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Abstract

Peroxiredoxins make up a ubiquitous family of cysteine-dependent peroxidases that reduce
hydroperoxide or peroxynitrite substrates through formation of a cysteine sulfenic acid (R-SOH)
at the active site. In the 2-Cys peroxiredoxins, a second (resolving) cysteine reacts with the
sulfenic acid to form a disulfide bond. For all peroxiredoxins, structural rearrangements in the
vicinity of the active site cysteine(s) are necessary to allow disulfide bond formation and
subsequent reductive recycling. In this study, we evaluated the rate constants for individual steps
in the catalytic cycle of Salmonella typhimurium AhpC. Conserved Trp residues situated close to
both peroxidatic and resolving cysteines in AhpC give rise to large changes in fluorescence during
the catalytic cycle. For recycling, AhpF very efficiently reduces the AhpC disulfide, with a single
discernible step and a rate constant of 2.3 x 10’ M1 s1. Peroxide reduction was more complex
and could be modeled as three steps, beginning with a reversible binding of H,O5 to the enzyme
(kg =1.36 x 108 M1 571 and k_; = 53 s71), followed by rapid sulfenic acid generation (620 s™1)
and then rate-limiting disulfide bond formation (75 s~1). Using bulkier hydroperoxide substrates
with higher K, values, we found that different efficiencies (K.at/Kiy) for turnover of AhpC with
these substrates are primarily caused by their slower rates of binding. Our findings indicate that
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this bacterial peroxiredoxin exhibits rates for both reducing and oxidizing parts of the catalytic
cycle that are among the fastest observed so far for this diverse family of enzymes.
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Peroxiredoxins (Prxs) are cysteine-dependent enzymes with major roles in peroxide defense
and cell signaling in many, if not all, organisms, yet only a few studies have explored the
pre-steady state kinetic profiles of these important enzymes.1=3 There are now numerous
reports verifying peroxide reactivities as high as 107108 M~1 s~1, where reactivity is
defined either as kea/Km, for peroxide or as the second-order rate constant with H,O,
measured in competition experiments.3~7 How the highly conserved active site of Prxs
serves to promote catalysis is an area of active investigation.8-10 Modulation of the active
site Cys thiol pK; (to values of ~5-6) is an important factor in generating the reactive,
nucleophilic thiolate at the active site,11:12 and the conserved Arg and Thr residues play
important roles in this regard.13-15 Moreover, Arg and Thr in particular interact directly with
the proximal oxygen atom of the incoming hydroperoxide substrate in ways that help
stabilize the transition state and promote catalysis.8:916 As the structural and catalytic
features around the active site become better defined, there remains a need for better
information from rapid reaction kinetic approaches to more fully explore how these active
sites so effectively recognize and turn over such simple, waterlike substrates.

In the reaction catalyzed by Prxs, the Cys thiolate attacks the hydroperoxide substrate,
breaking the bond between the oxygens and forming Cys sulfenic acid (SOH) on the enzyme
and the small molecule product (water or alcohol) in the active site (Figure 1A). This step is
followed by a rearrangement, or local unfolding (LU), of residues around the peroxidatic
Cys (denoted Cp) to permit formation of a disulfide bond with another thiol, often
contributed by another Cys within the Prx protein (designated the resolving Cys, or CR).
Recycling of the disulfide through reductases like thioredoxin, glutaredoxin, or the AhpF
flavoenzyme reactivates the Prx for another catalytic cycle. Structural and bioinformatic
studies support the subdivision of Prx proteins into six subclasses that typically vary in the
location of Cgr.1417 The most widespread class, denoted the Prx1/AhpC or simply Prx1
class, has also been termed the typical 2-Cys Prx class, 1819 and its members possess a Cg in
the C-terminus that forms an intersubunit disulfide with Cp, making these proteins obligate
dimers (or multimers of dimers). These enzymes, which include bacterial AhpC and human
PrxI-PrxIV, exhibit some of the fastest known peroxide reaction rates and are some of the
best characterized in terms of steady state reaction kinetics.6:20.21

In this study, we set out to evaluate the rate constants for individual steps in the catalytic
cycle of Salmonella typhimurium AhpC. Pre-steady state kinetics monitored by changes in
fluorescence and absorbance features of AhpC were evaluated after addition of reductant, or
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of various hydroperoxide substrates, and compared with previously determined steady state
parameters for this enzyme.2! For the disulfide recycling step, we observed a simple
bimolecular electron transfer reaction between the reducing, CXXC-containing domain of
AhpF and the oxidized, disulfide bond-containing AhpC at a rate that was nearly as fast as
that of the oxidizing part of the cycle with peroxide. On the other hand, reduction of
hydroperoxide substrates was more complex and was best modeled as three steps that we
interpreted as reversible binding of the peroxide to the enzyme, followed by sulfenic acid
formation on the enzyme (concomitant with water or alcohol generation) and then rate-
limiting disulfide bond formation. This work also provided insights into how the reaction of
AhpC with various hydroperoxides differentially affects the rates of the individual steps of
the reaction.

EXPERIMENTAL PROCEDURES

Materials

Methods

Hydrogen peroxide (30%), dimethyl sulfoxide, and most buffer components were from
Fisher. 1,4-Dithiothreitol (DTT) was obtained from Anatrace, Inc. (Maumee, OH). Cumene
hydroperoxide and tert-butyl hydroperoxide were purchased from Sigma-Aldrich (St. Louis,
MO). Ethyl hydroperoxide (5%) was purchased from Polysciences, Inc. (Warrington, PA).

Site-Directed Mutagenesis and Protein Preparation—The three Trp residues of
StAhpC were substituted individually with Phe to generate the mutant proteins W32F,
WB8L1F, and W169F using the QuikChange protocol (Stratagene, Santa Clara, CA). Mutations
introduced into the parent expression plasmid, pTHCm-ahpC!!, were validated by
sequencing the entire gene. Wild-type and mutant StAhpC were expressed in JW0598
(lacking ahpC) Escherichia coli cells22 grown in Studier’s ZYM-5052 autoinduction
medium?3 in the presence of 25 pug/mL chloramphenicol. The purification procedure for
wild-type and mutant AhpC proteins was essentially the same as that described previously24.
After purification by phenyl Sepharose and anion exchange chromatography, the proteins
were concentrated by ultrafiltration, exchanged into 25 mM potassium phosphate (pH 7.0)
and 1 mM EDTA and stored in aliquots at =80 °C until they were used. The concentrations
of AhpC proteins were determined spectrophotometrically (extinction coefficients of 24300
M~1 cm~1 for wild-type AhpC at 280 nm and 17700-23100 M~ cm™=1 for Trp mutants, as
summarized in Table S1 of the Supporting Information).

C165S and S128W NTD Expression and Purification—AhpC C165S was expressed
and purified using the same procedure that was used for wild-type AhpC, except that the
purification was conducted in the presence of a reducing agent (20 mM S-mercaptoethanol
during column chromatography and dialysis, with the final storage buffer containing 2 mM
DTT).

The S128W mutant of the N-terminal domain (NTD) fragment (residues 1-202) of AhpF
and wild-type AhpF were expressed and purified as described previously; protein
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concentrations were assessed using an e,gg of 21250 M~ cm™1 for S128W NTD® and an
&a50 0f 13100 M~1 cm™1 for AhpF.24

Determination of Extinction Coefficients—Extinction coefficients for W32F, W81F,
and W169F mutants were determined experimentally by comparisons of 280 nm absorbance
and the protein content as measured by the microbiuret assay using bovine serum albumin as
a standard?>26 (see Table S1 of the Supporting Information for extinction coefficients).

Standardization of Peroxide Solutions—The hydrogen peroxide concentration was
determined spectrophotometrically (e40 = 43.6 M~1 cm™1), and stock solutions of cumene
hydroperoxide (initially diluted ~60-fold into dimethyl sulfoxide), tert-butyl hydroperoxide
(t-butyl-OOH), and ethyl hydroperoxide were standardized on the basis of consumption of
NADH (&340 = 6220 M~ cm™1) in an assay mixture containing AhpF, AhpC, and limiting
peroxide, essentially as described previously (except with AhpF in place of thioredoxin and
thioredoxin reductase).2’

Preparation of Reduced Proteins—Wild-type and mutant StAhpC proteins as well as
S128W NTD were incubated with a 20-fold excess of DTT for at least 1 h, followed by
removal of DTT using a PD-10 desalting column (GE Healthcare) as described in detail
elsewhere.2’

Rapid Reaction Kinetic Studies—Proteins and peroxides were prepared in the same
reaction buffer used previously for AhpF and AhpC steady state peroxidase assays [50 mM
potassium phosphate (pH 7.0), 0.5 MM EDTA, and 100 mM ammonium sulfate], loaded
into the syringes of an Applied Photophysics SX.18MV stopped-flow spectrophotometer,
and allowed to equilibrate to 25 £+ 0.1 °C. The absorbance or fluorescence changes were
recorded after mixing (subject to a dead time of 1.5 ms); fluorescence was monitored at 90°
relative to the incident light using excitation at 280 nm and emission at >320 nm (using a
filter).

Data Analysis and Kinetic Simulations—Fits of the stopped-flow kinetic data were
conducted using the Applied Photo-physics SX.18MV analysis software and single- or
multiple-exponential fits as appropriate. Kinetic simulations made use of Gepasi, version
3.3,28 and KinTek Global Kinetic Explorer (Professional version 4.0.140728).2° The
concentration series data with H,O or t-butyl-OOH were imported into KinTek Explorer
and fit to a double-exponential equation with the aFit function to obtain an estimated
standard deviation. Two kinetic models (with either two or three steps) were considered, and
the rate constants and output factors were adjusted manually until a profile matching the
data was reached. Initial estimates for rate constants were based on simple double-
exponential fits and the concentration dependence of the two rate constants (shown in
Figures 3A and 5B-D). For the more complex three-step model, one rate constant (k-1) was
fixed while all others were allowed to float in the Data Fit Editor and the goodness of fit was
determined by eye (“chi-by-eye”) and y2/DoF (DoF, degrees of freedom). The FitSpace
Editor was then employed to determine the confidence intervals for each of the fitted rate
constants.
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RESULTS AND DISCUSSION

To evaluate the rate constants for individual steps in the catalytic cycle of S. typhimurium
AhpC, we utilized pre-steady state assays set up to monitor partial turnover reactions. The
rate of disulfide reduction in oxidized AhpC was determined by monitoring fluorescence
changes associated with its reaction with the prereduced N-terminal domain (NTD) of AhpF.
To monitor AhpC-catalyzed reduction of peroxide, we explored transient changes in
intrinsic tryptophan fluorescence that occur as AhpC undergoes the transition from reduced
to oxidized. This approach has been used previously to monitor pre-steady state kinetics of
human PrxV and Mycobacterium tuberculosis AhpE.12 Fluorescence spectra and lifetimes
of the more closely related chloroplast 2-Cys Prx from barley also supported the potential
utility of measuring Trp fluorescence during AhpC oxidation.29 AhpC contains three
tryptophan residues (Figure 1B-D), two of which are highly conserved within the Prx1
subfamily [Trp81 and Trp169 (see Conservation of AhpC Trp Residues in the Supporting
Information and ref 20)]. While Trp32 is distant from the active site, Trp81 packs against the
Cpatom of Cys46 (Cp) in reduced AhpC, where it could potentially sense local
conformational changes around the Cp thiolate during substrate binding and catalysis
(Figure 1B,D). Structural comparison of the FF and LU states of AhpC indicates that the
local environment surrounding Trp81 changes during this transition (Figure 1D). This is also
true for Trp169, which packs closely against Cys165 (Cg) (Figure 1C) when in the FF
conformation but exhibits no electron density in any of the LU AhpC structures.30:31

Kinetics of Electron Transfer between AhpF and AhpC

Beginning with the Cp—Cg disulfide form of AhpC, a dedicated flavoprotein reductase
known as AhpF catalyzes the generation of dithiol AhpC ready for reacting with peroxide
(Figure 1A). The interactions between AhpF and AhpC have been extensively studied with
regard to the steady state kinetics of their interaction32-34 and the identity and role of each
of the catalytic Cys residues in these proteins.32:35-37 A CXXC motif in the N-terminal
domain (NTD) of AhpF is the direct donor of electrons to AhpC, ultimately deriving the
reducing power from NADH via the other two redox centers (FAD and another CXXC)
found in the thioredoxin reductase-like, C-terminal domains of AhpF.38 For use in stopped-
flow studies, we have shown that an independently expressed NTD with a Ser128Trp
mutation (S128W NTD) exhibits no significant differences in kinetic behavior as an electron
donor to AhpC yet shows substantial differences in fluorescence between the oxidized and
reduced forms, allowing accurate tracking of reaction kinetics.5-3

To assess the pre-steady state kinetics of the reduction of AhpC by AhpF, prereduced
S128W NTD at various concentrations (in excess) was mixed with oxidized AhpC and the
total Trp fluorescence of both proteins was monitored (Figure 2A). As determined from the
slope of the line in Figure 2B, electron transfer between the two proteins was a second-order
process with a rate constant of 2.3 x 107 M~1 s71. This value matches well with the Keai/Km
for S128W NTD of 1.0 x 107 M~1 s71 that was measured previously by steady state
assays.2! This part of the catalytic cycle is therefore a very efficient process for supporting
peroxide reduction in this enzyme system.
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Using the known redox potentials at pH 7 for the dithiol and disulfide forms of both the
NTD (E* = -264 mV)3¢ and AhpC (E*’ = -178 mV),2! the Nernst equation [AE = (RT)/(nF)
In Keg] yields an equilibrium constant of 811:1 in favor of oxidized NTD and reduced AhpC
at a 1:1 ratio of the two proteins. Given the forward rate constant for electron transfer
reported above, the reverse rate constant of the electron transfer (from reduced AhpC to
oxidized NTD) can be calculated as 2.8 x 104 M1 s71 (Figure 2C).

Comparing these findings regarding the reduction cycle with those from other Prxs and their
reductases, we note that the rate of Prx reduction has been directly measured, using the same
approach as reported here, for human PrxV with human mitochondrial thioredoxin (Trx2),
and M. tuberculosis Tpx with M. tuberculosis TrxB, giving rates of 2 x 108 M1 s™1 and 8.2
x 103 M~1 571, respectively.12 The apparent second-order rate constant for reduction of
additional Prxs has been calculated from steady state measurements, and these range from 2
x 10%to 1 x 10’ M1 571, as summarized by Trujillo et al.*® Thus, reduction of AhpC by the
NTD of AhpF constitutes one of the most efficient Prx recycling reactions reported,
highlighting one catalytic advantage gained by expression of a specialized AhpC reductase
in these bacteria.

Pre-Steady State Kinetics of AhpC Reacting with H,O»

Although the steady state fluorescence emission spectra are rather similar for both oxidized
and reduced AhpC,11 an analysis of the millisecond-scale fluorescence changes at low H,0,
concentrations readily demonstrated two phases of fluorescence changes; the fluorescence
initially decreases for 2-10 ms and then increases over the next 50-70 ms to a value slightly
above the starting fluorescence (Figure 3A), indicating that changes in Trp fluorescence are
detecting at least two distinct kinetic steps occurring during the oxidation of AhpC by
peroxide. The magnitude of these fluorescence changes is quite large; beginning with the
reduced enzyme, the fluorescence decreases by up to 30% (e.g., upon addition of 10 uM
H»05) and then increases again to a final value ~5% above the starting fluorescence. Under
the partial turnover conditions used for these experiments, the two thiols in each active site
of AhpC are oxidized to a disulfide bond; we do not observe any peroxide-dependent
sulfinic acid formation in the resistant wild-type AhpC.41:42

The fluorescence changes observed reflect alterations in the environments of some
combination of the three Trp residues of AhpC (Figure 1B-D). To help evaluate the
contribution of each Trp residue to the observed fluorescence changes, individual Trp
mutants of AhpC were prepared and evaluated for their time-dependent fluorescence
changes after addition of H,O». The largest loss of fluorescence emission intensity is
observed when Trp32 is replaced with Phe (W32F) (Figure S1 of the Supporting
Information), but this mutant, which retains the highly conserved Trp81 and Trp169 of Prx1
family members, exhibits the same pattern of fluorescence changes upon addition of H,0O,
as the wild-type enzyme does (a decrease and then an increase), which in this case occurs
approximately twice as fast (complete within ~30 ms). This is consistent with the ~3-fold
higher kg4 and the ~1.3-fold higher kqot/Kiy, for H,O, observed in steady state analyses of
this mutant (Table S2 of the Supporting Information). These data suggest that the pre-steady
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state changes in fluorescence of the wild-type enzyme are not substantially influenced by
Trp32.

The effects of replacing either of the other two Trp residues with Phe on the time-dependent
fluorescence changes in the stopped-flow experiments are much greater; for W81F, the
fluorescence rises only a very small amount upon addition of H,O,, whereas for W169F, it
only decreases (Figure 2A). We infer from the altered fluorescence profiles of these mutants
that Trp81 [which is near Cp (Figure 1D)] is primarily responsible for the initial decrease in
fluorescence after mixing H,O, with the wild-type enzyme, and that Trp169 [near Cr
(Figure 1C)] is primarily responsible for the subsequent increase in fluorescence.

We next analyzed the rates of the fluorescence changes observed after addition of H,O, to
AhpC. For wild-type AhpC, when data are fit to a biphasic (double-exponential) process, the
rate constant (Kops) obtained for the initial fluorescence decrease is linearly dependent on the
H,0, concentration (Figure 3A, wild type); this is even true when equimolar substrate (1
UM) is added. The non-zero intercept of this line also implies that this phase is reversible.
Note that at HyO, concentrations of >15 UM, the first phase is so rapid that it is essentially
complete within the 1.5 ms dead time of the stopped-flow instrument [rate constants of >500
s~1 (Figure 3A)]. Unlike that for the first phase, the rate constant for the second phase
plateaus with the increasing H,O, concentration (black circles in Figure 3A) and reaches a
limiting value by ~2 (wild type) or ~10 uM H,0, (W32F). The decrease in fluorescence
observed for W169F (Figure 3A) fits best to a triple-exponential model, but only the first
rate is fast enough to be catalytically competent for this enzyme [which has a kgg; of ~17 s71
(Table S2 of the Supporting Information)]. In fact, W169F is the most catalytically impaired

enzyme, with a k., / K,,1292 decreased ~100-fold compared with that of wild-type AhpC
(Table S2 of the Supporting Information).

Distinct from the other two mutants and wild-type AhpC, W81F exhibits fluorescence
changes during reaction with H,O, that are best fit by a single exponential. It is notable that
the rate constant obtained, which should reflect the second phase of the reaction sensed
primarily by Trp169, is considerably faster than that of the second phase observed for wild-
type and W32F proteins. It therefore appears that either the second phase is occurring more
quickly in this mutant or the first phase more slowly, such that the two become difficult to
distinguish during curve fitting. Confirmation that the reaction of HoO, with W81F is slower
than with wild-type AhpC was obtained using a H,O, competition assay and horseradish
peroxidase as the competing enzyme (method described in ref 11). In these studies, W81F
was found to react with H,O» at approximately half the rate of the wild-type enzyme at pH 7
(Table S3 of the Supporting Information).

The slopes of the lines defined by the observed rate constants for the first phase plotted
against HoO, concentration for wild-type and W32F AhpC yield second-order rate constants
of 5.0 x 107 and 5.4 x 10’ M1 s71, respectively, for the forward reaction and associated y-
intercepts (first-order rate constants) of 56 and 174 s71, respectively (average of three
experiments each). This second-order rate constant for the forward reaction is quite similar
to the Kea/KmHOCH value obtained by previous steady state measurements of AhpC (3.7 x
107 M1 s71)21 and with the second-order rate constant measured using competition assays
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with horseradish peroxidase (3.2 x 107 M~1 s71).11 In part on the basis of the location of the
Trp residues predominantly responsible for each phase, we hypothesized that the first,
peroxide-dependent phase reflects the association with peroxide, where the slope provides
the rate constant for peroxide binding (k;) and the intercept provides the rate of dissociation
(k-1); the peroxide-independent, limiting second rate constant then represents either the
reaction between the enzyme and the substrate or subsequent disulfide bond formation
within the enzyme.

In an effort to further clarify the nature of the H,O,-mediated fluorescence changes in
AhpC, we monitored changes in absorbance at 240 nm after H,O, addition, which could
reflect changes in the thiolate content of the enzyme. Monitoring of the 240 nm absorbance
of wild-type AhpC across a range of pH values was previously shown to be useful in
determining the pK, of Cp.11 Over a range of H,0, concentrations from 1 to 25 pM, Azag
decreased by ~0.005 (&40 of ~5000 M~ cm™1) with a first-order rate constant that closely
matched the rate obtained for the second phase (increase) in fluorescence observed for AhpC
(Figure 3B). These data would be consistent with the second phase of the reaction
corresponding to one (or more) steps that lead to the loss of thiolate (i.e., the step involves
chemistry). However, the meaning of the changes in absorbance at 240 nm is not
unambiguous. In particular, we have no knowledge of the spectral features of sulfenic acid
or sulfenate in this region of the UV spectrum, but studies with several small molecules
stabilizing sulfenic acids have previously reported absorbance features in this region of the
spectrum.*344 Furthermore, with the significant conformational changes associated with
disulfide bond formation in AhpC, the environment of various residues is shifted and could
contribute to the observed absorbance changes at 240 nm.

To help in assessing the contribution of disulfide bond formation to the pattern of
fluorescence changes observed for AhpC, the C165S mutant that lacks Cr was studied
(Figure 3C). This mutant cannot form the disulfide bond but, unlike wild-type AhpC, does
ultimately react with a second H,05 to become hyperoxidized to the sulfinic acid. Also,
unlike for oxidized wild-type AhpC that is locked into its LU disulfide form, the relative
amounts of oxidized C165S in the FF and LU conformations are unknown. Fluorescence
changes after addition of H,O5 to reduced C165S AhpC led to a decrease in fluorescence,
but no increase, consistent with the increase in fluorescence of the wild-type enzyme being
caused by the trapping of the wild-type enzyme in the LU, disulfide-bonded form. Despite
the lack of a subsequent increase in fluorescence, the decrease in C165S fluorescence still
fits best to a double-exponential equation (inset of Figure 3C), with both of the rate
constants reflecting rather slow reactions. This suggests that C165S is significantly inhibited
in substrate binding and/or catalysis compared to wild-type AhpC. Competition assays
evaluating the reactivity of C165S AhpC toward H,O5 relative to horseradish peroxidase
support this hypothesis as C165S was found to exhibit ~14% of the reactivity of the wild-
type enzyme at pH 7 (Table S3 of the Supporting Information).

Kinetic Model for the Reaction of H,0, with AhpC

To identify a reaction mechanism that would be consistent with our experimental data, we fit
the kinetic data to two-step (A + B <» C — D) and three-step (A+B <+ C - D — E)
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models using KinTek Explorer. The difference between the two models is the representation
of the reactions involved in sulfenic acid and disulfide bond formation with these being
combined into a single step in the simpler model (C — D) and shown as discrete states in
the more complex model (C — D — E). This approach showed a much better fit to the data
for the three-step model (32/DoF = 3.32) than for the two-step model (y%/DoF = 11.4)
(Figure 4 and Figure S2 of the Supporting Information, also evident using “chi-by-eye”).
The three-step model includes four rate constants (ky, k-1, ko, and k3) and scaling factors for
the fluorescence of four species (reduced, HoO»-bound, sulfenic acid, and disulfide AhpC
forms). Through multiple iterations, we found that holding the least well determined rate
constant, k_1, fixed at 53 s™1 (based on the y-intercept of the linear fit of the first phase using
data from 1 to 7.5 uM H,05), we could fit on all seven other parameters to give well-
constrained rate constants (Figure S3 and Table S4A of the Supporting Information). Values
for ky, ko, and kg after fitting to this model (Figure 4) were 1.36 x 108 M~1s71 622 571, and
74.5 571, respectively (Table S4A of the Supporting Information). As shown in the model
(Figure 4), we interpret these steps as binding of H,O5, chemical reaction to form sulfenic
acid on the enzyme, and rate-limiting disulfide bond formation, respectively. These
assignments are consistent with our results with C165S, which exhibits no fluorescence
increase and also no disulfide bond formation (Figure 3C). On the basis of these results, we
infer that the A,49 changes occurring coincident with the second phase of the reaction
(Figure 3B) reflect the disappearance of sulfenic acid as the disulfide bond is formed. We
note that the value of k; obtained by this approach is ~4-fold higher than was previously
obtained for H,05 reaction by competition kinetics! and by the simple interpretation of the
slope of kqpg Versus HoO, concentration for the initial fluorescence decrease (Figure 3A); we
expect that this new value more accurately represents the true reactivity of StAhpC with
H,0 as it takes into account the sequential steps of the reaction and includes a second
kinetic step that is not readily recognized using the simpler kinetic analysis. Moreover, these
stopped-flow kinetic studies with multiple substrate concentrations combined with global
fitting using KinTek Explorer are likely to be quantitatively more reliable than the
competition assays which use single, substoichiometric amounts of H,0,.11

Kinetic Profiles of AhpC with Peroxides Other Than H,O»

In addition to H,O5, bulkier hydroperoxides are also substrates of AhpC, albeit with higher
K values (but the same ke, values).2 Considering alternatives to the tiniest substrate,
H»0,, one would expect binding to be highly affected by the nature of the substrate, but not
ks, which we argue reflects intramolecular disulfide bond formation. The chemical reaction
between the hydroperoxide and Cp, once the substrate is bound, might be affected by the
nature of the substrate. We therefore repeated the experiments in Figure 3 with the other
substrates previously studied by steady state assays.2:

Using these bulkier hydroperoxides as substrates, the pattern of the fluorescence changes
was quite similar to what was seen with H,O,, but higher ROOH concentrations were
required to elicit them in a manner consistent with the increased Ky, values for these
substrates (Figure 5). Particularly notable from these experiments are the very similar values
for the y-intercept of the linear fits of the first phase of the double-exponential curve for
each of these substrates (values from 53.8 to 70.4 s71) as well as the limiting rate of the
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second phase (from 81 to 86 s~1) (Figure 5B-D and Table S5 of the Supporting
Information). As seen in Figure 5B, it is the slope of ks Versus ROOH concentration for
the first phase of fluorescence changes that is highly affected by the nature of the substrate,
indicating that some combination of changes in binding (k;) and peroxide reduction (ko) is
slowed for these poorer substrates. To better understand these effects, the data using the
poorest substrate, t-butyl-OOH, were fit to the same three-step model used in the fits of the
H,0, data. If the rate for k_; (at 70.4 s71) based on the y-intercept of kqps Versus the
concentration of t-butyl-OOH (Figure 5B) is fixed as we did when modeling the H,O, data
of Figure 3A, the most significant change in rate constant after fitting the data with the
three-step model was for k;, which was decreased ~180-fold for t-butyl-OOH compared
with that for H,O5 (7.5 x 10° M~1 s71) (Table S4C of the Supporting Information). The
value for ko was also decreased, but to a much smaller degree (by ~4-fold, to 150 s1). Thus,
the lower catalytic efficiencies exhibited by the larger substrates like t-butyl-OOH and
cumene hydroperoxide reflect the first phase of the reaction, and particularly the rate of
binding of the substrate to the enzyme.

Kinetic data collected using fluorescence and absorbance changes associated with catalysis
by StAhpC, as well as simulations to fit the data to a sequential three-step mechanism, are
consistent with a model in which the peroxide substrate binds and then reacts with Cp,
followed by rate-limiting disulfide bond formation between Cp and Cr. Not included in the
model, but arguably important for catalysis and the pattern of fluorescence changes
observed, is the possibility that the binding of the peroxide induces movement of amino acid
side chains proximal to Trp81, leading to enhanced quenching of its fluorescence. Thus, we
suspect that the fluorescence changes are not due to a direct effect of the noncovalent
binding of H,0,, but rather to its effect on the conformation of the active site. Additional
complexity in the binding of peroxide substrates is also suggested by other aspects of our
findings. The data presented imply that the Ky for binding of H,05 is ~400 nM, a value that
seems quite low given that this very small molecule can form, at most, only six hydrogen
bonds (with two H-bond donors and four electron pairs to act as H-bond acceptors).
Furthermore, the changes in binding and catalysis using bulkier substrates are observed
primarily as decreases in k1, rather than increased off rates (k-1), and this conceptually
makes more sense if k; includes an “induced fit” step that is not as efficient for the bulkier
substrates. While we cannot yet claim that our data prove such a conformational change step
before catalysis, these arguments are at least suggestive that such a change occurs.

With this work, StAhpC joins a small group of Prxs for which rates of some of the
individual steps of the reaction have been determined. To date, only one other Prx, from the
narrowly distributed AhpE subfamily, has exhibited a rate constant with its own best
substrate (lipid hydroperoxide) with a similar magnitude, at 1.8 x 108 M~1 51, as the initial
step of peroxide binding in StAhpC (1.3 x 108 M~1 s71).2 (Note that the previously reported
second-order rate constant for human PrxII reacting with H,O», which was also in the range
of 108 M~1 s71, was determined by competition kinetics.?) A member of a third subfamily
studied by rapid reaction kinetic approaches, human PrxV, exhibited rates of 10-10” M1
s~1 for the first step of reaction with its preferred substrates, peroxynitrite and organic
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hydroperoxides.! For PrxV and AhpE, H,0, was a relatively poor substrate, giving rates of
~105 M1 571 for the first step.1:2

Intramolecular disulfide bond formation rates are also now known for several different Prxs.
The fastest so far is StAhpC, at 75 s1, while human PrxIIl and PrxV exhibit intermediate
values of 22 and 15 s71, respectively.14> The slowest disulfide bond formation was
observed for human Prxll, at 1.7 s71, and it is no coincidence that this enzyme is also highly
susceptible to inactivation during turnover with peroxides. As demonstrated elegantly by
Peskin et al.,#° the difference in hyperoxidation sensitivity between PrxIl and PrxIII tracks
directly with their rate of disulfide bond formation; the sulfenic acid form of PrxII persists
longer and has a greater chance to become hyperoxidized before a disulfide bond can form.
Fitting with this perspective, StAhpC, with a relatively high disulfide bond formation rate of
75571, is quite insensitive to inactivation during turnover.

In summary, we found through these rapid reaction kinetic studies that AhpF reduces the
disulfide of AhpC very efficiently and in a single step with a forward rate constant of 2.3 x
107 M1 s71 and a reverse rate constant of 2.8 x 104 M~1 s71 (Figure 2). Peroxide reduction
was more complex and could be modeled as three steps, beginning with a reversible binding
of H,05 to the enzyme (k; = 1.36 x 108 M1 571, and k_; = 53 s71), followed by rapid
sulfenic acid generation (620 s1) and then rate-limiting disulfide bond formation (74.5 s™1)
(Figures 3A and 4). The rate-limiting step, at ~80 s~1 for all hydroperoxides, is consistent
with an overall kg, of ~52 51 obtained from steady state measurements.2! In addition, these
studies show that different efficiencies (Kqat/Kmm) for turnover of AhpC with bulkier
hydroperoxide substrates are primarily caused by their slower rates of binding.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
Prx peroxiredoxin
StAhpC S. typhimurium alkyl hydroperoxide reductase C component (peroxidase)
AhpF alkyl hydroperoxide reductase F component (flavoprotein reductase)
Cp peroxidatic cysteine
Cr resolving cysteine
DTT 1,4-dithiothreitol
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EDTA ethylenediaminetetraacetic acid
S128W NTD mutant of the truncated form of AhpF containing only residues 1-202 at
the N-terminus, with Ser128 mutated to Trp
t-butyl-OOH tert-butyl hydroperoxide
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Figure 1.
Catalytic cycle of 2-Cys peroxiredoxins and the location of the three Trp residues in

Salmonella typhimurium AhpC. (A) The catalytic cycle (solid arrows) is shown along with
the peroxidemediated inactivation pathway (dashed arrow). The conformation change
necessary for Prx catalysis is shown as a transition from fully folded (FF) to locally unfolded
(LU) enzyme after sulfenate formation at the peroxidatic Cys (shown as -SpO~), and the
opposite transition that occurs upon reduction of the disulfide bond between Sp and Sg (the
sulfur group of the resolving Cys) to regenerate the active enzyme. Oxidative inactivation by
peroxide can also occur at the peroxidatic Cys (dashed arrow) to generate the cysteine
sulfinate (shown as —SpO5"). (B) A single dimer [taken from a 1.8 A resolution decameric
crystal structure of reduced, wild-type AhpC (Protein Data Bank entry 4MAD9)] is depicted
with chain D colored tan and the partner subunit (chain C) colored gray, highlighting the
location of Trp residues (magenta), Cys residues, and the regions that undergo structural
changes (cyan) during catalysis (sulfur atoms colored yellow, nitrogen atoms blue, and
oxygen atoms red). (C) Close-up of the region around C165 in the FF conformation. In the
LU conformation, W169 is presumed to be disordered as no electron density is observed for
it. (D) Close-ups of the region around W81 in the FF and LU conformations. Selected
residues and atomic distances (dashed lines) in panels C and D are shown with the same
color scheme as in panel B. Subscript letters after the residue numbers indicate the subunit
of that residue (described in ref 30). Shown to the right in panel D is the LU conformation
only of subunit B in Protein Data Bank entry 4MA9.
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Figure 2.
Reduction of AhpC by the redox-sensing mutant of the AhpF N-terminal domain (S128W

NTD). (A) To assess rates of reduction of AhpC, oxidized AhpC (1 pM for 2.5-10 pM
S128W NTD and 3 uM for >10 uM S128W NTD) was mixed with reduced S128W NTD at
2.5 (red), 5 (blue), and 15 pM (green), monitoring fluorescence changes in both proteins
over time (Aeyx = 280 nm; Aem > 320 nm). Red and blue curves have been displaced upward
on the y-axis for the sake of clarity; amplitudes of change were somewhat variable in these
averaged, noisy spectra, but the data were readily fit to a single-exponential equation. (B)
Pseudo-first-order rate constants obtained from the fits in panel A, plotted vs S128W NTD
concentration, yield a second-order rate constant of 2.3 x 10’ M~1 s71. (C) Reaction
pathway annotated with rate constants.
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Figure 3.
Kinetic profiles of intrinsic Trp fluorescence and absorbance changes of wild-type and

mutant AhpC during H,0,-mediated oxidation. (A) Reduced AhpC (1 uM) in reaction
buffer [25 mM potassium phosphate (pH 7) with 1 mM EDTA and 100 mM ammonium
sulfate] at 25 °C was mixed in a stopped-flow spectrofluorometer with increasing
concentrations of H,O,, with representative traces colored red, blue, green, and purple (1, 3,
5, and 20 uM for the wild type, 1, 3, 5, and 15 pM for W32F, 2, 10, and 100 uM for W81F,
and 2, 4, and 25 pM for W169F). All concentrations are after mixing. All data (except for
WB8LF) fit to a double exponential (black lines) yielded rate constants for the fast (red) and
slow (black) phases, plotted vs H,O, concentration in the insets. For ease of viewing,
starting voltages for each set were adjusted to 0; note that voltages in each panel are not
directly comparable. Traces for W8L1F, fit to a single exponential (with rate constants shown
in the inset), have been offset consecutively by 0.1 V. (B) Same as panel A, with reduced
AhpC (1 uM) mixed with a range of H,O, concentrations, monitoring changes in
absorbance at 240 nm (blue) and in fluorescence (red) in identical mixings. The slower rate
constants from the fluorescence changes fit as in panel A match closely the rate constants for
the absorbance changes at 240 nm (from a single-exponential fit). Shown in the inset are
representative data from the experiment with 10 pM H,0O5. (C) Similar to panel A, 2 pM
reduced C165S AhpC was mixed with H,O, at 10 (red), 50 (blue), and 200 uM (green).
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Figure4.
Kinetic model for fitting AhpC fluorescence changes after addition of H,O,. KinTek Global

Kinetic Explorer was used to test kinetic models and conduct fits to the data as described in
the text. The best fits to the global model are the black lines shown with the experimental
data (gathered as in Figure 3a) at various H,O, concentrations, colored red (1 uM), black (2
uUM), green (3 uM), blue (5 uM), magenta (10), and cyan (25 pM). The kinetic model to
which these data fit best and our interpretation of the reaction steps detected are depicted
below the plot.
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Figurebs.
Rapid reaction kinetics of AhpC oxidation by various hydroperoxides. (A) Oxidation of

wild-type AhpC by 50 (red), 150 (green), 200 (orange), 300 (blue), 400 (purple), and 500
UM tert-butyl hydroperoxide (t-Bu-OOH) (magenta) monitored by Trp fluorescence.
Methods used were identical to those described in the legend of Figure 2. Data were fit to a
three-step model as in Figure 4, shown below the plot. In panels B-D, blue indicates data for
H»0,, red those for ethyl hydroperoxide, green those for t-Bu-OOH, and black those for
cumene hydroperoxide. Results from two independent experiments are shown for each
hydroperoxide. Panel B shows the rate of the fast, initial decrease for the four
hydroperoxides, zooming in on values at low concentrations in the inset. Panels C and D
show that all the substrates approach the same maximal rate for the exponential increase in
fluorescence, with the slower substrates requiring higher concentrations.
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