDORs prefer
Ser, Asn, or Thr, but not Gly, in the position occupied by
CoADR Val10.

NADPH binding to CoADR is expected to be similar to
that seen for other NAD(P)H-dependent PNDOR enzymes;
CoADR conserves Tyr158, equivalent to the Tyr that sits in
the nicotinamide binding pocket in other PNDORs and
undergoes a conformational change on NAD(P)H binding
(39). CoADR also has a Ser160 for Gly substitution within
the DBM motif of the NADPH-binding domain, as is the
case with several other NADPH-dependent GR1 subfamily
members (49).

CoASH Recognition.The CoAS- binding cleft is composed
of residues from both subunits of the dimer, as demonstrated
by the LIGPLOT (50) analysis given in Figure 5A; a shallow
channel leads from the protein surface down into the active
site, where the Cys43-SSCoA redox center is oriented on
the si face of the FAD isoalloxazine. The entire CoAS-
molecule of chain A has well-defined electron density (Figure
1); CoAS- is bound in an extended conformation, lying close
to two R-helices [R1 (residues 12-24) andR11 (residues
294-311)] from the FAD-binding domain, with several
additional interactions involving the Interface domain from
chain B (Figure 5). There are 12 direct polar interactions
involving the extended CoAS- and 9 protein side chains. The
adenine base is partially solvent-exposed and participates in
hydrophobic interactions with Met432′ on one face, a
cation-π (51, 52) stacking interaction (3.5 Å) with the
guanidinium moiety of Arg22 on the other face, and a
hydrogen bond with Gln19. The 3′-phosphate and ribose of
CoAS- are entirely solvent exposed [thekcat/Km value for
3′-dephospho-CoAD has been reported (6) to be 12-13%
that of the value for CoAD], with no specific recognition
by the CoADR polypeptide except for a single hydrogen
bond interaction between Arg22 and the ribose 2′-OH. A

FIGURE 4: Structure-based sequence alignment for CoADR, Npx, and five known functional Nox (O2f 2H2O) proteins. Npx is from
Enterococcus faecalis10C1 [Efaec (41)]; Nox sequences correspond toS. pyogenes[Spyo (42)], Streptococcus pneumoniae[Spneu (43)],
Streptococcus mutans[Smut (44)], E. faecalis(45), andBrachyspira(formerly Serpulina) hyodysenteriae[Shyo (46)]. Structures have
been determined for CoADR (this work), for Npx (1NPX and 1JOA), and for SpyoNox (2BC0). Residue numbering and secondary structure
assignments correspond to CoADR; inverted triangles correspond to protein-CoAS- contacts for CoADR (see Figure 5). Red and yellow
blocks correspond to absolutely conserved residues and conservative substitutions, respectively. CoADR Ala11, Arg22, Cys43, His299,
Tyr361, Tyr419, and Lys427 are highlighted in boxes. Aligned sequence segments correspond to the FAD-1 subdomain, part of the FAD-2
subdomain, and two elements of the Interface domain.
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bound magnesium ion is located 4.6 Å from the 3′-phosphate,
but its presence is clearly related to crystal packing interac-
tions. In contrast, the pantetheine 4′-pyrophosphate is very
important for recognition; this moiety is largely buried with
all potential hydrogen bonds being satisfied (Figure 5). The
negatively charged CoAS- pyrophosphate forms salt bridges
with Lys71 and Lys427′ in addition to hydrogen-bonding
interactions with the side chains of Ser18 and Gln19
(directly), and with Tyr62-OH, via WAT1262. The nonpolar
portion of the pantothenic acid moiety is stabilized by
favorable hydrophobic interactions with Phe67, Tyr62, and
Ala61, and the more polar element is stabilized by hydrogen

bonds with the side chains of His299 and Asn42. A well-
ordered chloride ion is positioned adjacent to the Cys43-
SSCoA disulfide (Figure 6), 3.8 Å from the CoAS- sulfur,
and receives hydrogen bonds from Cys43-N (3.5 Å),
Tyr361′-OH (3.1 Å), and WAT1070 (3.2 Å). The presence
and position of this monovalent anion in the CoADR active
site are fortuitous, in that these favorable interactions could
also stabilize the transition state during reduction of the
CoAD substrate (see below).

In chain B, the CoAS- moiety is less well ordered but
adopts a very similar overall conformation. The electron
density for the disulfide and pantetheine elements is well-

FIGURE 5: Protein-CoAS- interactions in CoADR. (A) LIGPLOT (50) representation of protein and WAT interactions with CoAS- in
chain A, using default parameters for geometry and hydrogen-bonding distance. Carbon atoms for chain A residues are colored magenta,
while those for Lys427′ (chain B) are in cyan. Cys43-SSCoA is color-coded as in Figure 1. WAT are colored red. (B) Stereoview of the
Cys43-SSCoA redox center, including protein and direct WAT interactions with CoAS-. FAD and Cys43-SSCoA atoms are color-coded as
in Figure 1. Carbon atoms and helixR1 (chain A) are colored magenta; carbon atoms for chain B are colored cyan. WAT are colored red.

FIGURE 6: Stereoview of the CoADR active site. All residues are color-coded as in Figure 5; the chloride ion is colored orange, and its
interactions with Tyr361-O and Cys43-N are indicated by dashes. Portions of the CoAS- and FAD have been omitted for clarity.
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defined, but during refinement strong (>6σ) difference
density indicated the presence of an alternate conformation
for the CoAS- pyrophosphate, that has been included in the
model. An additional indication of disorder was weak/broken
electron density for the CoAS- ribose. This less ordered
CoAS- is not involved in crystal packing, so it may more
accurately reflect the level of disorder present in CoAS-
recognition and binding in solution. However, it is also
possible that the difference in the level of CoAS- order is
not due to crystal packing but is a subtle reflection of a
preexisting asymmetry in the oxidized dimer.

Engel and Wierenga (53) have described seven diverse
protein folds that productively bind CoASH (as either
CoASH or acyl-CoA forms) in both bent and extended
conformations. The similarities inferred by comparison of
these diverse CoASH-binding proteins include (1) a solvent-
exposed 3′-phosphate, with the adenine base pointing toward
the protein interior, (2) a hydrogen-bonding interaction
between the 6-NH2 group of the adenine base and the protein,
and (3) the presence of at least one salt bridge involving the
pyrophosphate. CoADR fulfills all three properties in binding
CoAS-, although only CoADR anchors the CoAS- ligand
through a disulfide linkage to the protein.

CoASSCoA Recognition.A surface representation of the
CoAS- binding site in the dimeric CoADR structure reveals
that there is an unoccupied cleft adjacent to each covalently
bound CoAS- (here designated CoAS-I, Figure 7). Since the
CoADR substrate is the CoASSCoA homodisulfide (CoAD),
this cleft might provide for docking of the second CoAS-
moiety (CoAS-II) of CoAD during catalysis. Indeed, at the
base of the pocket is the chloride ion proposed to represent
the position of the CoAS-II sulfur in the enzyme-CoAD
complex. Positioning this sulfur atom at the chloride ion site
has led to a modeled CoAS-II that has no steric collisions
with either protein or bound CoAS- (CoAS-I) atoms. The
docked CoAS-II fits well inside the cleft; Arg70 stacks with
the adenine base of CoAS-II (mimicking the Arg22-CoAS-I
interaction), and the side chain of Asn360′ (B-factor ) 52
Å2) can be adjusted to interact with the pyrophosphate moiety
of CoAS-II. While this model provides a plausible binding
mode for CoAS-II, it awaits experimental confirmation.

ActiVe Site Comparisons with CoADR and Npx.Although
Npx Cys42-Sγ aligns near CoADR Cys43-Sγ (CR displace-

ment of 0.4 Å), the active site residues surrounding Npx
Cys42 are not conserved in CoADR (Figure 8), consistent
with the significantly different Cys-SOH chemistry involved
in Npx versus CoADR catalysis. Npx His10, which is
absolutely conserved within the Npx/Nox group (Figure 4),
interacts with the Cys42-SOH redox center; H10Q and H10A
mutants (54) reveal dramatic perturbations in Cys42-SOH
f FAD charge-transfer properties, diminished rates of H2O2

reactivity with the respective EH2 form, and increased
sensitivity to H2O2 inactivation (Cys42-SOHf Cys42-
SO2H/-SO3H). The Cys42-SOH chemistry facilitated by Npx
His10 is not a factor in CoADR catalysis; furthermore, the
presence of the extended CoAS- in the CoADR active site
dictates the requirement for a small side chain, and Ala11
replaces the His. Similar steric requirements drive the
replacements of Npx Tyr13 (Thr in all Noxs) and Tyr60
(absolutely conserved within the Npx/Nox group) with Ala14
and Ala61, respectively, within the CoAS-binding pocket.
Leu40, which is absolutely conserved within the Npx/Nox
group, is replaced by the small Ala41 side chain in CoADR.
Npx Arg303 maintains and orients the neutral His10 side
chain (55); in CoADR His299 replaces this Arg, satisfying
local steric requirements with a smaller side chain volume
and also aiding in CoAS- recognition, through a 2.6 Å
hydrogen bond from His299-Nε2 to one carbonyl oxygen of
the pantetheine moiety. There are two Phe residues (Phe366′
and Phe424′) contributed by the complementary subunit in
Npx, which are observed within the catalytic center. Phe424′
also helps to shield the FAD isoalloxazine from solvent and
is hydrogen-bonded (Phe424′-O) to FAD-N3F (33). These
Phe residues are conserved in all known functional Noxs as
well, but in CoADR they are replaced with Tyr361′ and
Tyr419′; Tyr361′-OH interacts with the active site chloride
ion.

In stark contrast to GR (PNDOR group 1), the group 3
CoADR is the only member of the GR1 subfamily known to
catalyze the reduction of a disulfide substrate with a single
active site Cys. In GR, His467′ serves a catalytically essential
role in protonating the nascent GS-I thiolate as the Cys58-
Cys63 protein disulfide forms again (35, 56). In a similar
manner, we expect that the CoADR active site provides an
acid-base catalyst primed for protonation of the nascent
CoAS-II thiolate as the Cys43-SSCoA disulfide is formed.
CoADR provides no His equivalent to GR His467′, but a
CoADR/GR superposition reveals that the side chain of
CoADR Tyr419′ has an orientation similar to that of His467′.
Although Tyr419′-OH is 4.2 Å from Cys43-Sγ in the CoADR
nonflavin redox center, Tyr361′-OH is only 3.1 Å from the
bound chloride ion and is in an orientation optimal for proton
donation to a CoAS-II thiolate, modeled into this position.
Although individual Y361F and Y419F CoADR mutants
have significant activity (8% and 21%, respectively, relative
to wild-type CoADR), the Y361F/Y419F double mutant has
no measurable activity.2 Scheme 1 presents a working
mechanistic proposal for the combined role(s) of Tyr361′
(and Tyr419′) in CoADR catalysis; this proposal is based
primarily on the strong interaction between Tyr361′-OH and
the bound chloride ion, taken to mimic the position of the
CoAS-II thiol(ate) during CoAD reduction. The SACoADR
Tyr mutagenesis data also support this scheme, in a general

2 J. R. Wallen and A. Claiborne, unpublished experiments.

FIGURE 7: Ball-and-stick representations for the CoAS- binding
cleft (CoAS-I) and for a modeled CoAS-II. (A) CoADR representa-
tion for covalently bound CoAS-I (orange); the chloride ion is also
colored orange and occupies the position of the modeled CoAS-II
sulfur. (B) The CoAS-II model (white; developed as described in
the text) has been added. The C-S bond of the CoAS-IIâ-mer-
captoethylamine moiety is depicted in green. Chains A and B are
rendered in magenta and cyan, respectively.
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sense. While further detailed kinetic studies have not been
performed, structural analyses with the NADH-reduced
CoADR (2.25 Å resolution, in refinement) fromBacillus
anthracis (BACoADR; see below) indicate an altered
conformation for Cys42-SH.2 In the reduced BACoADR-
NADH complex, Cys42-Sγ is positioned for good hydrogen
bond interactions with both Tyr367′-OH and Tyr425′-OH
(equivalent to SACoADR Tyr361′ and Tyr419′, respectively).
While more work will be required to elucidate the specific
mechanistic roles of the two active site Tyr residues in
SACoADR, we would propose from the above that both are
involved in formation and stabilization of the Cys43-thiolate
and that Tyr361′ also serves the primary role in protonation
of the CoAS-II thiolate during CoAD reduction.

Four residues within the Npx Interface domain (Phe424′,
Pro426′, Pro431′, and Trp432′) are especially well-suited for
roles in shielding the redox-active pyrimidine moiety of FAD
from solvent (33). All enzymes of the Npx/Nox group

conserve the first three residues, although Tyr, Phe, and even
Leu are found in place of Trp432′ in the Noxs. The two
notable substitutions found in CoADR, within this segment,
are Phe f Tyr419′ and Trp f Lys427′; the former
substitution is conservative and has already been described.
Lys427′ forms a salt bridge (2.7 Å) with the pantetheine
pyrophosphate and represents one component of CoAS-
recognition. Lys427-Nε is 3.0 Å from His299-Nδ1 and also
interacts with WAT47. The interaction involving Lys427′
is complemented by an intersubunit salt bridge between
Asp393′ and Lys394, which tightens the junction between
helicesR13 (residues 391-405) andR13′ within the dimer
interface, proximal to the active site. A second intrasubunit
salt bridge in this vicinity (Arg393′:Asp428′) also positions
helix R13′ with respect to the proximalR15′ helix (residues
428′-436′). These CoADR Interface segments provide the
basis for the D-K-R (Asp393-Arg395) and K-D (Lys427-
Asp428) sequence motifs (see below) and further serve to
differentiate CoADR from the Npx/Nox group.

CoADR Homologues in Bacteria and Archaea.Fahey has
classified CoASH as a “common” thiol (57), as it occurs in
all prokaryotes as well as eukaryotes. GSH, on the other
hand, is not produced by the archaea; it is also absent in
many bacteria. Harris et al. (58) recently reported that
CoASH is the major low molecular weight thiol in the
hyperthermophilic archaeonPyrococcus furiosus, and the
recombinant form of a CoADR fromPyrococcus horikoshii
has been characterized. The enzyme exhibits a preference
for NADPH in the reduction of CoAD, but questions remain
regarding both the identity of the nonflavin redox center and
the high NAD(P)H oxidase activity observed in the presence
of FAD. Boylan et al. (59) have more recently demonstrated
that the human pathogenBorrelia burgdorferialso contains
CoASH as the major low molecular weight thiol, and the
recombinantB. burgdorferiCoADR has been shown to prefer
NADH, in contrast to theS. aureusenzyme. There is a strong
likelihood that CoADR-like enzymes may play similar roles
in CoASH-dependent thiol/disulfide redox homeostasis in
other prokaryotes as well. The data presented in Figure 4
demonstrate that theS. aureusCoADR (SACoADR) se-
quence can be distinguished from those of the Npx/Nox
group. When ablastp(60) analysis using SACoADR as the
query was performed with 288 completed bacterial genomes,
the surprising result led to identification of two new classes

FIGURE 8: Active site overlay, in stereo, for CoADR and Npx. The superposition was performed as described in Figure 3. The two FAD
(portions removed for clarity) are given in yellow. CoADR and Npx side chain carbon atoms (each chain A) are rendered in magenta and
light blue, respectively. Chain B carbon atoms for CoADR and Npx are colored cyan and beige, respectively. The CoADR active site
chloride ion (orange) is included, and CoAS- is color-coded as in Figure 1.

Scheme 1: Proposed Interactions Involving Tyr361′ and
Tyr419′ during CoAD Reduction
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of CoADR homologues. Six of the top 25 similarity scores
(excluding nine CoADR representatives fromStaphylococ-
cus) correspond to much longer polypeptides (810-938
residues) sharing a CoADR-rhodanese homology domain
[RHD (61, 62)]-SirA-COG2210 multidomain architecture,
and 18 of these top scores correspond to CoADR-RHD
proteins of∼560 residues. InE. coli, the SirA protein TusA/
YhhP (63, 64) is a sulfur mediator that interacts with, and
accepts sulfane sulfur from, the IscS cysteine desulfurase;
this process is essential for 2-thiouridine formation. RHD,

SirA, and COG2210 (unknown function) domains each
contain one conserved Cys residue; in both rhodanese and
TusA, this Cys forms a persulfide intermediate. Notably, the
CoADR-RHD proteins are found in category A biodefense
pathogens such asB. anthracisand Yersinia pestis. The
crystal structure of the CoADR-RHD protein fromB.
anthracis Ames has been determined in this laboratory,3

3 W. Boles, T. C. Mallett, D. Parsonage, A. Friedlander, and A.
Claiborne, unpublished experiments.

FIGURE 9: Sequence alignments for CoADR and closely related bacterial and archaeal homologues. (A) CoADR homologues with the
same domain architecture as SACoADR were identified in theblastpanalysis described in the text and include proteins fromO. iheyensis
(NP_691780),T. tengcongensis(NP_624216), and four species from theB. cereusgroup (NP_977693, NP_831030, NP_843735, and
YP_035485).E values range from 6e-60 to 4e-67. The E value for the functional CoADR fromB. burgdorferi (59) is 6e-55. Segments
shown correspond to FAD-1, FAD-2, and three segments from the Interface domain. Other details are as given in Figure 4. (B) Ablastp
analysis of the 26 completed archaeal genomes was performed;E values range from 2e-45 to 4e-50, and FAD-1, FAD-2, and two Interface
segments are shown for proteins fromSulfolobus solfataricus(NP_343655),P. furiosus[NoxA-2 (58, 68); NP_578915],Methanocaldococcus
jannaschii(NP_247633),Haloarcula marismortui(YP_134552),Pyrobaculum aerophilum(NP_559963), andThermoplasma acidophilum
(NP_394297). TheE value for theP. horikoshiiCoADR (58) is 1e-41. Other details are as given in Figure 4.
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confirming that CoAS- is present in the active site, covalently
attached to Cys44. The sequences of the CoADR modules
from these CoADR-RHD and CoADR-RHD-SirA-COG2210
proteins are 30-39% identical to that of SACoADR.

The third bacterial group of CoADR homologues shares
the simple domain organization of SACoADR; there are
seven such homologues among the top 32 scores, with
sequence identities of 31-35% relative to SACoADR (Figure
9A). Oceanobacillus iheyensisis a Gram-positive,Bacillus-
related spore-forming species noted for its adaptation to
highly alkaline and saline environments (65); still, it is a
strict aerobe.Thermoanaerobacter tengcongensisis a Gram-
negative, anaerobic hyperthermophile (66). Bacillus cereus
andBacillus thuringiensisare closely related species of the
B. cereusgroup, as isB. anthracisAmes. The alignment in
Figure 9A demonstrates absolute conservation of SACoADR
Cys43, Ala41, Tyr361, Tyr419, and Asp428. The D-K-R
fingerprint described previously (Asp393-Arg395) is ab-
solutely conserved. Ala11 and Arg22 are very strongly
conserved, as is Ala61. Val10, noted earlier as a drastic
substitution for the central Gly within the DBM for FAD
binding, is replaced by Asp in most cases; this substitution
parallels the appearance of Tyr in place of Phe40 as well as
the concerted replacements His299f Asn and Lys427f
Trp. Among the group of SACoADR residues mentioned
above, Arg22, His299, and Lys427 were identified in Figure
5 as participating in favorable polar interactions with CoAS-
I. Val10 and Tyr419′ are both involved in hydrophobic
contacts with the pantetheine moiety. The gene encoding the
B. anthracis CoADR (BACoADR) is expressed late in
sporulation, and the BACoADR protein has been identified
in the mature spore (67). As a genus,Bacillus appears to
lack GSH; CoASH is the major low molecular weight thiol
in B. cereus(4) andB. anthracis,4 for example.

In earlier studies (3), Setlow and co-workers identified
CoASH as the major thiol inB. megaterium, and an NADH-
dependent CoADR was purified from spores; the apparent
kcat/Km for CoAD was, however, 9-fold lower than that for
pantethine 4′,4′′-diphosphate. Analysis of theB. megaterium
draft genome sequence has revealed a single CoADR
homologue (33% identity with SACoADR, same domain
organization);5 however, identification with the pantethine
diphosphate reductase reported by Swerdlow and Setlow (3)
awaits further experimental work. For comparison, the
functional CoADR fromB. burgdorferiis 32% identical to
SACoADR.

A blastpanalysis using SACoADR as the query against
26 completed archaeal genomes identified additional putative
CoADR enzymes (Figure 9B). Sequence identities with
SACoADR range from 27% to 30%, and there is absolute
conservation of Ala11, Cys43, Tyr361, and Tyr419. Arg22
and Ala41 are also strongly conserved, but Val10 is now
replaced by the consensus Gly in most cases. Although
functional information on these archaeal proteins is sparse,
the P. horikoshiiCoADR reported by Harris et al. (58) is
92% identical to theP. furiosusNoxA-2 included in Figure
9B, and the recombinant NoxA-2 has been reported to exhibit
strong CoADR activity in partially purified extracts (59).

Schut et al. (68) also showed that thisnoxA-2gene is highly
expressed when elemental sulfur (S° f H2S) is present in
the growth medium, and Hummel et al. (5) have recently
reported a dramatic increase in [CoAD]/[CoASH] under these
growth conditions. We propose that these enzymes are
CoADRs rather than Noxs (as annotated), that CoADR is
thus significantly represented in bacteria and archaea, and
that the CoASH/CoAD redox system plays an important role
in thiol/disulfide homeostasis in these prokaryotes.
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