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Oxidative stress can damage the active site cysteine of the
antioxidant enzyme peroxiredoxin (Prx) to the sulfinic acid
form, Prx-SO; . This modification leads to inactivation. Sulfire-
doxin (Srx) utilizes a unique ATP-Mg>* -dependent mechanism
to repair the Prx molecule. Using selective protein engineering
that involves disulfide bond formation and site-directed muta-
genesis, a mimic of the enzyme-substrate complex has been
trapped. Here, we present the 2.1 A crystal structure of human
Srx in complex with PrxI, ATP, and Mg?*. The Cys®? sulfinic
acid moiety was substituted by mutating this residue to Asp,
leading to a replacement of the sulfur atom with a carbon atom.
Because the Srx reaction cannot occur, the structural changes in
the Prx active site that lead to the attack on ATP may be visual-
ized. The local unfolding of the helix containing C52D resulted
in the packing of Phe®® in PrxI within a hydrophobic pocket of
Srx. Importantly, this structural rearrangement positioned one
of the oxygen atoms of Asp®? within 4.3 A of the y-phosphate of
ATP bound to Srx. These observations support a mechanism
where phosphorylation of Prx-SOj is the first chemical step.

Reactive oxygen species, such as hydrogen peroxide (H,O,)
and peroxynitrite, have been recognized as compounds that
cause significant damage to cells by acting on DNA, RNA, lip-
ids, and proteins when present at elevated levels. Reactive
oxygen species readily modify reactive protein sulthydryls to
higher oxidation states (1). Peroxiredoxins (Prxs),” the primary
enzyme family involved in breaking down low levels of perox-
ides, utilize a conserved, “peroxidatic” Cys residue, Cys-SpH, as
the primary site of oxidation by peroxides (2—4). The resulting
Cys sulfenic acid intermediate (Cys-S,OH) promotes the for-
mation of a disulfide bond. For the 2-Cys subgroup of Prxs
(PrxI-IV in humans), the “resolving” Cys residue, Cys-SyH,
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from the C terminus of the adjacent monomer of the ho-
modimer participates in the disulfide bond, Prx-S,—S;-Prx.
During oxidative stress, however, the peroxide levels can over-
whelm the Prx system and hyperoxidize the Cys-S,OH inter-
mediate to a Cys sulfinic acid, Cys-S,O, . In this context, the
2-Cys Prxs are unique in that they can become inactivated by
the peroxide substrate and subsequently are repaired by an
enzyme known as sulfiredoxin (Srx) (5-9). This reversible per-
oxide-sensitive switch has been shown to regulate the activa-
tion of transcription factors in Schizosaccharomyces pombe (10,
11). Moreover, formation of Prx-SO; results in cell cycle arrest
that resumes after the reversal of the hyperoxidized state (12).

Srx catalyzes the reduction of Prx-SO, utilizing ATP, Mg>*,
an active site Cys in Srx, and a thiol reductant such as glutathi-
one (GSH) or thioredoxin (Trx) (8, 13, 14). Biochemical and
structural analyses support a mechanism (Fig. 1) where the
ATP molecule, bound tightly to the nucleotide binding motif of
Srx, is brought in close proximity to the sulfinic acid moiety of
Prx (15, 16). The direct attack of the Cys-sulfinic acid on the +y-
phosphate of ATP generates a sulfinic phosphoryl ester inter-
mediate, which is followed by the thiol attack (Cys*® in human
Srx) to form a Srx-Prx thiosulfinate species (17, 18). The thio-
sulfinate is further reduced by GSH or thioredoxin to regener-
ate the active forms of Prx and Srx.

Major structural rearrangements within the Prx molecule are
required for the reductive chemistry facilitated by Srx to occur
(16, 19). These changes include: (i) the displacement of the con-
served YF motif occluding the Prx active site from ATP-bound
Srx; (ii) the unfolding of the Prx active site helix to place a
conserved Phe residue within hydrophobic pocket of Srx; and
(iii) the unfolding of the C terminus of Prx onto the noncata-
lytic, backside surface of Srx. The structural changes that must
occur within the Prx active site to foster an attack on ATP
molecule and the direct observation of the phosphorylated
intermediate, however, remain elusive.

In this report, we describe the 2.1 A resolution crystal struc-
ture of a quaternary complex between Prx, Srx, ATP and Mg>™".
A novel protein engineering approach was used to enhance the
interactions between Srx and Prx and to generate a stable
mimic of the enzymesubstrate complex. The structure pro-
vides insight into the conformational changes within the Prx-
SO, molecule that enable it to be recognized as a substrate by
Srx, resulting in its reduction. The crystal structure supports
the proposal that Prx-SO, repair proceeds directly through a
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FIGURE 1. Mechanism of reduction of Prx-SO; by Srx. Attack of the y-phos-
phate of ATP by Prx-SO, results in the formation of a sulfinic acid phosphoryl
ester intermediate. The attack of Cys®® in Srx generates a Srx-Prx thiosulfinate
intermediate that can be resolved by GSH or Trx to generate active Prx-SOH.

sulfinic acid phosphoryl ester intermediate, formed by the
direct transfer of the y-phosphate from ATP to Prx-SO, .

EXPERIMENTAL PROCEDURES

Protein Preparation and Engineering—Mutant forms of hSrx
(C99A and N43C) and hPrxI (C52D, C71S, C83E, A86E, C173S,
and K185C) were generated using the QuikChange site-di-
rected mutagenesis kit from Stratagene. A truncated version of
the human Srx mutant, residues 32—137, was expressed from a
pET19 (Novagen) vector derivative containing a PreScission
protease (GE Healthcare) cleavage site between Srx and the
N-terminal His tag. The proteins were purified using nickel
affinity and size-exclusion chromatography after the removal of
the His tag (16, 20). The PrxI mutant was expressed from a
pET17b (Novagen) vector in C41(DE3) Escherichia coli with an
added, noncleavable His, C-terminal tag, and purified using
nickel affinity in the presence of 5 mm -mercaptoethanol. The
protein was subsequently treated with 5 mm EDTA and 2 mMm
dithiothreitol to disrupt mixed disulfides before size-exclusion
chromatography (Superdex 200) was used to further purify the
protein and to remove the reducing agents. The fractions
corresponding to the dimeric form of PrxI were pooled, and 1
mM Ellman’s reagent, 5,5'-dithiobis(2-nitrobenzoic acid), was
added. Excess 5,5'-dithiobis(2-nitrobenzoic acid) and gener-
ated TNB>" were removed from the TNB-linked PrxI using the
size exclusion column. Srx was titrated into the PrxI solution
until no further release of TNB>* was observed at 412 nm (1.5-
fold excess Srx over PrxI). The resulting disulfide-bonded
Srx-PrxI complex, i.e. Cys*® of Srx linked to Cys'®® of PrxI, was
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passed over the size-exclusion column to remove excess Srx
and TNB?". The complex was concentrated, aliquoted, flash
frozen with liquid nitrogen, and stored at —80 °C.

Crystallization—The engineered Srx-Prx apocomplex was
crystallized by the vapor diffusion method. Equal volumes of
protein (20.6 mg ml~* in 20 mm HEPES, pH 7.5, 100 mm NaCl)
and well solutions (7-9.5% PEG 6000, 100 mm HEPES, pH 7.6)
were mixed and incubated at 20 °C for a week as sitting drops.
The ligands, 40 mm ATP and 8 mm Mngr in 12% PEG 6000 and
200 mm HEPES pH 7.6, were added slowly to the crystal drop
over the course of several h and incubated overnight. A cryo-
protectant consisting of the ATP soak solution with 25% ethyl-
ene glycol was added to the crystal drop before cryocooling the
crystal in nitrogen gas at 100 K.

Data Collection and Structure Determination—The data set
was collected on an in-house Rigaku/MSC MicroMax-007 gen-
erator with a Saturn-92 CCD detector. Diffraction intensities
were integrated using d Trek (Rigaku/MSC, Woodlands, TX)
and scaled to 2.1 A resolution. Cross-validation was performed
with 4.9% of the reflections that were set aside. The space group
of the crystal was P2,2,2, with unit cell dimensions a = 57.3,
b = 92.4,and ¢ = 131.9 A. Initial phases for the complex were
obtained by the molecular replacement program PHASER
(27.4-2.5 A data used) using the apo Srx structure (PDB code
1XW3) and the conserved structural regions of the human
PrxII (residues 3—45 and 70 —168 of PDB code 1QQ2) as search
models (19-21). Only one unique solution, i.e. not related to
others by a 2-fold rotation axis, was found (rotation and trans-
lation Z-scores ranging from 6-25 and 26 —43, respectively;
overall LLG, 5036; R, ., 36.2% following rigid body refine-
ment). The asymmetric unit contained two monomers of Srx
and one dimeric Prx. The molecular replacement solution was
refined with CNS using alternating cycles of simulated anneal-
ing and positional and isotropic B-factor refinement (22).
Model building was performed with COOT (23). Water mole-
cules were identified with a |[F, — F,| map contoured at 30 and
added with COOT. The final cycles of refinement were per-
formed with REFMACS5 (24). All reflection data were used dur-
ing refinement. The structure was validated using the
MOLPROBITY server, which reported 99.8% of the residues
present in the Ramachandran favored regions and 0.2% in the
allowable regions (25). The data collection and refinement sta-
tistics for the structure are summarized in Table 1. All struc-
tural figures were generated with PyMOL (DeLano Scientific).

RESULTS

Engineering and Crystallization of the Srx-Prx Complex with
ATP and Mg>*—In our previous crystallographic study, we
imitated the thiosulfinate intermediate between Srx and Prx
through the introduction of a disulfide bond between Cys®® of
Srx and Cys®*-S,H of human PrxI (16). The presence of this
engineered disulfide bond would, however, preclude the bind-
ing of the ATP molecule and prevent any potential conforma-
tional changes within the active site of both proteins. Therefore,
a different approach would be required to evaluate the struc-
tural changes and geometric relationships underlying the repair
of Prx-SO, ; in particular, the attack of the y-phosphate of ATP.
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Initial attempts to crystallize hyperoxidized PrxI-SO, with
Srx in the presence or absence of ATP and Mg®" were unsuc-
cessful. We rationalized that Srx within the complex was most
likely still able to hydrolyze ATP over the lengthy time period to
grow crystals, and the forces holding together the catalytic
complex were insufficient to facilitate crystal packing. To
address these issues, we substituted the sulfinic acid moiety of
the Prx molecule with the carboxyl analogue (Prx-CO,) by
mutating Cys® to Asp and inactivated Srx by mutating the
active site Cys”® to Ala (8, 15). Moreover, the interaction
between Srx and Prx was stabilized by introducing an engi-
neered disulfide bond between two residues previously identi-
fied to be in proximity on the backside interface far from the
active site; Asn*® of Srx and Lys'®® of PrxI (16). It is important to
note that the latter approach requires that all other Cys residues
with the Srx and Prx molecules are mutated. In an effort to
increase diffraction quality, the dimeric form of PrxI was gen-
erated by introducing a single charged residue, C83E, at the
dimer-dimer interface. Although this approach worked previ-
ously (16), the resulting crystals diffracted to 3.5—-4.0 A resolu-
tion with cell parameters consistent with a decameric form of
PrxI. In hindsight, these unexpected observations are consis-
tent with the known stabilization of the decameric form when
the Prx active site is partially unfolded (3).

Therefore, to further destabilize the decameric form, we
introduced a second mutation, A86E, adjacent to C83E at the
dimer-dimer interface. This variant of the Srx-Prx complex
readily formed well diffracting crystals amenable to soaking
with excess ATP and Mg>". The dimeric structure of the qua-
ternary ATP-Mg>"-Srx-PrxI-CO, complex was solved by
molecular replacement using the wild-type Srx and PrxI mole-
cules as the search models with the appropriate modifications
and refined to 2.1 A resolution (Table 1), as described in the
“Experimental Procedures.” The overall folds of PrxI and Srx
molecules are in agreement with previously reported structural
data with root mean square deviations of the common «a-car-
bon atoms of 0.7 A and 0.9 A, respectively.

Overall Structure and Consequences of the Engineered Disul-
fide Bond—The 2-fold symmetric Srx-PrxI complex was
obtained with each Srx molecule (e.g. chain X) sandwiched
between the active site surface of one PrxI molecule (e.g. chain
A, ~550 A2 buried) and the C-terminal residues (172—186; res-
idues 187-199 were not visible in the electron density) extend-
ing from the a5-helix of the adjacent PrxI molecule (e.g. chain B,
~920 A?) (Fig. 2, A and B). The engineered disulfide bond is
positioned on the backside interface of both Srx molecules,
between Cys'®® of PrxI and Cys™*® of Srx, as designed (Fig. 2C).
Importantly, this disulfide bond did not interfere with the pre-
viously observed packing of the C terminus of PrxI onto Srx
(16). This interaction is facilitated by the packing of the con-
served Trp'”” and Pro'”® of PrxI into the predominantly hydro-
phobic pocket of Srx composed of residues Val**, Pro*®, Val*,
His®?, Phe®?, and Leu'"”.

In contrast to the conservation of the backside Srx-Prx inter-
face and the Prx dimer interactions, the relationship of each Srx
active site relative to its Prx substrate molecule changed signif-
icantly (Fig. 2D). Whereas the C-terminal, a3-helix of Srx rests
against the PrxI dimer interface in both structures, the active
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TABLE 1
Crystallographic data and refinement statistics
ATP-Mg>*-Srx-PrxI-CO;

Data collection

Space group P2,2,2,
Cell dimensions

a,b,c(A) 57.3,92.4,131.9

aBy() 90, 90, 90
Wavelength (A) 1.54
Resolution (A)* 30.0-2.1 (2.18-2.10)
Rierge (%) 8.2 (26.5)
I/ol 13.2 (5.3)
Completeness (%) 99.9 (99.5)
Redundanc 13.7 (10.3)
Wilson B (A?) 26.9

Refinement

Resolution (A) 27.4-2.1
R, o1/ Rivee (%) 22.4/27.3
No. of reflections used (work/free) 39,439/2090
No. of atoms

Protein 4450

Ligands 66

Water 323
R.m.s.” deviations
Bond lengths (A) 0.014
Bond angles (°) 1.47
Average B-factor (A?)

Protein 23.9

Ligands 24.7

Solvent 25.4
Ramachandran analysis

Favored regions (%) 99.8

Allowed regions (%) 0.2

“ Numbers in parentheses are for the highest resolution shell.
® R.m.s., root mean square.

site of Srx within the quaternary complex has moved away from
the Prx molecule resulting in an ~11° tilt of the Srx molecule.
We attribute this movement of Srx to increased breathing of the
complex; a direct result of moving the stabilizing intermolecu-
lar disulfide bond from the active site to the backside of Srx. As
described below, the PrxI active site has also rearranged to
enable the Asp-based mimic of the sulfinic acid moiety to
approach the ATP molecule.

Srx-Prx Active Site Interactions—Unambiguous electron
density was observed around the ATP and Mg>* molecules
bound to Srx and the active site motif of PrxI (Fig. 34). The
binding mode of ATP is similar to that observed in our recently
solved Srx*ATP-Mg>* crystal structure (15). In short, the aden-
osine ring of ATP hydrogen bonds with Ser®* and Thr®® located
on the al-helix of Srx. The phosphate binding pocket of Srx,
consisting of His'% and Arg'®" within the conserved motif
P?*(G/S)GCHR', provides hydrogen-bonding interactions
with the B- and y-phosphate groups, respectively. Lys®" from
al complements these interactions by hydrogen bonding with
the a-phosphate group. The Mg?" ion is coordinated by the
three phosphate groups of ATP and three water molecules in an
octahedral fashion. The average Mg®*-oxygen distance in the
coordination sphere is 2.1 A. The C99A mutation in Srx is
located behind and below the y-phosphate of ATP.

Although the binding mode of ATP changed little, the Prx
active site motif (D*”FTFVCPTEI®®), previously present as a
helix in the hyperoxidized state, unfolded locally to enable
Phe®° to pack within a hydrophobic Srx pocket constituted by
Leu®?, Leu®?, Phe’®, Val''%, Val'??, and Tyr'?%. This rearrange-
ment allowed the substrate mimic Asp®” to approach the ATP
molecule and to interact with a water molecule of the Mg ™" ion
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Backside
interface

FIGURE 2. The Srx-Prxl enzyme-substrate complex containing the backside,
engineered disulfide bond. A, overall structure of the ATP-Mg?"-Srx-Prx-CO,
complex. A cartoon representation is shown with monomers of the Prxl dimer in
dark green (molecule A) and light green (molecule B), and the two monomers of
Srxin cyan (molecule X) and blue (molecule Y). One ATP molecule and one Mg?*
ion (green carbon atoms and gray sphere, respectively) are bound in each active
site. The engineered disulfide bond is highlighted with the sulfur atoms as yellow
spheres. B, surface representation of the Srx-PrxI comple, illustrating active site
and backside interfaces. In this view the ATP molecule and Mg?" ion can still be
seen. G, backside interaction of Srx (cyan surface) with the predominantly con-
served C-terminal residues of Prxl (light green stick). The engineered disulfide
bond between Cys'® in Prxl and Cys*® in Srx is shown. D, rotation of Srx relative
to the Prx molecule in the presence of ATP-Mg>*. The Prx dimer of the
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hydration sphere. This interaction, and the observation that
one oxygen atom of the Prx-Asp-CO, moiety is located 4.3 A
from y-phosphate of ATP (Fig. 3B), suggests that the carboxyl
oxygen atom is slightly out of register to perform a direct in-line
attack. This is not surprising as the planar carboxyl group can-
not fully represent the electronic and geometric properties of
the nonplanar sulfinic acid moiety. Nonetheless, this structure
of the engineered substrate mimic reasonably approximates
how the sulfinic acid group of Prx-SO, could approach the
ATP, resulting in its phosphorylation.

Another interesting observation from the new structure is
that the conserved GGLG motif of Prx is within hydrogen
bonding distance of the ATP molecule, although with subopti-
mal bonding angles. The backbone carbonyl groups of Lys”
and Lys”® interact with two water molecules of the Mg®" ion
hydration sphere. At this time, it is unclear whether or not these
interactions play any role in catalysis.

DISCUSSION

This study describes a crystallographic approach to stabilize
the interaction of two proteins by the introduction of an engi-
neered intermolecular disulfide bond. Several studies have
shown that disulfide bonds can be engineered to facilitate crys-
tal growth for protein-protein and protein'DNA complexes, to
enhance protein stability, and to trap catalytically relevant
complexes within the DsbA-DsbB-DsbC system and other
disulfide oxidoreductases (26 —34). In the thioredoxin reduc-
tase system from E. coli, for example, an intermolecular
disulfide was generated between Cys'*> of thioredoxin
reductase and Cys®? of Trx, stabilizing this important tran-
sient intermediate of the enzyme mechanism (29). We used a
similar approach to solve the original Srx:Prx complex by
mimicking the thiosulfinate intermediate with a disulfide
bond (16). The presence of this engineered disulfide bond at
the interface between the two active sites, however, would
prevent the binding of ATP-Mg>". As such, the current
study selectively introduced a stabilizing disulfide bond
between the proteins far from the active site on the backside
interface. This allowed for the trapping of ATP-Mg>" and
additional structural changes within the Prx active site. We
propose that this approach may be generally useful for sta-
bilizing protein-protein complexes and trapping reaction
intermediates where the structure of at least one component
has been determined previously.

Another key element of the approach used to generate the
Srx-Prx substrate complex with its ATP and Mg>" cofactors
was to substitute the Prx sulfinic acid moiety with an Asp resi-
due, i.e. replace the sulfur atom with an oxygen atom. We have
shown previously that this mutant in human PrxII, C51D, is
readily phosphorylated by Srx, an observation reminiscent to
the phosphorylation of Glu in the glutamine synthase reaction
(15, 35).

ATP-Mg?"-Srx-Prx-CO, complex was superimposed onto the Prx dimer
within the original, active site-based Prx-S-S-Srx disulfide-bonded complex
(PDB code 2Rll) (16). The Srx and Prx molecules of the new complex are col-
ored as above, and the Srx and Prx molecules of the former complex are
colored violet and red, respectively.
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Gly96  Gly95

FIGURE 3. The Srx-Prx interface in complex with ATP and Mg>*. A, stereoview of a simulated-annealing,
omit|F, — F_| electron density map (grazy) contoured at 3¢ in the active site of Srx (cyan) and the substrate Prx
(dark green). The ATP molecule and Mg** ion are colored as described previously; water molecules are shown
as red spheres. B, hydrogen-bonding interactions (yellow dashed lines) between the ATP molecule, Mg>* ion,
Srx, and Prx.

Cys172
2 Arg127

Prx-S,0,": Prx-S;H Prx-CO, : Srx : ATP : Mg?*
FIGURE 4. Structural intermediates of the Srx reaction. A, human Prxll in the hyperoxidized, fully folded
state, the substrate of Srx (PDB code 1QMV) (19). The sulfinic acid moiety of the Prx molecule, Csd51 (Cys sulfinic
acid; dark green) is buried in the active site, salt-bridged to Arg'?” and covered by the YF motif from the adjacent
monomer in the dimer (light green). The residue numbering scheme is one residue shorter for Prxll. B, Asp>?
mimic of PrxI-SO, approaching the y-phosphate of ATP in the first step of the reaction presented herein.
C, model of the Srx-Prx thiosulfinate intermediate. The thiosulfinate was modeled on the disulfide-bonded
Srx-Prx structure (PDB code 2RlIl) (16, 18).

Prx-S,(0)-S-Srx
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The ATP-Mg**-Srx-Prx-CO,
crystal structure reveals the geo-
metric relationships underlying the
first step of the unique Srx repair
mechanism. Two alternatives for
the first step have been proposed;
either direct transfer of the y-phos-
phate of ATP to the Prx molecule or
transfer of the phosphate group to
Prx with Srx acting as a phosphory-
lated intermediary (8, 13). One oxy-
gen atom of Prx-Asp-CO, is lo-
cated in close proximity (Fig. 3) to
the y-phosphate of ATP, suggesting
that the sulfinic acid moiety of the
wild-type enzyme would be ori-
ented favorably for an in-line attack.
Importantly, the C99A mutation
also supports that Cys”® is not posi-
tioned correctly for the alternative
phosphotransferase role. Although
the sulfinic phosphoryl ester inter-
mediate has yet to be isolated, the
quaternary ATP-Mg**-Srx-Prx-CO,
crystal structure in combination with
previous mechanistic studies sup-
ports that repair proceeds directly
through this species (15, 17, 18).

Crystallographic and biochemi-
cal studies of the Srx-Prx interac-
tion have provided us with the fol-
lowing understanding of the Srx
repair mechanism. The inherent
decreased mobility of the Prx C-ter-
minal tail, occluding the Prx active
site, is slowly displaced by Srx (Fig.
4A). The active site interfaces alone
are insufficient for prolonged inter-
actions and require the packing of
the C-terminal tail of Prx onto the
backside surface of Srx for stabiliza-
tion (15, 20). As a result, Srx pro-
vides a hydrophobic surface for the
binding of Phe®° of PrxI. This pro-
motes the unfolding of the Prx
active site helix and reorients Prx-
Cys-SO, to approach the phos-
phate of ATP for in-line attack (Fig.
4B). The active site Cys®® in Srx is
now in position to attack the sulfinic
phosphoryl ester intermediate to
generate a thiosulfinate intermedi-
ate with Prx (Fig. 4C) (17, 18). This
complex is further reduced by GSH
or Trx to release enzymatically
active Prx-SOH and Srx.

The unfolding of the Prx active
site helix observed within this new
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Srx-Prx complex structure may also provide some insight into
the conformational changes involved in the catalytic conver-
sion of H,0O, to water by 2-Cys Prxs. The 18 structural studies
of 2-Cys Prxs to date have revealed two stable conformations
(36). All states that do not contain an active site disulfide have
Cys®? or its equivalent within a “fully folded” helix (3, 4). The
ATP-Mg*"-Srx-Prx-CO, complex represents the first high res-
olution structure of a nondisulfide-bonded 2-Cys Prx with
Cys®? in the “locally unfolded” state. Although the locally
unfolded state in Prx is normally promoted by the covalent
disulfide bond with the resolving Cys residue, the unfolding of
the helix in the Srx-Prx complex is triggered by the binding of
Phe®° of Prx into a hydrophobic surface pocket of Srx. Addi-
tional work is still needed to determine whether or not a similar
unfolding of the Prx active site is a prerequisite for peroxidase
activity.
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