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ABSTRACT. Coenzyme A (CoASH) replaces glutathione as the major low molecular weight thiol in
Staphylococcus aureuisis maintained in the reduced state by coenzymeadulfide reductase (CoOADR),

a homodimeric enzyme similar to NADH peroxidase but containing a novel Cys43-SSCoA redox center.
The crystal structure 0. aureusCoADR has been solved using multiwavelength anomalous dispersion
data and refined at a resolution of 1.54 A. The resulting electron density maps define the Cys43-SSCoA
disulfide conformation, with Cys43;3ocated at the flavirsi face, 3.2 A 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-GiB61

of the complementary subunit, suggesting a role for Tyr8@8lan acietbase catalyst during the reduction

of CoAS—disulfide. Tyr419-OH is located 3.2 A from Tyr3810H as well and, based on its conservation

in known functional CoADRSs, also appears to be important for activity. Identification of residues involved
in recognition of the CoASdisulfide 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/CoAdisulfide redox system in prokaryotic thiol/disulfide
homeostasis.

In contrast to the central role played by the tripeptide thiol to be the major low molecular weight thiol iBacillus
glutathione [GSH 1)] in maintaining thiol/disulfide homeo-  megaterium(3) and Deinococcus radiodurang), as well
stasis and providing an important line of antioxidant defense as in the human pathogeS8taphylococcus aureufp).
in, for example,Escherichia coli earlier studies clearly  Reinforcing the concept that COASH assumes the intracel-
indicated the absence of GSH in a number of bact&ig)( lular redox function of GSH irs. aureusa novel NADPH-
and in all archaea4( 5). Coenzyme A (CoASH) was shown dependent flavoprotein disulfide reductase, coenzymediA
sulfide reductase (CoADR)was identified 6, 7). Consistent
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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 CoADRg), all
flavoprotein disulfide reductases were members of PNDOR
groups 1 and 2, and all group 3 enzymes were specific for
either HO, or O, (—2H,0) reduction. CoADR is clearly
by sequence a group 3 PNDOR enzynig (t (like Npx

and Nox) differs fundamentally from the other PNDOR
groups in theabsencef the primary cystine disulfide redox
center (3). 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 eitt&raureus

or recombinank. 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 flavime 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:
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allowed the identification of CoADR homologues among
several biodefense pathogens and numerous archaea.

EXPERIMENTAL PROCEDURES

Protein Purification and CrystallizationExpression and
purification of S. aureusCoADR followed published pro-
tocols (L4). Purified enzyme, in 10 mM sodium HEPES, pH
7.0, was screened for crystallization at ZDusing hanging
drops (2uL of protein sample plus AL of reservoir solution,
final protein concentration of 10 mg/mL) and the sparse-
matrix strategy 15) implemented in Crystal Screens | and
II (Hampton Research, Inc.). Large, single crystals of
CoADR grew best in the presence of 1.3 mM NADRsing
a reservoir solution of 3343% PEG 400, 0:20.4 M MgClk,
and 0.1 M HEPES (pH 7:87.5). Crystals appeared within
1 day, growing to full size{0.3 mmx 0.4 mmx 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 46)(for
Salmonella typhimuriumhpF. SeMet CoADR was purified
and crystallized in the same manner as the native protein.

Data Collection, Structure Solution, and Refinemdihie

Cys58, the interchange thiol, serves as the nucleophile whichcrystals belong to space gro2;, with a = 76.1 A, b =
attacks the GSSG substrate, forming the Cys58-SSG mixed65.2 A,c = 94.5 A, ands = 104.8; there are two 51 kDa

disulfide intermediate. Cys63, the charge-transfer thiol, is
characterized by a lowlfy; the Cys63-thiolate is responsible
for the electronic interaction with the oxidized flavin that

monomers in the asymmetric unit. Multiwavelength diffrac-
tion data with the SeMet crystals (Table 1) were processed
using the programs MOSFLMLY) and SCALA (8, 19) in

imparts the long-wavelength absorbance band centered athe CCP4 suite20). SOLVE (21) was used to locate 16 of

~530 nm in the two-electron reduced (EHFAD, 2 Cys-
SH) enzyme. This Cys63thiolate also reacts with the

the 18 Se sites, and these coordinates were used for phase
calculation in SHARP [Table 12Q)]. The local NCS matrix

Cys58-SSG intermediate to restore the redox-active disulfide ©f the heavy atom sites was determined using the programs

in the fully oxidized enzyme. Two GSH are released per
catalytic cycle, and His46{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 CoADREH
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 $f aureus
CoADR in order to elucidate the origins of these catalytic
and redox properties that distinguish this enzyme from all

POLARRFN and GETAX in the CCP4 suite. The initial
phases were improved using DM3J), through solvent
flattening, histogram matching, and NCS averaging. The
resulting electron density map allowed 70% of each mono-
mer to be built automatically using MAID28). The
remaining residues were manually built usi@g(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 (nativel)
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 CN&)
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 XPLO2[28). Water
molecules were identified by CNS, using a 8ifference
Fourier cutoff, and were visually confirmed. In the later

other members of the PNDOR family, combining the low stages of refinement, three magnesium ions were added to
molecular weight disulfide substrate preferences of group 1 the model on the basis of strong electron density peaks, as
enzymes with structural features of the group 3 Npx and coordinated with octahedral geometry to solvent water
Nox enzymes. Here, we report the crystal structure of native, molecules, and six chloride ions were identified on the basis
oxidized S. aureusCoADR, refined at 1.54 A resolution.  of the strength of, — F. electron density, significant6o)

Of particular interest is the active site Cys43-SSCoA redox peaks in an anomalous map, hydrogen-bonding distances,
center, which identifies the residues involved in CoAS- andB-factors similar to those of surrounding atoms. A total
recognition and guides insights into the mechanism of CoAD of 1363 solvent water molecules were added to the model,
reduction. The structural and functional divergence betweenwith favorable hydrogen-bonding interactions and peaks
CoADR and Npx/Nox, within the PNDOR group 3, has also greater than 05 in the 2, — F. electron density map.
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Table 1: Data Collection and Phasing Statistics
native® native2 edgé peak remoté
wavelength (A) 1.1000 1.5418 0.9799 0.9762 0.9000
resolution (A) 1.54 1.89 2.50 2.70 2.50
reflections 942329 892209 170804 135526 153427
unique reflections 131158 140099 29437 23369 29357
completeness (%) 99.6 (96%6) 100.0 (99.7 99.9 (99.9) 99.9 (99.9) 99.9 (99.9)
Rmeas(%0)f 7.8 (35.6% 7.9 (41.9y 9.2(34.1) 10.3(26.0) 9.4 (26.6)
phasing power 4.04 3.72
resolution range (A) 20:02.7 20.6-2.7 20.6-2.7
Reuiiis® 0.35 0.36
Reuiis (@nomalous) 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? Collected on a Rigaku Saturn-92 CCD detector using @u&diation from a MicroMax-007 rotating anode X-ray generat@ollected
using the 3x 3 CCD detector PX210 (Oxford) at undulator beamline BL44XU of SPring-8, Hyogo, Ja@ampleteness and redundancy statistics
reflect treatment of " and|~ as nonequivalent reflections in order to evaluate anomalous differeéhidasabers in parentheses represent data for
the highest resolution shellRneasis the multiplicity-weighted mergingr-factor of Diederichs and Karplud9). ¢ Data were scaled and merged

using d*TREK; unmerged profile-fitted reflections were imported into MTZ format for a run of SCALA to calcRate

Structure superpositions were performed using the DALI
server R9) and LSQKAB @30).

RESULTS AND DISCUSSION

Structure Solution and Quality of the Modéllolecular
replacement searches using AMoR&)(@nd CNS with either
Npx (PDB code 1JOA) or Nox (PDB code 2BCO0) 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 A 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 1(1). Both polypeptide chains are
clearly defined in the electron density and have similar
averageB-factors of 17 and 18 A respectively. Less well-
defined regions of the protein involve two different segments
with solvent-exposed loops, residues-Hll in chain A with

an averag®-factor of 34 & and residues 361378 in chain

B with an averagé-factor of 24 &. These two regions are

Table 2: Crystallographic Refinement Statistics

resolution range (A) 101.54
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 (A2) 20.8
protein 17.9
FAD-binding domain 17.3
NADPH-binding domain 194
Interface domain 17.1
solvent 35.0
R-factor (%) 17.7
Reree (%0) 20.6
stereochemical idealitK
bond length rmsd (A) 0.010
bond angle rmsd (deg) 1.60
@,y most favored (%) 88.4
@,y additionally allowed (%) 10.7
@,y generously allowed (%) 0.9

resequencing the CoADR expression plasmid, which had
been obtained from delCardayet al. (7). A Luzzati plot
(32) gives an estimated coordinate error of 0.14 A for the
well-ordered parts of the model. Thé&R2— F. map in the
active site region also illustrates the accuracy of the final

better ordered in the corresponding complementary subunitsrefined model (Figure 1).

with averageB-factors of 21 and 14 A 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 A data, the two
subunits are virtually identical with an overall, @msd of
0.47 A; 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., Cys4&hain

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 aR-factor of 17.7% Riee =
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

Overall Structure.The overall structure of CoOADR (Figure
2) is very similar to that of Npx33) and, by extension, to
that of GR @4, 35), the best characterized PNDOR enzyme.
The CoADR monomer consists of three domains, the two-
part FAD-binding domain (residues-114 and 242-319),
the NADPH-binding domain (residues 11341), and the
C-terminal Interface domain (residues 3288). 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 6), 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 86)] and mammalian TrxR
[group 2 @7)], as well as for other members of the GR
subfamily (L0). As recently analyzed, this subfamily includes
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Ficure 1: Final ZF, — F. 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: CoOAS-, gray; Cys43, magenta; FAD, yellow. All other residues are color-coded by atom
type. The depicted contour level ig.1

Ficure 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 (LJOA) monomer (blue). The DALI server gives rmsd
2.1 A for 433 G, atoms with 25% sequence identity. Cys43-SSCoA and FAD are color-coded as in Figure 2; Npx Cys42-80h C
blue, with other elements color-coded by atom type. Main chain differences between CoADR and Npx are indicated by arrows for COADR
segments 284288 (1), 309-315 (2), and 337349 (3).

functionally diverse proteins such as glutamate synthase,binding domain providing the remainder. The Interface
adrenodoxin reductase, and cyclohexanone monooxygenasedomain is involved in all of the significant intersubunit
The FAD- and NADPH-binding domains of CoOADR both contacts.

have canonical Rossmann fold38); each consists of a When the DALI server is used to search the RCSB
central five-stranded parall@tsheet, with a three-stranded structure database, Npx is identified as the protein whose
antiparallels-sheet packed on one side of the central sheet structure is most similar to that of COADR (Figure 3), with
and severala-helices on the opposite side. CoAS- is C, rmsd= 2.1 A for 433 atoms. A similar superposition
associated with a cleft at the dimer interface; this cleft is with the wild-type (Cys44-SeH) Streptococcus pyogenes
formed by portions of the FAD-binding domain of chain A Nox structure (PDB code 2BCO) gives a @nsd= 2.1 A

and the Interface domain of chain B, which contains a large for 431 atoms. The only significant main chain differences
five-stranded antiparallgd-sheet with three short-helices between CoADR and Npx appear in two surface-exposed
at the C-terminus. The dimer interface, with a total buried segments corresponding to residues-2888 and 309-315
surface area of 2652 %%per monomer, is L-shaped; direct in CoADR. In the NADPH-binding domain, CoADR has a
contacts between the respective Interface domains contributdour-residue deletion (corresponding to Npx residues-119
50% of the total buried surface area, with contacts between122) at its start; this corresponds to a slight shift in the
each Interface domain and elements of the respective FAD-a-helix of the fof fold, away from the FAD-1 segment,
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EfaecNox VY NF:
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Ficure 4: Structure-based sequence alignment for COADR, Npx, and five known functional Nex 28,0) proteins. Npx is from
Enterococcus faecali$0C1 [Efaec 41)]; Nox sequences correspond$o pyogenefSpyo @2)], Streptococcus pneumonif@pneu 43)],
Streptococcus mutaf$mut @4)], E. faecalis(45), and Brachyspira(formerly Serpuling hyodysenteriagShyo @6)]. Structures have

been determined for CoADR (this work), for Npx (INPX and 1JOA), and for SpyoNox (2BC0). Residue numbering and secondary structure
assignments correspond to CoADR; inverted triangles correspond to pr@eAS- contacts for COADR (see Figure 5). Red and yellow
blocks correspond to absolutely conserved residues and conservative substitutions, respectively. CoOADR Alall, 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.

near the active site Cys43. Its °1Qilt relative to the of FAD-PA to interact with the side chain of Phe40, which
correspondingx-helix in the Npx NADH-binding domain  in turn adopts a rotamer distinct from that observed for the
(39) can be attributed to an additional salt bridge (Arg56: equivalent Npx Phe39. The other group 3 PNDORs prefer
Aspl37) in CoOADR. The conformations of the respective Ser, Asn, or Thr, but not Gly, in the position occupied by
Interface domains are the most closely conserved, with the COADR Val10.
only significant difference being the concerted displacement NADPH binding to CoADR is expected to be similar to
of a shorta-helix and surface-exposed loop (residues-337 that seen for other NAD(P)H-dependent PNDOR enzymes;
349) of CoADR toward the core of the Interface domain, CoADR conserves Tyr158, equivalent to the Tyr that sits in
away from the NADPH-binding domain. As with the group the nicotinamide binding pocket in other PNDORs and
3 PNDOR enzymes Npx and Nox, CoADR is rather less undergoes a conformational change on NAD(P)H binding
similar to group 1 and 2 PNDOR417, 12); a representative  (39). CoADR also has a Ser160 for Gly substitution within
comparison with the human GR structure results in an rmsdthe DBM motif of the NADPH-binding domain, as is the
value of 3.4 A (17% sequence identity). case with several other NADPH-dependent;GRbfamily
FAD and NADPH RecognitiorDym and Eisenbergl() members 49).
summarized four conserved sequence motifs shared by all CoASH Recognitiolhe CoAS- binding cleft is composed
NAD(P)H-dependent members of the G&ubfamily. The of residues from both subunits of the dimer, as demonstrated
CLUSTAL (40) alignment for CoOADR and other known by the LIGPLOT B0) analysis given in Figure 5A; a shallow
functional group 3 PNDORg}{—46) shows that these motifs  channel leads from the protein surface down into the active
correspond to CoADR segments Gly&lu33 (FAD-1; site, where the Cys43-SSCoA redox center is oriented on
Figure 4), Glyl55-Glul62 (NADPH), Asp231Pro241 the si face of the FAD isoalloxazine. The entire CoAS-
(NADPH-to-FAD-2 interface), and Thr267Asp277 (FAD- molecule of chain A has well-defined electron density (Figure
2); with one striking exception, these match the expected 1); CoAS- is bound in an extended conformation, lying close
sequence fingerprints very closelg7( 48). The FAD to two a-helices pil (residues 1224) andall (residues
coenzymes in COADR and Npx are bound in nearly identical 294—311)] from the FAD-binding domain, with several
extended conformations (Figure 3). In both cases the ribityl additional interactions involving the Interface domain from
moiety of FAD is involved in extensive hydrogen-bonding chain B (Figure 5). There are 12 direct polar interactions
interactions with both side chain and main chain elements involving the extended CoAS- and 9 protein side chains. The
of the polypeptide; the redox-active FAD isoalloxazine is adenine base is partially solvent-exposed and participates in
buried within the protein core. In Npx Ser9 takes the place hydrophobic interactions with Met432n one face, a
of the highly conserved “second” Gly in the dinucleotide- cation—z (51, 52) stacking interaction (3.5 A) with the
binding motif [DBM (47)]; this results in a 1 Ashift of the guanidinium moiety of Arg22 on the other face, and a
adenylate phosphate (FAD-PA), as was demonstrated in arhydrogen bond with GIn19. The-phosphate and ribose of
earlier comparison of the Npx and GR structu@®.(Unique CoAS- are entirely solvent exposed [tkg/K, value for
to CoADR, a Val residue (Vall0) occupies this position 3'-dephospho-CoAD has been report&)l o be 12-13%
(Figure 4), but the even more dramatic shift anticipated for that of the value for CoAD], with no specific recognition
FAD-PA is not observed. Instead, the Vall0 side chain is by the CoADR polypeptide except for a single hydrogen
stabilized in a conformation pointing away from the position bond interaction between Arg22 and the ribos€OPl. A
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Ficure 5: Protein-CoAS- interactions in CoADR. (A) LIGPLOT5(Q) 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 hetid (chain A) are colored magenta; carbon atoms for chain B are colored cyan. WAT are colored red.

Y361 Y361’
P421'

Ficure 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.

bound magnesium ion is located 4.6 A from thgBosphate, bonds with the side chains of His299 and Asn42. A well-
but its presence is clearly related to crystal packing interac- ordered chloride ion is positioned adjacent to the Cys43-
tions. In contrast, the pantetheinepyrophosphate is very  SSCoA disulfide (Figure 6), 3.8 A from the CoAS- sulfur,
important for recognition; this moiety is largely buried with and receives hydrogen bonds from Cys43-N (3.5 A),
all potential hydrogen bonds being satisfied (Figure 5). The Tyr361-OH (3.1 A), and WAT1070 (3.2 A). The presence
negatively charged CoAS- pyrophosphate forms salt bridgesand position of this monovalent anion in the COADR active
with Lys71 and Lys427in addition to hydrogen-bonding  site are fortuitous, in that these favorable interactions could
interactions with the side chains of Serl8 and GInl9 also stabilize the transition state during reduction of the
(directly), and with Tyr62-OH, via WAT1262. The nonpolar CoAD substrate (see below).

portion of the pantothenic acid moiety is stabilized by In chain B, the CoAS- moiety is less well ordered but
favorable hydrophobic interactions with Phe67, Tyr62, and adopts a very similar overall conformation. The electron
Ala61, and the more polar element is stabilized by hydrogen density for the disulfide and pantetheine elements is well-
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ment of 0.4 A), the active site residues surrounding Npx
Cys42 are not conserved in CoOADR (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; HL0Q and H10A
mutants 54) reveal dramatic perturbations in Cys42-SOH
— FAD charge-transfer properties, diminished rates gidH
reactivity with the respective EHform, and increased
sensitivity to HO, inactivation (Cys42-SOH— Cys42-
SO,H/-SGsH). 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

Ficure 7: Ball-and-stick representations for the CoAS- binding
cleft (CoAS-l) and for a modeled CoAS-Il. (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-Il model (white; developed as described in
the text) has been added. The-8 bond of the CoAS-If5-mer-

dictates the requirement for a small side chain, and Alall
replaces the His. Similar steric requirements drive the
replacements of Npx Tyrl3 (Thr in all Noxs) and Tyr60

captoethylamine moiety is depicted in green. Chains A and B are (absolutely conserved within the Npx/Nox group) with Alal4

rendered in magenta and cyan, respectively.

and Ala61, respectively, within the CoAS-binding pocket.

) ) ) ) Leu40, which is absolutely conserved within the Npx/Nox
defined, but during refinement strong-§o) difference — g.oyp is replaced by the small Ala41 side chain in COADR.
density indicated the presence of an alternate conformatloanX Arg303 maintains and orients the neutral His10 side
for the CoAS- pyrophosphate, that has been included in the .p5in 65); in COADR His299 replaces this Arg, satisfying
model. An additional indication of disorder was weak/broken |,c4| steric requirements with a smaller side chain volume
electron density for the CoAS- ribose. This less ordered gnq also aiding in CoAS- recognition, through a 2.6 A
CoAS- is not involved in crystal packing, so it may more hydrogen bond from His299-blto one carbonyl oxygen of
accurately reflect the level of disorder present in COAS- {he pantetheine moiety. There are two Phe residues (Phe366
recognition and binding in solution. However, it is als0  anq phe42) contributed by the complementary subunit in
possible that the difference in the level of COAS- order is N which are observed within the catalytic center. Phe424
not due to crystal packing but is a subtle reflection of a gi54 helps to shield the FAD isoalloxazine from solvent and
preexisting asymmetry in the oxidized dimer. is hydrogen-bonded (Phe42@) to FAD-N3F @3). These

Engel and Wierenga5@) have described seven diverse phe residues are conserved in all known functional Noxs as
protein folds that productively bind CoASH (as either ell, but in CoADR they are replaced with Tyr36and
CoASH or acyl-CoA forms) in both bent and extended Tyr419; Tyr361-OH interacts with the active site chloride
conformations. The similarities inferred by comparison of jgn.
these diverse CoASH-binding proteins include (1) a solvent-  |n stark contrast to GR (PNDOR group 1), the group 3
exposed 3phosphate, with the adenine base pointing toward CoADR is the only member of the GRubfamily known to
the protein interior, (2) a hydrogen-bonding interaction catalyze the reduction of a disulfide substrate with a single
between the 6-Nkigroup of the adenine base and the protein, active site Cys. In GR, His46%erves a catalytically essential
and (3) the presence of at least one salt bridge involving thegle in protonating the nascent GS-I thiolate as the Cys58-
pyrophosphate. CoADR fulfills all three properties in binding Cys63 protein disulfide forms agai3%, 56). In a similar
COAS-, although only CoADR anchors the CoAS- ligand manner, we expect that the CoADR active site provides an
through a disulfide linkage to the protein. acid—base catalyst primed for protonation of the nascent

CoASSCoA RecognitioA surface representation of the CoAS-Il thiolate as the Cys43-SSCoA disulfide is formed.
CoAS- binding site in the dimeric COADR structure reveals CoADR provides no His equivalent to GR His4pBut a
that there is an unoccupied cleft adjacent to each covalently CoADR/GR superposition reveals that the side chain of
bound CoAS- (here designated CoAS-I, Figure 7). Since the CoADR Tyr419 has an orientation similar to that of His467
CoADR substrate is the COASSCoA homodisulfide (CoAD), Although Tyr419-OH is 4.2 A from Cys43-Sin the COADR
this cleft might provide for docking of the second CoAS- nonflavin redox center, Tyr36DH is only 3.1 A from the
moiety (CoAS-II) of CoAD during catalysis. Indeed, at the bound chloride ion and is in an orientation optimal for proton
base of the pocket is the chloride ion proposed to representdonation to a CoAS-Il thiolate, modeled into this position.
the position of the CoAS-Il sulfur in the enzym€0AD Although individual Y361F and Y419F CoADR mutants
complex. Positioning this sulfur atom at the chloride ion site have significant activity (8% and 21%, respectively, relative
has led to a modeled CoAS-II that has no steric collisions to wild-type CoADR), the Y361F/Y419F double mutant has
with either protein or bound CoAS- (CoAS-I) atoms. The no measurable activity.Scheme 1 presents a working
docked CoAS-II fits well inside the cleft; Arg70 stacks with  mechanistic proposal for the combined role(s) of Tyf361
the adenine base of CoAS-II (mimicking the Arg2CoAS-| (and Tyr419) in CoADR catalysis; this proposal is based
interaction), and the side chain of Asn3gB-factor = 52 primarily on the strong interaction between Tyr3&1H and
A?) can be adjusted to interact with the pyrophosphate moiety the bound chloride ion, taken to mimic the position of the
of CoAS-II. While this model provides a plausible binding CoAS-II thiol(ate) during CoAD reduction. The SACoADR
mode for CoAS-Il, it awaits experimental confirmation. Tyr mutagenesis data also support this scheme, in a general

Active Site Comparisons with COADR and Npkhough
Npx Cys42-$S aligns near CoADR Cys43;3C, displace-

2J. R. Wallen and A. Claiborne, unpublished experiments.
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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. CoOADR and Npx side chain carbon atoms (each chain A) are rendered in magenta and
light blue, respectively. Chain B carbon atoms for CoOADR 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 Tyr3éid
Tyr419 during CoAD Reduction
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conserve the first three residues, although Tyr, Phe, and even
Leu are found in place of Trp432n the Noxs. The two
notable substitutions found in CoOADR, within this segment,
are Phe— Tyr419 and Trp — Lys427; the former
substitution is conservative and has already been described.
Lys427 forms a salt bridge (2.7 A) with the pantetheine
pyrophosphate and represents one component of CoAS-
recognition. Lys427-Nis 3.0 A from His299-N; 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
helicesa13 (residues 391405) ando13 within the dimer
interface, proximal to the active site. A second intrasubunit
salt bridge in this vicinity (Arg393Asp428) also positions
helix a13 with respect to the proximall5 helix (residues
428—436). These CoADR Interface segments provide the
basis for the D-K-R (Asp393Arg395) and K-D (Lys427
Asp428) sequence motifs (see below) and further serve to
differentiate CoOADR from the Npx/Nox group.

CoADR Homologues in Bacteria and Archa€ahey has
classified CoASH as a “common” thiob{), 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 al58) recently reported that
CoASH is the major low molecular weight thiol in the
hyperthermophilic archaeoRyrococcus furiosysand the

sense. While further detailed kinetic studies have not beenrecombinant form of a CoOADR frorRyrococcus horikoshii

performed, structural analyses with the NADH-reduced
COADR (2.25 A resolution, in refinement) fromacillus
anthracis (BACoADR; see below) indicate an altered
conformation for Cys42-SHIn the reduced BACoADR
NADH complex, Cys42-Sis positioned for good hydrogen
bond interactions with both Tyr36DH and Tyr4250H
(equivalent to SACOADR Tyr38&nd Tyr419 respectively).
While more work will be required to elucidate the specific
mechanistic roles of the two active site Tyr residues in
SACO0ADR, we would propose from the above that both are
involved in formation and stabilization of the Cys43-thiolate
and that Tyr3671also serves the primary role in protonation
of the CoAS-II thiolate during CoAD reduction.

Four residues within the Npx Interface domain (Phé424
Pro426, Pro431, and Trp432 are especially well-suited for
roles in shielding the redox-active pyrimidine moiety of FAD
from solvent 83). All enzymes of the Npx/Nox group

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. $9) have more recently demonstrated
that the human pathogdorrelia burgdorferialso contains
CoASH as the major low molecular weight thiol, and the
recombinanB. burgdorferiCoADR has been shown to prefer
NADH, in contrast to thes. aureugenzyme. 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 th&. aureusCoADR (SAC0ADR) se-
guence can be distinguished from those of the Npx/Nox
group. When alastp(60) analysis using SACoOADR as the
guery was performed with 288 completed bacterial genomes,
the surprising result led to identification of two new classes
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Ficure 9: Sequence alignments for CoOADR and closely related bacterial and archaeal homologues. (A) CoADR homologues with the
same domain architecture as SACoADR were identified inbllstpanalysis described in the text and include proteins f@niheyensis
(NP_691780),T. tengcongensi¢NP_624216), and four species from tBe cereusgroup (NP_977693, NP_831030, NP_843735, and
YP_035485) E values range from 6&° to 4e %7, The E value for the functional CoADR fronB. burgdorferi(59) is 6e 5 Segments

shown correspond to FAD-1, FAD-2, and three segments from the Interface domain. Other details are as given in Figurdks(B) A
analysis of the 26 completed archaeal genomes was perfonadyes range from 2é°to 4e %0, and FAD-1, FAD-2, and two Interface
segments are shown for proteins fr@ulfolobus solfataricu§NP_343655)P. furiosugNoxA-2 (58, 68); NP_578915]Methanocaldococcus
jannaschii(NP_247633)Haloarcula marismortui(YP_134552) Pyrobaculum aerophilunNP_559963), andhermoplasma acidophilum
(NP_394297). Thé& value for theP. horikoshiiCoADR (58) is 1e . Other details are as given in Figure 4.

of CoADR homologues. Six of the top 25 similarity scores SirA, and COG2210 (unknown function) domains each
(excluding nine CoADR representatives fr@taphylococ- contain one conserved Cys residue; in both rhodanese and
cug correspond to much longer polypeptides (8B38 TusA, this Cys forms a persulfide intermediate. Notably, the
residues) sharing a CoADR-rhodanese homology domain CoADR-RHD proteins are found in category A biodefense
[RHD (61, 62)]-SirA-COG2210 multidomain architecture, pathogens such aB. anthracisand Yersinia pestis The

and 18 of these top scores correspond to CoADR-RHD crystal structure of the CoADR-RHD protein frorB.
proteins of~560 residues. IiE. coli, the SirA protein TusA/ anthracis Ames has been determined in this laborafory,
YhhP 63, 64) is a sulfur mediator that interacts with, and
accepts sulfane sulfur from, the IscS cysteine desulfurase; s poles, T. C. Mallett, D. Parsonage, A. Friedlander, and A.
this process is essential for 2-thiouridine formation. RHD, Claiborne, unpublished experiments.
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confirming that CoAS- is present in the active site, covalently Schut et al. §8) also showed that thisoxA-2gene is highly
attached to Cys44. The sequences of the CoADR modulesexpressed when elemental sulfuf (S H,S) is present in
from these COADR-RHD and CoADR-RHD-SirA-COG2210 the growth medium, and Hummel et ab) (have recently
proteins are 38639% identical to that of SACOADR. reported a dramatic increase in [COAD]/[COASH] under these
The third bacterial group of CoOADR homologues shares growth conditions. We propose that these enzymes are
the simple domain organization of SACoADR; there are COADRs rather than Noxs (as annotated), that COADR is
seven such homologues among the top 32 scores, withthus significantly represented in bacteria and archaea, and
sequence identities of 3B5% relative to SACOADR (Figure  that the COASH/CoAD redox system plays an important role
9A). Oceanobacillus iheyensis a Gram-positiveBacillus- in thiol/disulfide homeostasis in these prokaryotes.
related spore-forming species noted for its adaptation to
highly alkaline and saline environment85]; still, it is a ACKNOWLEDGMENT

strict aerobeThermoanaerobacter tengcongerisia Gram- :

negative, anaerobic hyperthermophi@), Bacillus cereus we th?‘”" Dr. _Jg_mes Luba_ for_ wor_k in SeMet CQADR

andBacillus thuringiensisare closely related species of the preparation and initial _crystalhzatlon tr_|als and Mr. William
Boles for support during data collection at National Syn-

B. cereugyroup, as iB. anthracisAmes. The alignmentin . = "7 "0 e 0oL i fioure preparation. We also
Figure 9A demonstrates absolute conservation of SACoADR gnt o | In figure prep ) i
thank Dr. Sunil Ojha for critical reading of the manuscript.

Cys43, Aladl, Tyr361, Tyr419, and Asp428. The D-K-R
fingerprint described previously (Asp392rg395) is ab- REFERENCES

solutely conserved. Alall and Arg22 are very strongly

conserved, as is Ala6l. Vall0, noted earlier as a drastic 1. Ortenberg, R., and Beckwith, J. (2003) Functions of thiol-disulfide
substitution for the central Gly within the DBM for FAD oxidoreductases i&. coli: redox myths, realities, and practicali-
binding, is replaced by Asp in most cases; this substitution _ UeS-Antioxid. Redox Signaling, $103-411.

. 2. Fahey, R. C., and Newton, G. L. (1983) Occurrence of low
parallels the appearance of Tyr in place of Phe40 as well as molecular weight thiols in biological systems, Functions of

the concerted replacements His299Asn and Lys427— Glutathione: Biochemical, Physiological, Toxicological, and
Trp. Among the group of SACoADR residues mentioned Clinical Aspects(Larsson, A., et al., Eds.) pp 25260, Raven
above, Arg22, His299, and Lys427 were identified in Figure Press, New York. o

5 as participating in favorable polar interactions with CoAS- ~ 3- Swerdlow, R. D., and Setlow, P. (1983) Purification and charac-

. . . terization of aBacillus megateriundisulfide reductase specific
l. Vall0 and Tyr419 are both involved in hydrophobic for disulfides containing pantething4'-diphosphate]. Bacteriol.
contacts with the pantetheine moiety. The gene encoding the 153 475-484.

B. anthracis CoADR (BACO0ADR) is expressed late in 4. Newton, G. L., and Fahey, R. C. (1990) Glutathione in prokaryotes,

; i i i in Glutathione: Metabolism and Physiological Functiof\ana,
§porulat|on, and the BACoADR protein has been identified 3. Ed.) pp 69-77, CRC Press, Boca Raton. FL.
in the mature spore6{). As a genusBacillus appears to
) ) ) ) . 5. Hummel, C. S., Lancaster, K. M., and Crane, E. J., Il (2005)
lack GSH; CoASH is the major low molecular weight thiol Determination of coenzyme A levels Ryrococcus furiosuand
in B. cereug4) andB. anthracis* for example. other Archaea: implications for a general role for coenzyme A
In earlier studies3), Setlow and co-workers identified in thermophilesFEMS Microbiol. Lett. 252229-234.

; [ ; _ 6. delCardayre, S. B., Stock, K. P., Newton, G. L., Fahey, R. C.,
CoASH as the major thiol iB. megateriumand an NADH and Davies, J. E. (1998) Coenzyme A disulfide reductase, the

dependent CoADR was purified from spores; the apparent primary low molecular weight disulfide reductase fr@taphy-
keafKm for CoAD was, however, 9-fold lower than that for lococcus aureusPurification and characterization of the native
pantethine 44"-diphosphate. Analysis of tH&. megaterium enzyme,J. Biol. Chem. 2735744-5751.

. . . . coenzyme A disulfide reductase, a new subfamily of pyridine
homologue (33% identity with SACOADR, same domain nucleotide-disulfide oxidoreductase. Sequence, expression, and

organizationy, however, identification with the pantethine analysis ofcdr, J. Biol. Chem. 2735752-5757.

diphosphate reductase reported by Swerdlow and Se8pw (8. Coulter, S. N., Schwan, W. R., Ng, E. Y., Langhorne, M. H.,
awaits further experimental work. For comparison, the Ritchie, H. D., Westbrock-Wadman, S., Hufnagle, W. O., Folger,
functional CoADR fromB. burgdorferiis 32% identical to K. R., Bayer, A. S, and Stover, C. K. (1998faphylococcus

aureusgenetic loci impacting growth and survival in multiple
SACOADR. infection environmentsiViol. Microbiol. 30, 393-404.

A blastpanalysis using SACoADR as the query against 9. Schneider, W. P., Ho, S. K., Christine, J., Yao, M., Marra, A.,
26 completed archaeal genomes identified additional putative ~ and Hromockyj, A. E. (2002) Virulence gene identification by
CoADR enzymes (Figure 9B). Sequence identities with differential fluorescence induction analysis 8faphylococcus

. aureusgene expression during infection-simulating cultuinéect.
SACO0ADR range from 27% to 30%, and there is absolute |mmu? 70 132%_1333_ 9 9

conservation of Alall, Cys43, Tyr361, and Tyr419. Arg22 10. Dym, O., and Eisenberg, D. (2001) Sequence-structure analysis
and Ala41l are also strongly conserved, but Vall0 is now of FAD-containing proteinsProtein Sci. 101712-1728.
replaced by the consensus Gly in most cases. Although 11. Williams, C. H., Jr. (1992) Lipoamide dehydrogenase, glutathione

functional information on these archaeal proteins is sparse, ~ feductase, thioredoxin reductase, and mercuric ion reductase
family of flavoenzyme transhydrogenases, @Ghemistry and

the P: hori_kOShiiCOADR_reported by Hams et .3-'5@ is Biochemistry of FlaoenzymegMuller, F., Ed.) pp 12+211, CRC
92% identical to the>. furiosusNoxA-2 included in Figure Press, Boca Raton, FL.

9B, and the recombinant NoxA-2 has been reported to exhibit 12. Argyrou, A., and Blanchard, J. S. (2004) Flavoprotein disulfide
strong CoADR activity in partially purified extract$9). reductases: advances in chemistry and functitnog. Nucleic

Acid Res. Mol. Biol. 7889—142.
13. Claiborne, A., Mallett, T. C., Yeh, J. I, Luba, J., and Parsonage,
4C. Paige, J. R. Wallen, G. L. Newton, R. C. Fahey, and A. D. (2001) Structural, redox, and mechanistic parameters for
Claiborne, unpublished experiments. cysteine-sulfenic acid function in catalysis and regulatitsdy.
5J. Ravel, personal communication. Protein Chem. 58215-276.




11288 Biochemistry, Vol. 45, No. 38, 2006

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.
30.
31.

32.

33.

34.

35

36.

37.

38.

Luba, J., Charrier, V., and Claiborne, A. (1999) Coenzyme
A-disulfide reductase frorStaphylococcus aureugvidence for
asymmetric behavior on interaction with pyridine nucleotides,
Biochemistry 382725-2737.

Jancarik, J., and Kim, S. H. (1991) Sparse-matrix samping
screening method for crystallization of proteids,Appl. Crys-
tallogr. 24, 409-411.

Wood, Z. A., Poole, L. B., and Karplus, P. A. (2001) Structure of
intact AhpF reveals a mirrored thioredoxin-like active site and
implies large domain rotations during catalygschemistry 40
3900-3911.

Leslie, A. G. W. (1992) Recent changes to the MOSFLM package
for processing film and image plate data, Joint CCP4£&£SF-
EAMCB Neuwsletter on Protein Crystallography.

Kabsch, W. (1988) Automatic-indexing of rotation diffraction
patternsJ. Appl. Crystallogr. 2167—71.

Diederichs, K., and Karplus, P. A. (1997) Improved R-factors for
diffraction data analysis in macromolecular crystallograptit.
Struct. Biol. 4 269-275.

(1994) The CCP4 suite: programs for protein crystallografsbia
Crystallogr. D5Q 760-763.

Terwilliger, T. C., and Berendzen, J. (1999) Automated MAD and
MIR structure solutionActa Crystallogr. D55849-861.

de La Fortelleqq, E., and Bricogne, G. (1997) Maximum-likelihood
heavy-atom parameter refinement for multiple isomorphous
replacement and multiwavelength anomalous diffraction methods,
Methods Enzymol. 27@172—494.

Cowtan, K., and Main, P. (1998) Miscellaneous algorithms for
density modificationActa Crystallogr. D54 487—493.

Levitt, D. G. (2001) A new software routine that automates the
fitting of protein X-ray crystallographic electron-density maps,
Acta Crystallogr. D57 1013-1019.

Jones, T. A., Zou, J. Y., Cowan, S. W., and Kjeldgaard, M. (1991)
Improved methods for building protein models in electron-density
maps and the location of errors in these mod&tsa Crystallogr.
A47,110-1109.

Pflugrath, J. W. (1999) The finer things in X-ray diffraction data
collection,Acta Crystallogr. D551718-1725.

Brunger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros,
P., Grosse-Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges,
M., Pannu, N. S., Read, R. J., Rice, L. M., Simonson, T., and
Warren, G. L. (1998) Crystallography and NMR system: A new
software suite for macromolecular structure determinathata
Crystallogr. D54 905-921.

Kleywegt, G. J., and Jones, T. A. (1998) Databases in protein
crystallographyActa Crystallogr. D54 1119-1131.

Holm, L., and Sander, C. (1993) Protein structure comparison by
alignment of distance matrice$, Mol. Biol. 233 123-138.
Kabsch, W. (1976) Solution for best rotation to relate 2 sets of
vectors,Acta Crystallogr. A32922-923.

Navaza, J. (1994) AMOREan automated package for molecular
replacementActa Crystallogr. A50157—163.

Luzzati, V. (1952) Traitement statistique des erreurs dans la
determination des structures cristallindsta Crystallogr. 5802—

810.

Stehle, T., Ahmed, S. A., Claiborne, A., and Schulz, G. E. (1991)
Structure of NADH peroxidase fro@treptococcus faecalldC1
refined at 2.16 A resolution]. Mol. Biol. 221 1325-1344.
Karplus, P. A., and Schulz, G. E. (1987) Refined structure of
glutathione reductase at 1.54 A resolutidniol. Biol. 195 701—

729.

. Karplus, P. A., and Schulz, G. E. (1989) Substrate binding and

catalysis by glutathione reductase as derived from refined
enzyme: substrate crystal structurés2al resolution,J. Mol.
Biol. 210 163-180.

Mittl, P. R. E., and Schulz, G. E. (1994) Structure of glutathione
reductase fronEscherichia coliat 1.86 A resolution: comparison
with the enzyme from human erythrocyt&ptein Sci. 3799

809.

Sandalova, T., Zhong, L., Lindqgvist, Y., Holmgren, A., and
Schneider, G. (2001) Three-dimensional structure of a mammalian
thioredoxin reductase: implications for mechanism and evolution
of a selenocysteine-dependent enzymeyc. Natl. Acad. Sci.
U.S.A. 989533-9538.

Rossmann, M. G., Moras, D., and Olsen, K. W. (1974) Chemical
and biological evolution of nucleotide-binding proteltgture 250
194-199.

39.

40.

41.

43.

44,

45.

46.

47.

a1

54.

55.

56.

58.

3.

Mallett et al.

Stehle, T., Claiborne, A., and Schulz, G. E. (1993) NADH binding
site and catalysis of NADH peroxidasgéur. J. Biochem. 211
221-226.

Chenna, R., Sugawara, H., Koike, T., Lopez, R., Gibson, T. J.,
Higgins, D. G., and Thompson, J. D. (2003) Multiple sequence
alignment with the Clustal series of prograrsicleic Acids Res.

31, 3497-3500.

Ross, R. P., and Claiborne, A. (1991) Cloning, sequence and
overexpression of NADH peroxidase frdBtreptococcus faecalis
10C1. Structural relationship with the flavoprotein disulfide
reductases]. Mol. Biol. 221 857-871.

. Ferretti, J. J., McShan, W. M., Ajdic, D., Savic, D. J., Savic, G.,

Lyon, K., Primeaux, C., Sezate, S., Suvorov, A. N., Kenton, S.,
Lai, H. S., Lin, S. P, Qian, Y., Jia, H. G., Najar, F. Z., Ren, Q.,
Zhu, H., Song, L., White, J., Yuan, X., Clifton, S. W., Roe, B.
A., and McLaughlin, R. (2001) Complete genome sequence of
an M1 strain ofStreptococcus pyogene2roc. Natl. Acad. Sci.
U.S.A. 98 4658-4663.

Auzat, |., Chapuy-Regaud, S., Le Bras, G., Dos Santos, D.,
Ogunniyi, A. D., Le Thomas, |., Garel, J.-R., Paton, J. C., and
Trombe, M.-C. (1999) The NADH oxidase dtreptococcus
pneumoniae its involvement in competence and virulendgl.
Microbiol. 34, 1018-1028.

Matsumoto, J., Higuchi, M., Shimada, M., Yamamoto, Y., and
Kamio, Y. (1996) Molecular cloning and sequence analysis of
the gene encoding the;B-forming NADH oxidase gene fror8.
mutans Biosci. Biotechnol. Biochem. 639—43.

Ross, R. P., and Claiborne, A. (1992) Molecular cloning and
analysis of the gene encoding the NADH oxidase fitrepto-
coccus faecalid0C1. Comparison with NADH peroxidase and
the flavoprotein disulfide reductasels,Mol. Biol. 227 658-671.
Stanton, T. B., and Sellwood, R. (1999) Cloning and characteristics
of a gene encoding NADH oxidase, a major mechanism for
oxygen metabolism by the anaerobic spiroch@&eachyspira
(Serpulina) hyodysenteriadnaerobe 5539-546.

Wierenga, R. K., Terpstra, P., and Hol, W. G. J. (1986) Prediction
of the occurrence of the ADP-binding beta-alpha-beta-fold in
proteins, using an amino acid sequence fingerpdinklol. Biol.

187, 101—-107.

. Eggink, G., Engel, H., Vriend, G., Terpstra, P., and Witholt, B.

(1990) Rubredoxin reductase BSeudomonas oleorans. Struc-
tural relationship to other flavoprotein oxidoreductases based on
one NAD and two FAD fingerprints]). Mol. Biol. 212 135-

142.

. Scrutton, N. S., Berry, A., and Perham, R. N. (1990) Redesign of

the coenzyme specificity of a dehydrogenase by protein engineer-
ing, Nature 343 38—43.

. Wallace, A. C., Laskowski, R. A., and Thornton, J. M. (1995)

LIGPLOT: a program to generate schematic diagrams of protein-
ligand interactionsProtein Eng. 8 127-134.

. Dougherty, D. A. (1996) Cation-pi interactions in chemistry and

biology: a new view of benzene, Phe, Tyr, and T3pjence 271
163-168.

. Biot, C., Buisine, E., Kwasigroch, J. M., Wintjens, R., and

Rooman, M. (2002) Probing the energetic and structural role of
amino acid/nucleobase cation-pi interactions in protein-ligand
complexes,). Biol. Chem. 27,740816-40822.

Engel, C., and Wierenga, R. (1996) The diverse world of coenzyme
A binding proteins Curr. Opin. Struct. Biol. 6790-797.

Crane, E. J., lll, Parsonage, D., and Claiborne, A. (1996) The
active-site histidine-10 of enterococcal NADH peroxidase is not
essential for catalytic activityBiochemistry 352380-2387.

Mande, S. S., Parsonage, D., Claiborne, A., and Hol, W. G. J.
(1995) Crystallographic analyses of NADH peroxidase Cys42Ala
and Cys42Ser mutants: active site structures, mechanistic implica-
tions, and an unusual environment of Arg3@3ochemistry 34
6985-6992.

Rietveld, P., Arscott, L. D., Berry, A., Scrutton, N. S., Deonarain,
M. P., Perham, R. N., and Williams, C. H., Jr. (1994) Reductive
and oxidative half-reactions of glutathione reductase fiesa
cherichia colj Biochemistry 3313888-13895.

. Fahey, R. C. (2001) Novel thiols of prokaryotémnu. Re.

Microbiol. 55, 333—356.

Harris, D. R., Ward, D. E., Feasel, J. M., Lancaster, K. M.,
Murphy, R. D., Mallet, T. C., and Crane, E. J., Ill (2005)
Discovery and characterization of a coenzyme A disulfide
reductase fromPyrococcus horikoshii.lmplications for this
disulfide metabolism of anaerobic hyperthermophileEBS J.
272, 1189-1200.



Staphylococcal Coenzyme-#Disulfide Reductase

59.

60.

61.

62.

63.

Boylan, J. A, Hummel, C. S., Benoit, S., Garcia-Lara, J.,
Treglown-Downey, J., Crane, E. J., lll, and Gherardini, F. C.
(2006) Borrelia burgdorferi bb0728 encodes a coenzyme A
disulfide reductase whose function suggests a role in intracellular
redox and oxidative stress responbtgl. Microbiol. 59, 475—

486.

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman,
D. J. (1990) Basic local alignment search tablMol. Biol. 215
403-410.

Palenchar, P. M., Buck, C. J., Cheng, H., Larson, T. J., and
Mueller, E. G. (2000) Evidence that Thil, an enzyme shared
between thiamin and 4-thiouridine biosynthesis, may be a sul-
furtransferase that proceeds through a persulfide intermediate,
Biol. Chem. 2758283-8286.

Matthies, A., Rajagopalan, K. V., Mendel, R. R., and Leimkuhler,
S. (2004) Evidence for the physiological role of a rhodanese-like
protein for the biosynthesis of the molybdenum cofactor in
humansProc. Natl. Acad. Sci. U.S.A. 105946-5951.

Ikeuchi, Y., Shigi, N., Kato, J., Nishimura, A., and Suzuki, T.
(2006) Mechanistic insights into sulfur relay by multiple sulfur
mediators involved in thiouridine biosynthesis at tRNA wobble
positions,Mol. Cell 21, 97—-108.

64.

65.

66.

67.

Biochemistry, Vol. 45, No. 38, 2006.1289

Katoh, E., Hatta, T., Shindo, H., Ishii, Y., Yamada, H., Mizuno,
T., and Yamazaki, T. (2000) High precision NMR structure of
YhhP, a noveEscherichia colprotein implicated in cell division,

J. Mol. Biol. 304 219-229.

Lu, J., Nogi, Y., and Takami, H. (200Dceanobacillus iheyensis
gen. nov., sp. nov.,, a deep-sea extremely halotolerant and
alkaliphilic species isolated from a depth of 1050 m on the Iheya
Ridge, FEMS Microbiol. Lett. 205291-297.

http://btn.genomics.org.cn:8080/tten/. (200Wermoanaerobacter
tengcongensis

Liu, H., Bergman, N. H., Thomason, B., Shallom, S., Hazen, A.,

Crossno, J., Rasko, D. A., Ravel, J., Read, T. D., Peterson, S. N.,
Yates, J., lll, and Hanna, P. C. (2004) Formation and composition
of the Bacillus anthracisendospore). Bacteriol. 186 164—178.

. Schut, G. J., Zhou, J., and Adams, M. W. W. (2001) DNA

microarray analysis of the hyperthermophilic archaBgrococus
furiosus evidence for a new type of sulfur-reducing enzyme
complex,J. Bacteriol. 183 7027-7036.

BI0O61139A



