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ABSTRACT: The catalytic cysteine of certain members of the peroxiredoxin (Prx) family can be hyperoxidized
to cysteinesulfinic acid during reduction of peroxides. Sulfiredoxin is responsible for the ATP-dependent
reduction of cysteinesulfinic acid (SO2H) of hyperoxidized Prx. Here we report the NMR solution structure
of human sulfiredoxin (hSrx), both with and without bound ATP, and we model the complex of ATP-
bound hSrx with Prx. Binding ATP causes only small changes in the NMR structure of hSrx, and the
bound ATP conformation is quite similar to that seen for the previously reported X-ray structure of the
ADP-hSrx complex. Although hSrx binds ATP, it does not catalyze hydrolysis by itself and has no
catalytic acid residue typical of most ATPase and kinase family proteins. For modeling the complex, the
ATP-bound hSrx was docked to hyperoxidized Prx II using EMAP of CHARMM. In the model complex,
Asn186 of Prx II (Asp187 of Prx I) is in contact with the hSrx-bound ATPâ- andγ-phosphate groups.
Asp187 of Prx I was mutated to alanine and asparagine, and binding and activity of the mutants with
hSrx were compared to those of the wild type. For the D187N mutant, both binding and hydrolysis and
reduction activities were comparable to those of the wild type, whereas for D187A, binding was unimpaired
but ATP hydrolysis and reduction did not occur. The modeling and mutagenesis analyses strongly implicate
Asp187 of Prx I as the catalytic residue responsible for ATP hydrolysis in the cysteinesulfinic acid reduction
of Prx by hSrx.

Peroxiredoxins (Prx) make up a family of peroxidases that
catalyze the reduction of H2O2, peroxynitrite, and hydrop-
eroxides (1, 2). Members of the two-Cys subfamily of Prx
contain two critical cysteine residues, the peroxidatic cys-
teine, which is selectively oxidized as the first step in
catalysis, and the resolving cysteine that reacts with the
sulfenic form peroxidatic cysteine to form a disulfide. The
disulfide can then be reduced by cellular antioxidant systems
such as glutathione or thioredoxin, completing the cycle.
Occasionally, the peroxidatic cysteine is hyperoxidized to
cysteinesulfinic acid by H2O2 (3). This reaction was once
thought to be irreversible, but it is now known that the protein
sulfiredoxin (Srx) reduces cysteinesulfinic acid to cysteine
in eukaryotes utilizing ATP (4). Figure 1 shows a schematic
diagram of these Prx and Srx reactions. Because the reaction
is reversible in the cell, it is plausible that cysteinesulfinic
acid formation might be part of a sensor system for oxidative
stress via regulation of post-translational modification of Prx.

Mounting evidence suggests that H2O2-eliminating enzymes
are extensively regulated through post-translational modifica-
tion (5).

Human sulfiredoxin (hSrx) is a 14 kDa protein ubiqui-
tously expressed at various levels in human tissues, capable
of reducing the active site Prx cysteinesulfinic acid to
cysteine (desulfinylation) using not only ATP but also GTP
(6). To better understand the reduction mechanism, we have
performed NMR studies and biochemical analysis. In this
paper, we report the tertiary structure of both free and ATP-
bound hSrx. Protein-protein docking of hSrx to the Prx
decamer was performed with EMAP, part of CHARMM.
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FIGURE 1: Schematic diagram of 2-Cys Prx cysteine oxidation and
reduction, including reduction of cysteinesulfinic acid by Srx. SP
and SR are the peroxidatic and resolving cysteine sulfurs, respec-
tively, ROOH is a peroxide, and RSH is an antioxidizing agent
such as glutathione or thioredoxin.
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EMAP, a grid-based approach which uses maps of molecular
properties instead of an explicit atomic description, was
developed to efficiently handle large macromolecular systems
(7, 8). Our biochemical results and the modeling of the
hSrx-Prx complex suggest that Prx provides the catalytic
aspartic acid (or asparagine for Prx II) for stimulating ATP
hydrolysis during the reduction of hyperoxidized Prx.

MATERIALS AND METHODS

Protein Expression and Purification. HSrx and Prx I were
prepared as described in ref6. Prx I mutants were made using
the QuickChangeII site-directed mutagenesis kit (Stratagene).
Uniformly 15N-labeled and13C- and15N-labeled hSrx were
obtained as described previously (9). For the NMR structure
determination, hSrx lacking the 16 N-terminal amino acids
(hSrx-∆N16) was used due to its superior solubility (9).
Proper folding of hSrx-∆N16 compared to that of the full-
length protein was confirmed by circular dichroism (CD),
and sulfinic acid reduction activity was confirmed (Figure 1
of the Supporting Information).

NMR Experiments. NMR samples consisted of 2.5 mg of
hSrx protein in 250µL (750 µM) with 50 mM potassium
phosphate (pH 7.0), 100 mM NaCl, and 2 mM DTT. All
three-dimensional (3D) spectra were recorded on a Bruker
800 MHz Avance spectrometer with a TXI triple-axis
gradient probe at 300 K for hSrx both with and without ATP
(20 mM). Experiments include 3D15N-edited NOESY-
HSQC (tmix ) 100 ms) with a 45° water flip back (10), 3D
short constant time (2.7 ms)13C-edited NOESY-HSQC (13C
carrier at 40 ppm;tmix ) 100 ms) (11) with sensitivity
enhancement (12), and 13C-edited NOESY-HMQC (13C
carrier at 125 ppm;tmix ) 100 ms) (13) with water flip back
(14) and WATERGATE water suppression (15). All two-
dimensional (2D)15N HSQC spectra for the ATP and ADP
titrations were recorded at 300 K on a Bruker 600 MHz
Avance spectrometer equipped with a cryoprobe. The
concentration of ATP and ADP used in the nucleotide
titrations was estimated with anε259 of 15 300 M-1 cm-1.
ATP and ADP titrations were carried out by adding small
aliquots of concentrated nucleotide solutions to a solution
of 250 µM apo hSrx and collecting 2D1H-15N HSQC
spectra with increasing nucleotide concentrations of 0, 0.1,
0.3, 0.6, 1.2, 2.4, 4.8, 9.6, and 19.2 mM. The changes in
backbone amide shifts in the1H-15N HSQC spectra were
calculated using the combined chemical shift difference,∆δ-
(NH), with the equation∆δ(NH) ) {[(∆δH)2 + (∆δN/5)2]/
2}1/2, where∆δH is the1H chemical shift change and∆δN
is the 15N chemical shift change (16). The ∆δ(NH) values
were plotted for each residue versus nucleotide concentration;
the slope was calculated, and the same procedure was
repeated for the backbone amide intensities. Additional NMR
experiments used for chemical shift assignments are de-
scribed elsewhere (9). nmrPipe (17) was used to process the
spectra. Secondary structure analysis was performed using
the chemical shift index (CSI) method (18).

Structural Restraint Determination. Distance restraint
generation from the NOESY spectra followed the procedure
described in ref19. Calibration was achieved using log-
log plots of expected distance versus normalized NOE peak
intensities, yielding slopes of-4.5,-5.5, and-6.0 for the
15N, aliphatic 13C, and aromatic13C NOESY spectra,

respectively. Restraint distance ranges were determined
assuming a factor of 3 deviation above or below the expected
distance calculated using the calibration curves with the
corresponding normalized NOE intensities. Backboneφ and
ψ torsional angle restraints were obtained using TALOS (20)
using 13C R and â resonances supplemented byR proton
and amide nitrogen and proton resonances. Theφ and ψ
restraint ranges were taken as 4 times the uncertainty range
in the TALOS output file.

Structure Determination. The structure of hSrx in free and
ATP-bound forms was generated using XPLOR-NIH version
2.9.7 (21) based on X-PLOR version 3.851 (A. Brunger, Yale
University, New Haven, CT). For each form, a set of 200
structures was generated using the standard “dg_sub_embed”
(backbone embedding), “dgsa” (distance geometry, simulated
annealing), and “refine” (additional simulated annealing)
XPLOR-NIH routines, following the procedure described in
ref 19. The ATP molecule was not included at this stage for
the structure determination of the ATP-bound form. Floating
chirality was employed (22) with relatively high initial
temperatures in the dgsa and refine routines, 10 000 and 5000
K, respectively, to allow sufficient prochiral sampling. From
the 200 refined structures, the 20 structures with the lowest
X-PLOR energies were chosen for the final refinement steps.
For the final refinement, the force constant was 30 kcal/Å2

for the NOE restraints and 100 kcal/rad2 for the dihedral
restraints, and the van der Waals repel parameter was set to
0.80. The “sum” averaging and “square” potential options
were used for the NOE restraints throughout. For the final
structures, 5000 steps of minimization were performed.

The ATP molecule was docked to the ATP-bound hSrx
structure by restrained molecular dynamics using Macro-
Model/Maestro (Schro¨dinger, New York, NY). The NOE
cross-peaks from ATP to hSrx were sorted into three distance
restraint categories: strong (0-3.4 Å), medium (3.0-4.2 Å),
and weak (3.6-5.0 Å). Initially, up to 10 poses were
generated for each of six lowest-energy XPLOR structures
of the ATP-bound hSrx by repositioning the ATP interac-
tively near the ATP binding site with small random transla-
tions (∼5 Å) away from the hSrx surface, and small rotations
about a random axis (∼30°), and then repeating the restrained
dynamics. The dynamics consisted of 10 ps of equilibration
and 50 ps of stochastic dynamics (OPLS 2003 force field,
1.5 fs step, 20 Å electrostatic, 8 Å van der Waals cutoffs,
GB/SA implicit water, 400 K), with the protein held fixed
and a restraint strength of 100 kcal mol-1 Å-1. A divalent
cation was included, restrained to be 2-5 Å from the
â-phosphorus. Each pose was then minimized along with
hSrx residues within 10 Å of ATP. Poses were kept with
phosphate groups<3 Å from the hSrx backbone amides of
G98, C99, H100, and R101. These fell into five classes, and
one ATP-hSrx complex from each class was retained for
further analysis. These five representative poses were placed,
one at a time, in the hSrx binding site (by superposing with
the preliminary docked structure hSrx backbone) of each of
the 20 XPLOR structures of ATP-bound hSrx. In addition
to the restraints for observed NOE cross-peaks, repulsive
restraints (>4 Å, 100 kcal mol-1 Å-1) for hSrx protons close
to H2 and H8 of the ATP base, but with no observed cross-
peaks, were included at this point. Minimization was
performed by MacroModel for each of the five representative
complexes, with the backbone of residues>10 Å from ATP
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held fixed, and the complex resulting in the lowest total
energy was retained and subjected to 5000 steps of mini-
mization in XPLOR to ensure that all experimental restraints
remained satisfied.

Docking and Modeling. To create the hSrx-Prx model
structures, the ATP-bound hSrx NMR structure was docked
to the hyperoxidized Prx II decamer (PDB entry 1QMV) (23)
or oxidized disulfide dimer (PDB entry 1QQ2) (24) using
the EMAP module of CHARMM version 32. For the model
complex with the hyperoxidized Prx dimer, chains A and B
of the Prx decamer were used. hSrx and Prx were converted
by EMAP to map objects with grid intervals of 3 Å. Default
map potential parameters [dielectric constant (ε ) 80),
desolvation parameter (psolv ) 100 kcal/grid), surface binding
parameter (pbind ) 300 kcal/grid), and van der Waals core
parameter (pcore ) 0.2 kcal/grid)] were used. The grid-
threading Monte Carlo (GTMC) method (7) with 3 × 3 ×
3 translational and 3× 3 × 3 rotational MC threads was
used to search minimum energy states. The local minimum
complex states were stored for postdocking analysis. The
bound ATP was included along with the Mg2+ ion. All
EMAP-docked structures were saved for later ATP and
cysteine distance analyses (see Results). For comparison with
EMAP, hSrx was also docked to Prx II using the web-based
ClusPro server (http://nrc.bu.edu/cluster) (25). Because of
the large size of the Prx decamer, docking was performed
only with the dimer (chains A and B) of the Prx II decamer.
The ATP-bound hSrx structure was used, but with ATP
removed, and the cysteinesulfinic acid of Prx replaced with
cysteine. DOT was used for the ClusPro docking, and a

clustering radius of 9 Å was employed with 1500 electrostatic
hits being clustered. The 10 best docked structures were then
analyzed for hSrx-Prx ATP and cysteine distances.

RESULTS

hSrx Structure. The structure for both free (PDB entry
1YZS) and ATP-bound hSrx (PDB entry 2B6F) consists of
a central, five-strandedâ sheet and three outlying helices,
one near the C-terminus, and the other two on the opposite
side of the protein, packed together at an angle of roughly
60° (Figure 2). The well-ordered structure starts with the
first â strand at residue 37 and remains well structured to
the end of the C-terminus. The N-terminal residues up to
residue 37 exhibit sharp NMR signals and lack medium- and
long-range NOE signals, typical of flexible random coil.
Figure 2C shows the superposition of the 20 NMR-
determined structures for the ATP-bound form, and Figure
3 shows the superposed average backbone for the free and
ATP-bound forms. The hSrx structure for the ATP-bound
form is very similar to the unbound form, with a backbone
rms deviation of 0.51 Å. Indeed, the majority of the 3D NOE
spectra cross-peaks for the unbound and bound forms are
unchanged, within noise, and only 135 restraints (not
including those to ATP) were altered, added, or deleted. The
largest difference in the structures is seen for helix 1 (R1),
which forms part of the ATP binding site, and the chemical
shift differences between free and bound hSrx are greater
for this helix (Figure 4). The statistics for the structure
determinations are given in Table 1 of the Supporting
Information, and a summary of the NMR data indicative of

FIGURE 2: Ribbon diagram (A), topology diagram (B), and superposition of NMR structures (C) for ATP-bound hSrx. In panel C, the
protein backbone is shaded from light blue at the N-terminus to pink at the C-terminus with the bound ATP shaded from blue for the base
to pink for theγ-phosphate. N-Terminal residues 17-36 are flexible random coil, and residues 17-32 are not shown in the superposition.

FIGURE 3: Stereoview of the average NMR structures for free (magenta) and ATP-bound (blue) hSrx with ATP colored orange.
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the secondary structure of hSrx is provided in Figure 2 of
the Supporting Information.

The structure of the bound ATP was determined using
NOE distance restraints to ribose and base groups. While
NOE cross-peaks seen in the13C-edited NOESY-HMQC
spectra between protein and ribose were unambiguous, NOE
cross-peaks from the adenine base in both the13C-edited and
15N-edited NOESY spectra were considerably weaker, and
their assignment was aided by examining the pattern of ring
current-induced shift changes in the residues surrounding the
base binding site (Figure 5A). Ten ATP cross-peaks, five
from the ribose and five from the base, were assigned and
used as distance restraints. The resonances shifted due to
ATP binding were also broadened to varying degrees,
indicating conformational exchange in the base binding
pocket, perhaps due to the ATP residence time falling within
the intermediate NMR time scale regime (from∼100 ns to
∼1 ms) (26). However, the ATP binding constant is not weak
(6 µM) (6), and other possibilities are that the broadening
arises due to exchange between different bound ATP
conformations or increased flexibility of the protein at the
nucleotide-binding site (27).

Additional information about the location of the phosphate
contacts was obtained from an ATP titration series of15N
HSQC spectra and comparison with an ADP titration series.
The results are summarized in Figure 4. While the chemical
shift and intensity changes are smaller overall for ADP than

for ATP, most likely due to weaker binding of ADP, the
patterns of shift changes and intensity changes are quite
similar. Many of the shift changes correlate with the
structural difference seen for helix 1 when comparing the
free and ATP-bound structures, suggesting that ADP and
ATP binding affect helix 1 in similar ways. The greatest
reductions in intensity are seen for backbone amides Gly98,
Cys99, His100, and Arg101. These intensity reductions,
combined with the observed ATP-hSrx NOE results, are
consistent with phosphate contacts at these amides (Figures
4 and 5). Additionally, the electrostatic potential in this
region, which lies at the N-terminal end of helix 2, is strongly
positive (Figure 3 of the Supporting Information) and thus
a favorable location for interaction with the negative
phosphate groups. The patterns of intensity reduction for ATP
and ADP are similar, which indicates that ATP and ADP
interact with these backbone amides in a similar fashion,
despite the fact that ADP is shorter by one phosphate. Even
at ATP concentrations up to 20 mM, much greater than the
ATP binding constant (6µM), no reversal of intensity
reduction was observed, consistent with the bound ATP or
binding pocket undergoing conformational exchange on the
intermediate time scale. The largest observed backbone
chemical shift change is seen for Ser55 (Figure 4). The Ser55
side chain can contact the Cys99 side chain and, conse-
quently, is not far (<7 Å) from the bound ATP (Figure 5A).

The phosphate conformations of bound ATP were gener-
ated on the basis of the working assumption that the
backbone amides, Gly98, Cys99, His100, and Arg101, lie
within 3 Å of at least one phosphate oxygen (see Materials
and Methods). MacroModel was used instead of XPLOR for
energy minimization because of its more advanced force
field, which employs a generalized Born/surface area (GBSA)
term to estimate the free energy of desolvation (28). From
initial modeling, five low-energy triphosphate conformations
of the bound ATP were identified (Figure 4 of the Supporting
Information). In all cases, the phosphates also interacted with
the side chains of Lys61, His100, and Arg101. Next, each
of the five model ATP conformations was superimposed on

FIGURE 4: Histograms showing changes in the hSrx backbone upon
binding of ATP and ADP. (A) Differences in the free and ATP-
bound backbone structures (angstroms) with a secondary structure
diagram. (B) Differences in the backbone amide chemical shifts
per millimolar titrated ATP (top part of histogram) and ADP
(bottom). (C) Percent reduction of amide15N HSQC intensity
relative to nucleotide-free hSrx per millimolar titrated ATP (top)
and ADP (bottom).

FIGURE 5: hSrx residues significantly perturbed by ATP binding.
Side chains colored red had NMR resonances that were broadened
and shifted downfield by ATP; green side chains were broadened
and shifted upfield, and blue side chain resonances were perturbed
in both field directions. The yellow side chain atoms of Leu65 and
the white spheres, which correspond to backbone amides at the
N-terminus of helix II, represent resonances no longer detectable
due to broadening at ATP concentrations of>5 mM. Also shown
is a simplified diagram of the ATP phosphate contacts.
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the 20 hSrx NMR structures and minimized to determine
the lowest-energy phosphate conformation. In 18 of the 20
NMR structures, the conformation shown in Figure 5B
resulted in the lowest energy (conformation 1 in Figure 4 of
the Supporting Information). This conformation has the
γ-phosphate positioned at the head of helix 1, contacting
the four backbone amides, Gly98, Cys99, His100, and
Arg101, as well as the side chain of His100.

Modeling the hSrx-Prx Complex.Attempts to crystallize
a Prx-hSrx complex failed (data not shown); thus, we
performed the modeling of the Prx-hSrx complex to gain
further insight into the mechanism of the reduction of the
cysteinesulfinic acid by hSrx. In its reduced form Prx forms
a decamer, while in its disulfide form the decamer is
destabilized into dimers, which are then reduced by agents
such as thioredoxin (1, 29, 30). The formation of the disulfide
linkage from the cysteinesulfenic intermediate is not fast,
however, and increasing concentrations of H2O2 can lead to
further oxidation of the cysteine to the sulfinic form, in which
case Prx remains in the decamer form (1, 23).

The Prx II decamer structure with the sulfinic acid form
of the peroxidatic cysteine (23) and ATP-bound hSrx were
docked using EMAP, part of CHARMM version 32b1 (31).
EMAP was developed to efficiently handle large macromo-
lecular systems and has been successfully applied to protein
systems comparable in size to the Prx II decamer (8). Unlike
traditional molecular modeling approaches that describe a
molecule as a group of atoms linked with chemical bonds,
EMAP uses maps to represent macromolecules, with each
relatively rigid domain described as a map object (7). A map
object neglects internal chemical structures. Instead, it
represents a spatial distribution of certain properties, such
as charge, density, and solvent accessibility. The flexibility
of macromolecules is taken into account through the low
resolution in the spatial distribution of molecular properties.
Interactions between macromolecules are calculated through
map potentials consisting of electrostatic, van der Waals,
desolvation, and surface binding terms derived from the
CHARMM force field.

EMAP performs Monte Carlo minimization of hundreds
of starting structures, and the minimized docked structures
were searched for those with the shortest distance between
the reactive cysteine sulfur atoms of each protein, Cys99 of
hSrx and Cys51 of Prx, and also the shortest distance
between the ATPγ-phosphate and Cys51 of Prx. The docked
complex with the shortest distances is shown in panels A
and B of Figure 6, with a Cys-Cys distance of 12.2 Å and
a Cys-ATP distance of 11.9 Å. In this docked conformation,
the ATP phosphate groups are buried at the interface (Figure
7), and the hSrx loop containing Ser55, the residue most
perturbed by ATP binding, is inserted into a large cleft on
the Prx decamer surface where three Prx monomers meet
(Figure 6C).

Potential interactions suggested by the model include
hydrophobic, hSrx Val56 with Prx Val187 for instance, as
well as electrostatic interactions, such as hSrx Asp58 with
Prx Arg127. Mutation of hSrx Asp58 to Asn has been found
to interfere with Prx binding (32). The electrostatic potential
of Prx at the putative binding site has both positive and
negative areas, and overall, the Prx potential is more positive
toward the center of the decamer ring and negative toward
the outer edge (Figure 5A of the Supporting Information),

which perhaps helps in orienting bound hSrx. The putative
binding site includes the largest hydrophobic patch on the
Prx surface ( Figure 5B of the Supporting Information),
implying an important role for hydrophobic hSrx-Prx
interactions.

While the functional stoichiometry of hSrx bound to Prx
in the cell has not yet been determined, hSrx is shown in
panels A and B of Figure 6 bound to all 10 potential sites
on the Prx decamer to illustrate the lack of contact between
the individual bound hSrx proteins. This lack of contact
suggests hSrx binding might be noncooperative, though the
model cannot rule out allosteric effects. Nevertheless, perhaps
just one hSrx protein is sufficient to reduce a sulfinic form
Prx in the decamer.

Judging from the Cys-Cys and Cys-ATP distances,
Cys51 of Prx would seem to be too distant for a reaction
involving direct transfer of theγ-phosphate from ATP or
from an hSrx Cys99 intermediate (Figure 7). Even with
interactive manipulation of the docked structures, these
distances could not be significantly reduced. Perhaps for
proper function, hSrx must pry apart and insert into the Prx
dimer-dimer interface. To test this possibility, docking to
the Prx dimer subunit of the sulfinic form Prx decamer was
also examined. The minimum Cys-Cys distance was
reduced slightly to 11.9 Å, while the Cys51-γ-phosphate
distance increased to 14.6 Å. Yet another possibility is that

FIGURE 6: Axial view (A) of the Prx II decamer with bound hSrx
predicted by EMAP and side view (B) seen from the right. The
Prx monomers are shown in shades of blue, light on one side of
the decamer and dark on the other, and the hSrx proteins are colored
pink on one side and orange on the other. The 10 hSrx proteins
shown bound to the decamer illustrate there is no contact between
the bound hSrx proteins; the actual stoichiometry in the cell has
not yet been determined. (C) Prx decamer shown without the bound
hSrx to show the binding site lies in a pocket where three Prx
monomers meet (compare with panel A). (D) Close-up of one of
the binding pockets (indicated by the square in panel C) with the
Prx II residues labeled corresponding to the Prx I residues (which
have residue numbers one greater than those of Prx II) that were
mutated in this study.
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refolding occurs around Prx Cys51 during the reduction by
hSrx, and since the oxidized form of Prx is folded differently
to form the disulfide linkage, docking was also performed
on the oxidized dimer Prx structure (24). In this case, EMAP
failed to produce a docked structure similar to the sulfinic
form Prx complexes, with a Cys-Cys distance no shorter
than 14.2 Å and a Cys-ATP distance no shorter than 14.6
Å. Even when the structure of hSrx docked to the sulfinic
form Prx dimer was superimposed onto the disulfide form
Prx dimer, these distances were not significantly reduced,
the Cys-Cys distance being 11.8 Å and the Cys-ATP
distance 12.2 Å. Thus, in all three cases, docking to the
sulfinic acid form Prx decamer, the dimer, and the disulfide
form dimer, the model structures yielded large (∼12 Å)
Cys-Cys and Cys-ATP distances.

As a consistency check, docking was also performed with
ClusPro. ClusPro evaluates billions of putative complexes
with favorable surface complementarities and clusters and
filters the output, selecting those with the best electrostatic
and desolvation free energies (25, 33). Because of size limits,
only docking to the Prx dimer was performed, and the
sulfinic form was used. Also, ClusPro is currently imple-
mented only for standard amino acids, so ATP was not
included. The ClusPro and EMAP docked structures were
quite similar, with a backbone rms deviation of 5.5 Å.

Mutant Prx Binding and ActiVity. To test the validity of
the docked structures yielding the shortest Cys-Cys and
Cys-ATP distances, Prx I mutants were made by changing
residues at or near the hypothetical hSrx-Prx interface, and
binding to hSrx was assessed. The Prx mutations include
E123A, R128A, and D146L mutations at the putative hSrx
interface and the H169N mutation adjacent to the interface
(Figure 6D). Residues R128, D146, and H169 are conserved
for Prx I-IV but not Prx V and VI, and E123 is found just
in Prx I and II. The E123A, R128A, and D146L mutations
all interfered with hSrx binding, while the H169N mutation
did not (Figure 8A).

As we described previously, hSrx has no catalytic residue
such as aspartic acid near theâ- or γ-phosphate groups of
the bound ATP. By examining the model complex, we
identified a suitable candidate residue, Prx II Asn186. Figure
7 shows a close-up of the model structure with Asn186 of
Prx II, corresponding to Asp187 of Prx I, adjacent to the
phosphates of the hSrx-bound ATP. This situation is
reminiscent of Rap1, a Ras-like guanine nucleotide binding

protein, which does not possess the catalytic glutamine
essential for GTP hydrolysis. However, Rap1GAP (GTPase-
activating protein), a Rap1-specific regulating protein, pro-
vides a catalytic asparagine for stimulating the hydrolysis
of GTP utilizing a nucleophilic water molecule (34, 35).
Thus, we hypothesized that this Prx residue might act as the
catalytic residue for hydrolysis of hSrx-bound ATP. Figure
9 shows the sequence alignment of the C-terminal region of
the two-Cys class of Prx. As the figure shows, Prx I and
Prx IV have a conserved aspartic acid. However, Prx II and
Prx III have aspargine and serine, respectively.

To investigate whether this residue acts as the catalytic
residue, we mutated Asp187 of Prx I to Ala, Asn, and Ser.
We then measured the Prx-catalyzed hydrolysis of [γ-32P]-
ATP bound to hSrx and the reduction of the hyperoxidized
form of wild-type Prx I and its mutants. The D187S mutant
precipitated as an inclusion body; thus, we proceeded with
the wild type and the D187A and D187N mutants of Prx I.
As Figure 8 shows, although Prx I D187A binds hSrx with
the same affinity as the wild type (Figure 8A), reduction of
hyperoxidized Prx I (Figure 8B) and hydrolysis of [γ-32P]-
ATP were lost (Figure 8C,D). However, for Prx I D187N,
these activities were almost the same as that for the wild
type. These results suggest that these mutations do not affect
the structure of the binding surface of Prx I with hSrx and
that Asp187 acts as the catalytic residue for hydrolysis of
ATP. Also, since the hydrolysis and reduction activities of
the D187N mutant were comparable to those of the wild
type, this suggests Asn186 is the catalytic residue of Prx II.

DISCUSSION

hSrx Structural Comparisons.Free and ADP-bound hSrx
structures have been determined by X-ray crystallography
(36). The X-ray and NMR structures are quite similar, with
an average backbone rmsd of 0.9 Å between NMR ATP-
bound hSrx and both X-ray structures and 1.0 Å between
NMR free hSrx and both X-ray structures. The bound ATP
base and ribose ring in the NMR structure are in the same
location as the ADP base and ribose ring in the X-ray
structure. Theâ-phosphate of the bound ADP is situated at
the head of helix 2 and makes hydrogen bonds similar to
those of theγ-phosphate in the NMR structures (Figure 5),
though the ADPâ-phosphate is necessarily nearer the ribose,
so the exact positions of the ADPâ-phosphate and ATP
γ-phosphate differ by 2.6 Å. The largest difference between

FIGURE 7: Stereo close-up view of the putative hSrx-Prx interface. The hSrx backbone is colored light blue, and two monomers of the Prx
II decamer are colored pink and purple. The ATP bound to hSrx is shown. Itsγ-phosphate lies less than 4 Å from the side chains of hSrx
Cys99 and Prx II Asn186. The doubly oxidized Prx II Cys51 is also shown. While Cys51 appears close to the ATP phosphates and to hSrx
Cys99 in this view, it is actually separated by more than 12 Å from both.
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the NMR and X-ray protein structures is seen in the vicinity
of Val56, differing by 2.5 Å. Comparison of the NMR NOE
spectra signals with the corresponding distances in the X-ray
structures, between Val56 and Cys99 and His100, for
instance, confirms that the solution structure must differ
significantly from the crystal structure in this region. The
reason for this difference is unclear, though it is interesting
that it occurs at the predicted hSrx-Prx interface and next
to residue Ser55, which has a large amide chemical shift
change upon binding ATP and ADP.

The ability of hSrx to bind all di- and triphosphate
nucleotides with only moderate base specificity (6) might
be due to hSrx being tailored specifically to bind the terminal
phosphate of the di- or triphosphate nucleotide. The flexible
side chains of Lys61 and Arg101 can accommodate di- and

triphosphate binding by adjusting their interactions with the
phosphate groups, while the interactions of the terminal
phosphate with the head of helix 2 and the His100 side chain
remain similar.

A Dali structural similarity search revealed that hSrx has
the parB domain fold, as already predicted on the basis of
sequence analysis (37); in particular, hSrx is similar to a
protein of unknown function fromPyrococcus furiosus(PDB
entry 1VK1; backbone rmsd of 2.9 Å;z score of 6.6) and to
the chromosomal segregation protein Spo0J ofThermus
thermophilus(PDB entry 1VZ0; backbone rmsd of 2.9 Å;z
score of 4.6). Whether these proteins bind ATP is not known.
Both these proteins have an additional C-terminal domain.
Superposing these two proteins on hSrx in the hSrx-Prx
model shows considerable overlap in the position of theP.
furiosusprotein C-terminal domain and Prx, though Prx has
more extensive contacts in the ATP phosphate binding region
of hSrx than those seen in the corresponding interface region
of the P. furiosusprotein. Overlap between the C-terminal
domain of Spo0J and Prx in the hSrx-Prx complex was less
substantial. No structural similarity is seen between either
C-terminal domain and Prx.

Reduction Mechanism and Structural Rearrangement.
While the modeling and mutagenesis present compelling
evidence for Prx I Asp187 being the catalytic residue in ATP
hydrolysis, just how this hydrolysis is linked to the reduction

FIGURE 8: Activity of hSrx depending on the wild-type or mutant Prx protein. (A) Change in affinity of wild-type and mutant Prx I for
hSrx. Wild-type and mutant Prx I proteins (1µg) were each incubated for 2 h at 4°C with either GST or the GST-hSrx fusion protein (5
µg) in 1 mL of binding buffer [50 mM HEPES buffer (pH 7.0), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and 1 mM DTT]. Samples
precipitated with GSH-Sepharose resins were subjected to immunoblot analysis with antibodies to Prx I or GST. (B) Reduction of sulfinic
acid determined by immunoblot analysis with antibodies to cysteine and cysteinesulfinic acid. (C) Dephosphorylation due to interaction of
Prx I with hSrx after 60 min shown by retention time difference on the TLC using polyethyleneimine (PEI). (D) Amount ofγ-32Pi formed
on the TLC plate, measured with a liquid scintillation counter. The reaction mixture containing 100 mM Tris-HCl (pH 7.5), 1 mM MgCl2,
250 mM ATP [or added [γ-32P]ATP (0.4µCi/µL)], 10 mM GSH, 20µM sulfinic Prx I, and 2µM hSrx was incubated for the indicated time
at 30°C.

FIGURE 9: Alignment of the C-terminal sequences of human Prx
I-IV. Conserved residues are shaded. The corresponding secondary
structure is shown. Prx I Asp187 is denoted with a black star, and
the resolving cysteine, which forms the disulfide linkage with the
peroxidatic cysteine, is denoted with a white star.
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of the cysteinesulfinic acid is not clear. Cysteine 99 of hSrx
in the active site likely plays a central role in the reduction
mechanism (32). This cysteine lies in a region of strong
positive electrostatic potential, lying adjacent to Arg51 and
His100, as well as lying at the N-terminal end of helix II,
lowering its pKa (∼7.3) and rendering it particularly reactive
(6). A proposed intermediate in the reduction mechanism is
cysteinyl phosphate, known from phosphatases (38), with
hydrolysis transferring theγ-phosphate to Cys99 (32). In the
ATP-bound hSrx structure, Cys99 lies just past the end of
the triphosphate group, 4 Å from the γ-phosphate; thus,
transfer of the phosphate to Cys99 appears plausible. Lying
within the Prx-hSrx interface, the cysteinyl phosphate should
be shielded from hydrolysis by solvent, giving it sufficient
time to participate in the next step of the reduction mecha-
nism.

In the model complex structures, hSrx Cys99 lies no less
than 12 Å from the cysteinesulfinic acid residue of Prx; even
after addition of the phosphoryl group to Cys99, the distance
is still greater than 9 Å. If the cysteinyl phosphate is truly
an intermediate in the reduction mechanism, then perhaps
some structural rearrangment brings the cysteine residues
closer together. Such rearrangement might not be needed for
ATP hydrolysis since the catalytic Prx I Asp187 seems
already well placed adjacent to the ATPâ- andγ-phosphates.
However, hydrolysis occurs only when Prx is in its sulfinic
form, suggesting something more than simply placing Prx I
Asp187 adjacent to the ATP phosphates is needed for
hydrolysis to occur. The ATP- and ADP-bound structures
of hSrx are quite similar, so hydrolysis alone does not seem
to have a large effect on hSrx structure, at least for unbound
hSrx. On the other hand, the differences between the NMR
and X-ray structures for hSrx seen for Val56 on the loop
that lies directly between hSrx Cys99 and the Prx cysteine-
sulfinic acid suggest this loop region could be structurally
labile.

As for the Prx structure, for the disulfide bond to form
after the initial oxidation, the helix containing the peroxidatic
cysteine must partially unwind and the C-terminal region
containing the resolving cysteine must unfold (1, 29). Even
though the structure of the cysteinesulfinic acid form of Prx
more closely resembles the reduced form, the structural
change needed to form the disulfide indicates a propensity
for structural rearrangement in this region of Prx. A hint that
such structural rearrangement occurs is the fact that mutation
of hSrx Asp80 to Asn interferes with Prx binding. In the
model complexes, Asp80 is roughly 6 Å from the hSrx-
Prx interface. Intriguingly, Asp80 lies closest to the C-
terminal helix of Prx, the part of Prx that must structurally
rearrange to form the disulfide. Thus, while structural change
might not be necessary for an initial hydrolysis step with
Prx I Asp187 as the catalytic residue, it is plausible that at
some point the reduction of the Prx cysteinesulfinic acid
involves a major structural rearrangement at the complex
interface, bringing the hSrx and Prx cysteines closer together.

SUPPORTING INFORMATION AVAILABLE

Additional figures and the statistics table mentioned in the
text. This material is available free of charge via the Internet
at http://pubs.acs.org.
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