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ABSTRACT: Peroxiredoxins from the Prxl subfamily (Prx) are moonlighting ke LU

FF
peroxidases that operate in peroxide signaling and are regulated by sulfinylation. Prxs m Canformationai r
offer a major model of protein—thiol oxidative modification. They react with H,0, to w —”‘ﬂi> Per
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the enzyme into its peroxidase cycle, or again reacts with peroxide to produce a ';5";
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sulfinic acid that inactivates the enzyme. Sensitivity to sulfinylation depends on the

kinetics of these two competing reactions and is critically influenced by a structural F%
transition from a fully folded (FF) to locally unfolded (LU) conformation. Analysis of g Fhw

the reaction of the Tsal Saccharomyces cerevisiae Prx with H,O, by Trp fluorescence- ~ Hyperoxidation R N R

based rapid kinetics revealed a process linked to the FF/LU transition that is

kinetically distinct from disulfide formation and suggested that sulfenate formation facilitates local unfolding. Use of mutants of
distinctive sensitivities and of different peroxide substrates showed that sulfinylation sensitivity is not coupled to the resolving step
kinetics but depends only on the sulfenic acid oxidation and FF-to-LU transition rate constants. In addition, stabilization of the
active site FF conformation, the determinant of sulfinylation kinetics, is only moderately influenced by the Prx C-terminal tail

dynamics that determine the FF — LU kinetics. From these two parameters, the relative sensitivities of Prxs toward hyperoxidation
with different substrates can be predicted, as confirmed by in vitro and in vivo patterns of sulfinylation.
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B INTRODUCTION to other targets during severe oxidative stress.” Prx sulfinylation
also provides a gain of function by stabilizing its oligomeric
structure, thereby switching it into a molecular chaperone” or
fostering protein interactions."’

Prokaryotic Prxs are resistant to hyperoxidation, whereas
eukaryotic ones, especially the Prxl subfamily, are sensitive.’
Further, within sensitive Prxs, a large range of sulfinylation

sulfinic acid reductase sulfiredoxin (Srx).>™> Prxs are major sensitivity levels exists, as for instance the higher sensitivity of

: 11,12 :
peroxide-reducing enzymes, reacting with substrates by attack huma-n P rx2 re‘lat1ve to Prxl and Prx3. _ These Fhfferences
of a peroxidatic Cys C, that becomes sulfenylated (Cp—SOH). may indicate dlﬁerentla}3enzyme regulation depending on the
In the peroxidatic cycle, the C,—SOH condenses with the concentration of H,0,.” Karplus and collaborators identified
enzyme resolving Cys Cy to form a disulfide bond, the structural signatures that distinguish hyperoxidation-sensitive
reduction of which by thioredoxin (Trx) completes the cycle Prxs from the resistant ones, one of which is a Tyr-Phe motif

Sulfinylation of cysteine (Cys) thiolate is increasingly
recognized as important in cell regulation and signaling.'
Eukaryotic peroxiredoxins (Prxs) from the Prx1 subfamily are
thiol peroxidases and the first enzyme family shown to be
regulated by reversible Cys sulfinylation, an hitherto thought
irreversible oxidative modification that coevolved with the

(Figure 1a). Alternatively, the Cp,—SOH can react with a located in the C-terminal helix, and proposed a mechanistic
second peroxide molecule to form a sulfinic acid (Cp—SO,H), model of how these features generate sensitivity” (Figure 1).
which inactivates the enzyme. Prxs inactivation by sulfinylation Prxs are obligate symmetrical homodimers in which both
(also referred to as hyperoxidation) is thought as critical for subunits contribute to the assembly of each of the two active
allowing unimpeded H,O, cell signaling, as if active, they sites by providing either the C, or the C-terminal tail-Cy to
would, by their high abundance and high substrate reactivity, one site (Figure 1b). In the Karplus model, reduced Prx exists
quench the H,0, signal.3’6 For instance, an Srx-dependent 24

h rhythmic sulfinylation of Prx3 occurs in mammalian Received: October 16, 2019

mitochondria, which fosters H,O, mitochondrial buildup and Revised:  January 14, 2020

rhythmic cytosolic release, thereby contributin% to establish Published: January 31, 2020

the circadian nature of corticosteroid secretion.” As a major
target of Trx, Prx sulfinylation serves to free the function of Trx
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Figure 1. (a) Prxl catalytic cycle. The Prx1 peroxidase cycle and hyperoxidation mechanism are shown at the level of the Prx1 dimeric unit to
highlight the conformational state [fully folded (FF) and locally unfolded (LU)] of the active site identified by the peroxidatic Cys Cp and C-
terminal tail identified by resolving Cys Cy. The rate constants of peroxide reduction ksoy, sulfinylation kgq, resolution kgs, and FF—LU transition
kgp and kyy are indicated. (b) Zoom into the catalytic site of Tsal. The subunit containing the Cp, is shown in blue, and the subunit containing the

Cg is shown in yellow (PDB code 3SBC). Residues C; and Cy are shown in yellow, W83 and W173 in orange, and W161 in red. Within the C-
terminal tail, residues A177 and A178 are highlighted in green and the Y190-F191 motif in purple.
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Figure 2. Wild-type Tsal oxidizes H,0, by three-phase kinetics. (a) Trp fluorescence emission spectra of reduced (black), disulfide (red), and
hyperoxidized (blue) Tsal (2 uM) after excitation at 295 nm. (b) Pre-steady-state kinetics for the reaction of Tsal (5 uM) with H,0, (10 uM,
light gray; 25 uM, gray; and SO M, black) monitored by Trp fluorescence. The excitation wavelength is set at 295 nm, and the signal is collected
above 320 nm. The time courses are shown in log time scale to highlight the three phases and fitted against a three-exponential equation (red
lines). In the inset, time courses are shown in linear X-scale. Each curve is the average of six runs. (c) Second-order plots and linear fits of the
observed rate constants k,°* (circles, black line), k, (squares, red line), and k; (diamond, green line) vs H,O, concentration. Very similar results
were obtained using the untagged native Tsal, showing that the N-terminal His tag has no impact on Tsal catalysis. (d) Pre-steady-state kinetics
for the reaction of Tsal (0.5 M) with low H,0, concentrations (from 0.5 to S 4M) monitored by Trp fluorescence. Only phases 1 and 3 are
observable in these conditions. Each trace is the average of six runs and is fitted according to a biphasic equation (red line). (e) Precise
determination of k; by a second-order plot and linear fit of the fast phase rate constants k;°> measured in (d). (f) Superimposed deconvoluted mass
spectra of the Tsal redox species before and after 5 s reaction with 10 uM H,0, followed by acid quenching.
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Table 1. Steady-State, Pre-Steady-State, and Hyperoxidation Kinetics Parameters of Wild-Type and Mutant Tsal with H,0,

HZOZ
Tsal TsalYIQOG F191G TsalA177S A178D wild—type TsaIWIGIF

keppaert (s7) 24+ 0.1 2.6 + 0.1 24 + 02 global fit 28+ 05

Ciyprss (M) X 2620 + 220 730 + 100 440 + 90

ky (M7t s™) 1.7 X 107 (4 + 14) x 107 (9.7 £ 0.4) x 107 kson (1.0 + 0.01) x 10° (6.7 £ 0.4) x 107
k, (s71) 216 + 41 64+ 5 kiy 65+ 1 37+1

ky (s7h) 3+0.1 53+ 06 46 + 03 ks 5.8 + 0.1 7.0 + 0.6

k, (M~ 7P 0 (1.0 + 04) x 10° (2.1 £ 02) x 10° kso, 29 +0.1) x 10° (29 + 0.6) x 10°

“Up to 50 uM. “Measured on C171A mutants. Data are reported as the mean value obtained from two independent experiments performed on

distinct protein productions + standard deviation (s.d.).

in a fully folded (FF) conformation that stabilizes an active
site, endowing Cp with extraordinary H,O, reactivity. A
conformational transition from the FF to a locally unfolded
(LU) state, in which the helix carrying Cp and the enzyme C-
terminal tail partially unfold, enables C,—SOH and Cy
condensation into a disulfide bond. When the enzyme is in
the FF state, however, the C,—SOH can further react with
H,0, to generate sulfinic acid. Enzyme sulfinylation and the
conformational FF—LU transition equilibrium appear posi-
tioned as two reciprocally exclusive competing events. In this
model, the Tyr-Phe C-terminal helix motif, by stabilizing to the
FF conformation, generates sulfinylation sensitivity”'*~'°
(Figure 1b).

Kinetic and mass spectrometry-based evaluation of Prx
intrinsic hyperoxidation sensitivity has so far relied on the
hypothesis that the FF—LU transition is in rapid equilibrium,
that is, that the FF — LU and LU — FF processes occur much
faster than the resolving and hyperoxidation steps.'"'* A
steady-state sensitivity index Cy, % defined as the concen-
tration of H,0, required to oxidize 1% of the sites in one
enzyme catalytic cycle, has been derived from the above
mechanistic model as a function of the kinetic rate constants of
the disulfide formation step, kss; the hyperoxidation step, kgo ;

and the FE—LU equilibrium constant Ky '’ (Figure 1a). These
methods enabled the identification of other structural
determinants of hyperoxidation sensitivity in the C-terminal
tail, in the Cp environment and in the dimer—dimer
interface."®™*° In addition, pre-steady-state analyses using
rapid kinetic approaches allowed resolution of the Prx catalytic
steps for sulfenic acid and disulfide formation'**"** and,
recently, for hyperoxidation.'> However, assessing nonchem-
ical steps within a catalytic cycle is challenging, and thus few
studies have provided direct information on FF — LU and LU
— FF transition kinetics,”> which is critical to understand the
origin of Prx sulfinylation sensitivity.

We address here the hyperoxidation mechanism of the major
Saccharomyces cerevisiae Prx1-type enzyme Tsal by pre-steady-
state and steady-state kinetics using Trp fluorescence, circular
dichroism (CD), and in vivo analysis. The reaction of Tsal
with peroxides monitored in single turnover using a stopped-
flow apparatus showed multiphasic kinetics, of which one is
kinetically distinct from the resolving step and can be assigned
to a conformation change associated with the FF—LU
transition, thus suggesting that the FF—LU transition does
not fulfill the proposed rapid equilibrium hypothesis. Using
this approach, mutants of distinctive sensitivities, and the
comparison of H,O, and organic peroxide substrates, we
established that hyperoxidation sensitivity is independent of
the resolving step kinetics, allowing us to refine the

3328

hyperoxidation index Ci,,% which in fact appears to only
depend on the sulfinylation and FF-to-LU transition rate
constants. Our results also suggest that the molecular
determinants that control each of these two parameters are
distinct. We now can calculate Cpyp,14, a critical parameter for
in vivo modeling of redox regulation. Understanding the
sulfinylation mechanism is also relevant in view of the recently
discovered new sulfiredoxin sulfinylated substrates."

B RESULTS

Disulfide Bond Formation Is Kinetically Resolved
from a Conformational Process in Tsal Peroxidase
Cycle. To kinetically resolve the catalytic steps, the reaction of
Tsal with H,0, was explored by monitoring the change of
enzyme Trp fluorescence over time under single turnover
conditions in the absence of Trx. Tsal contains three Trp
residues, one located close to the active site (W83), another in
helix a$ preceding the C-terminal tail (W161), and the last in
the C-terminal tail close to the resolving Cys (W173) (Figure
1b). The intrinsic sensitivity of Trp fluorescence to alterations
of the redox state of Tsal, with 62 and 124% emission change
for the Cp—Cy disulfide (Tsalgs) and hyperoxidized (Tsalg,)

forms, respectively, relative to the reduced enzyme (Tsal,),
provided a powerful reaction-monitoring probe (Figure 2a).
The reaction of Tsal (S uM) with H,O, generated three-
exponential kinetics, fast (phase 1) and slow (phase 3) ones,
both displaying a decrease in fluorescence, which flanked the
remaining one (phase 2) characterized by a fluorescence
increase (Figure 2b). At lower amounts of Tsal and H,0,, the
phase 1 rate constant appeared linearly dependent on the
H, 0, concentration (Figure 2d,e), indicating a second-order,
bimolecular process, which could thus correspond either to
H,O, binding, a process expected to be reversible, or to the
irreversible Cys Cp attack on H,0,.”> However, the low y-
intercept of the k,°*/H,0, plot (Figure 2e), which implied an
essentially irreversible process, and the absence of signal with
the Cp to Ser mutant Tsal“**, which indicated a requirement
of C, (Figure S1), suggest that the kinetic phase 1 reflects the
Cp attack on H,0, and concomitant Cp,—SOH intermediate
formation. The phase 1 second-order rate constant k; of 9.7 X
107 M~ 57! (Table 1) fits previously reported values.”* In
contrast, phases 2 and 3 were characterized by H,O,-
independent observed rate constants k, and k;, respectively
(Figure 2c), and therefore reflect first-order, monomolecular
events that do not directly involve H,O, as a reactant. As a first
approach to assign the second and third phases to mechanistic
steps, we analyzed by mass spectrometry the nature of redox
products obtained after completion of the reaction of reduced
Tsal with 10 uM H,0, (Figure 2f). Dimeric Tsalgg was by far

https://dx.doi.org/10.1021/acscatal.9b04471
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Figure 3. Attribution of phase 2 to a conformational transition. (a) Effect of saccharose (0% black, 10% red, 20% green, and 30% blue) on the
reaction of Tsal (S yM) with H,0, (10 uM) monitored as in Figure 2, fitted against a three-exponential equation (red lines). Inset: effect of
saccharose concentration on rate constants k;°, k,, and k; normalized to 0% saccharose. The stopped-flow mixer efficiency in viscous solutions was
established by mixing Trp and up to 30% saccharose, which showed no artifactual effects on the dilution kinetics (Figure S2). (b) Near-UV circular
dichroism spectra of 50 uM wild-type Tsal (plain) and Tsal™'®°¢ F1916 (dashed line) under the reduced (black) and disulfide (red) forms.
Measurements were performed in a 1 cm cuvette in a phosphate 10 mM and NaF 100 mM buffer (pH 7) and are the average of three records. (c)
Pre-steady-state kinetics for the reaction of Tsal (S uM) with H,0, (5, 10, 25, 50, 100, 200, 400, and 800 uM, light gray to black) monitored as in
Figure 2, fitted against a biexponential equation (red lines). Inset: second-order plots and linear fits of the observed rate constants for the fast phase
k,°® (circles, black line) and slow phase k; (diamond, green line). (d) Pre-steady-state kinetics for the reaction of Tsal (S0 yM) with H,0, (100
#M) monitored by a near-UV CD signal at 270 nm. The trace is the average of SO runs, and the first-order fit is shown in red. (e) Effect of
saccharose (0% black, 15% red, and 30% blue) on the reaction of human Prx1 (5 M) with H,0, (10 uM) monitored as in Figure 2 and fitted
against a biexponential equation (red or black lines). Inset: effect of saccharose concentration on the rate constant of the increasing phase
normalized to 0% saccharose.

the major species, thus indicating that no hyperoxidation primarily in the LU conformation due to C-terminal @ helix
occurred in these conditions. We thus hypothesized that destabilization.” The conformational state of the protein was
phases 2 and 3, which are characterized by rate constants k, of first assessed by circular dichroism (Figure 3b). The spectrum
64 s7' and k; of 4.6 s7' (Table 1), reflect either a of reduced Tsal, which exists in the FF conformation,*
conformational change associated with the FF-to-LU transition exhibited three positive maxima at 262, 287, and 296 nm. The
or Cp—Cy disulfide formation. spectrum of Tsalg, which adopts the LU conformation,
To test whether phases 2 or 3 could be attributed to a exhibited a minimum at 277 nm and a positive maximum at
conformational transition, we repeated the stopped-flow 295 nm, thus showing much larger difference upon oxidation
experiment in the presence of increasing concentration of compared to human Prxl (hPrxl) and human Prx2
saccharose, a viscogen expected to slow down protein motions (hPrx2).'>'® Further, the reduced Tsal™°¢ IS gpectrum
without interfering with chemical processes.””*° Conditions was similar to the Tsalgg one and only slightly altered upon
were chosen to ensure kinetic resolution of the three phases, H,0, oxidation, which is consistent with the LU conformation,
that is, 5 yuM Tsal and 10 ygM H,O,. The efficiency of the as previously observed for hPrx2.'® Similar results were
stopped-flow mixer in viscous solutions was verified by mixing obtained in the far-UV CD Tsal spectra (Figure S4). Kinetics
Trp and up to 30% saccharose (Figure S2). As shown in Figure of Tsal'¢FIIG oyidation by H,0, revealed a biphasic
3a, increasing saccharose from 0 to 30% significantly reduced profile, the first phase of which has a H,0,-dependent rate
k, by 75%, without altering k;,°* and k; or only very slightly. constant k; of 1.7 X 10" M~ s™' up to 50 uM, and then, it
Similar results were obtained with fructose or sorbitol as reaches a plateau at ~120 s/, likely corresponding to Cp—
viscogen (Figure S3). To establish whether phase 2 SOH formation (Figure 3c). The second slower process was
corresponded to a conformation change linked to the FF-to- characterized by a fixed rate constant of 3.0 + 0.1 s™' close to
LU transition, we analyzed the behavior of the Y190G-F191G the k; value measured for the wild type (Figure 3c and Table
Tsal mutant (Tsal?"?°¢F916) " which is expected to exist 1). However, the viscogen-sensitive phase 2 was absent here,
3329 https://dx.doi.org/10.1021/acscatal.9b04471
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strongly suggesting that in the wild-type enzyme this phase
reflects a protein structural motion associated with the FF—LU
transition.

To further support this conclusion, we independently
monitored the FF—LU transition using the large near-UV
CD signal change observed between Tsal and Tsalgg at 270
nm. The low sensitivity of the CD signal in stopped-flow mode
required use of 50 uM wild type reduced Tsal and 100 M
H,0,, which prevented visualizing the first phase of predicted
very fast observed rate constant of 10* s™'. Under these
conditions, the near-UV CD-monitored reaction obeyed
monophasic kinetics characterized by a rate constant of 54 +
2 s7! close to the k, value of 64 s™' measured using Trp
fluorescence, thus suggesting that the same process is
monitored (Figure 3d). Overall, these data support that
phase 2 reflects a conformation change linked to the FF—LU
transition. Since dimeric Tsalgg is the final product of the
reaction in these conditions (Figure 2f), phase 3 must then
correspond to the formation of the Cp,—Cy disulfide bond.

To extend these results, we compared the kinetics of H,0,
reduction of human Prxl (hPrxl) and Tsal by Trp
fluorescence. The hPrx1 reaction with 10 yuM H,O, obeyed
biphasic kinetics (Figure 3e) as reported,'” which consists in a
fast decreasing phase equivalent to Tsal phase 1 (sulfenic acid
formation) and a second increasing phase of rate constant 10.8
s~! previously attributed to Cp—Cy disulfide formation.'” The
latter rate constant value was strongly dependent on saccharose
concentration, indicating that, as for Tsal, the kinetics of this
phase is at least in part controlled by a process associated with
a conformation change (Figure 3e, inset). Thus, in contrast to
Tsal, the hPrx1 FF—LU associated process and disulfide bond
formation are not resolved and hPrx1 phase 2 thus kinetically
reflects the conformational event.

Tsal Hyperoxidation Sensitivity and Conformation
Change Kinetics Are Correlated. To correlate the kinetics
of the above individual events with the sensitivity to
hyperoxidation, we used the method developed by Nelson,'”
which provides a measure of the hyperoxidation sensitivity
index Gy from the fraction of hyperoxidized enzyme per
catalytic cycle in multiple turnover conditions, that is, in the
steady state in the presence of the Trx system. Deviation from
linear kinetics resulting from enzyme oxidative inactivation is
monitored here by the consumption of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) at 340 nm in a
NADPH/Tsal/Trx/Trx reductase coupled assay (Figure 4a).
As shown previously,'” the deduced rate constant of
inactivation normalized to the peroxidase turnover rate
constant (f;,..) was linearly dependent on H,0, concen-
tration, yielding a slope value that reflected the sensitivity to
hyperoxidation (Figure 4b) and provided the Chyp1% value, that
is, the concentration of H,0, required to hyperoxidize 1% of
sites in one cycle. For hPrx1, we measured a Ciy,, 5, of 80 uM,
in good correlation with the reported value of 62 uM.'
Surprisingly, Tsal appeared 9-fold less sensitive than hPrxl
(Figure 4b), with a Cyyp1e of 730 uM (Table 1).

To identify mechanistic determinants of hyperoxidation
sensitivity, we designed Tsal mutations located close to the C-
terminal region that are expected to alter Cy,1o The W161F
mutant (TsalV16'F) modifies the C-terminus of helix 5. The
A177S-A178D mutant (Tsal*'77A1780) replaces some known
determinants of Cy,, s by the residues present at the same
location in hPrx1,"” and the above-mentioned TsalY!%C F191G
adopts mostly the LU conformation (Figures 1b and 3b). All
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Figure 4. Steady-state hyperoxidation sensitivity of wild-type and
mutant Tsal with H,0,. (a) Steady-state kinetics for the
determination of hyperoxidation sensitivity of Tsal monitored by
consumption of NADPH (200 M) at 340 nm in the presence of
thioredoxin reductase (0.25 uM), Trx (S uM), Tsal (1 uM), and
variable amounts of H,0, (from 50, 100, 150, 200, 300, etc. to 1 mM)
in TK buffer. The time courses have been shifted on the y axis for
clarity. (b) Secondary plot of the inactivated fraction fi,.. per
turnover deduced from (a) vs H,0, concentration. The hyper-
oxidation index Cyyp1y is deduced from the slope of the linear fit for
wild type (black circles, black line fit), mutants TsalV'®'" (black
diamonds, blue line fit) and Tsal*77S 417D (black squares, red line
fit), and hPrx1 (black triangles, purple line fit). Data are the mean of
two independent experiments. (c) Pre-steady-state kinetics for the
reaction of Tsal*77SA1780 Tga1, or TsalV''F (5 uM, top to bottom)
with H,0, (10 M) monitored by Trp fluorescence as in Figure 2b,
fitted against a three-exponential equation (red or black line). Time
courses have been shifted on the y axis for clarity. (d) Far-UV CD
spectra of 5 uM Tsal (black), TsalV''F (red), Tsal*'7’S 417D (plue),
and Tsal"'?°G F916 (green) under the reduced state. Measurements
were performed in a 0.01 cm flat cell in phosphate (10 mM) NaF
(100 mM) buffer (pH 7) and are the average of three records.

mutants had wild-type peroxidase activity, reducing H,O, with
a steady-state rate constant of ca. 2.4—2.8 s~' (Table 1).
Tsal™0¢ FI91G wvas not sensitive to hyperoxidation (Figure
SS), as expected, whereas TsalV1o'F and Tsal?177S A78D yyere
more and less sensitive than the wild type, with Gy, of 440
and 2620 uM, respectively (Figure 4b and Table 1). Under
single turnover conditions, these two mutants obeyed triphasic
kinetics (Figure 4c), with rate constants k; of 6.7 X 107 and 4
X 10’ M™' s7" and k; of 7.0 and 5.3 s, respectively, close to
the wild type (Table 1, Figures S6, and S7). In contrast, their
k, were inversely correlated with hyperoxidation sensitivity,
with values of 37 and 216 s™' for TsalV'®'F and
TsalM77S A78D - respectively, relative to the wild type (64
s7"). In keeping with the Chyp1% and k;, correlation, as the most
hyperoxidation-sensitive enzyme, hPrx1 yielded a k, of 10.2
s~ Further, the presence of saccharose caused changes of
Tsal mutant kinetics similar to those seen with wild type,
supporting that phase 2 indeed identifies a conformational
event also in both mutants (Figures S8 and S9). In addition,
the far-UV CD spectra of reduced Tsal"'®'" had a wild-type
profile, whereas Tsal®7’$A178D displayed an intermediate
signature between the FF and LU conformations, which
suggested displacement of the equilibrium toward the LU
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Figure 5. Direct observation of hyperoxidation kinetics with C171A mutants. (a) Pre-steady-state kinetics for the reaction of Tsal®7** (§ uM)
with H,0, (25, 50, 200, 400, and 800 M as indicated) monitored by Trp fluorescence, fitted against a biexponential equation (red lines). Phase 4
is labeled. The * indicates a small, faster phase that is not attributed. (b) Second-order plot and linear fit of the slow phase observed rate constant
k,** (deduced from panel (a) fits) against H,0, concentration, for Tsal“'”** (black circles, black fit), TsalV'6'¥ 77!4 (black diamonds, black fit),

and TsalC!71AAT7S AIT8D (black squares, red fit). (c) Deconvoluted mass spectra of the Tsal“!”** redox species before and after $ s reaction with
200 M H,0,, followed by acid quenching.
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Figure 6. Kinetic integration of all mechanistic steps. (a) Pre-steady-state kinetics for the reaction of Tsal (S uM) with increasing H,O, as
indicated, monitored by Trp fluorescence as in Figure 2b. The data are globally fitted (red lines) using Kintek Explorer software and the model and
equation shown in (b). It must be noted that k;;; and kg behaved as dependent parameters in the fit, although the concordance between ki, and
the value deduced from CD monitoring (65 vs 54 s™") validated the global fit results. (b) Kinetic model and equation used for Tsal reaction global
fitting. Fluorescence intensity factors for Tsalgs and Tsalgo, were fixed at 62 and 124% of the Tsal—SH value (p) (based on Figure 2a) and

intensity factors for Tsal**—~SOH (gq) and Tsal"Y"—SOH (r) were fit to 63 and 66% of the Tsal—SH (p) value, respectively. The kgoy was fixed at
the k; value (9.7 X 10* M~ s™') measured at low Tsal concentration in Figure 2d,e. The parameter C was adjusted to account for the background
fluorescence. The fit was not improved by fitting individual background values for each H,O, concentration. (c) Secondary plot and linear fit of the
Tsal inactivated fraction per turnover fi . with tBOOH (squares, deduced from Figure S12a, black fit) and CuOOH (triangle, deduced from
Figure S12b, black fit), compared with H,0, (black circles, red fit from Figure 4b). The hyperoxidation index Chyp15% is deduced from the slope of
the linear fits. Data are the mean of two independent experiments. (d) Second-order plots and linear fits of the observed rate constant k, vs
peroxide concentration, deduced by fit of pre-steady-state kinetics for the reaction of Tsal (S M) with tBOOH (squares, blue line) and CuOOH
(triangles, red line) from Figure S13 against a three-exponential equation. (e) Determination of the rate constant k, for the Tsal“'"'* reaction with
tBOOH and CuOOH. Second-order plots and linear fits of the rate constant k,** against peroxide concentration, obtained from pre-steady-state
kinetics of the reaction with tBOOH (squares, black fit) and CuOOH (triangle, black fit), compared to H,O, (circles, red fit, from Figure Sb).
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Table 2. Calculated and Experimental Hyperoxidation Sensitivity of Tsal, Human Prxs, and AhpC

Prx TsalAl77S AL78D Tsal
peroxide H,0, H,0,
kg (571 216 + 42 64+ 5
kS (MtsTh 10° + 400 (2.1 x 10%) + 200
calculated Cpy,1o (#M) 2160 + 1280 305 + 53
experimental Chyp10 (uM) 2620 + 220 730 + 100
Prx hPrx1 hPrx1
peroxide H,0, ONOOH
kyy (71 108 =2 10.8 + 2
kS (M7t sTh 1.77 x 10°** 2.8 x 10°'?
calculated Cpyp1o (#M) 61 + 13 0.4
experimental Cyyp1s (M) 80 + 5/50"

TsalWIolF Tsal Tsal
H,0, fBOOH CuOOH
37+1 59 +6 S7+ S
(2.9 x 10%) + 70 (9.5 x 10%) + 200 (39 x 10%) + 500
128 + 7 62 + 8 16 £ 1
440 + 93 63 + 15 11 +2
hPrx2 hPrx3 AhpC
H,0, H,0, H,0,
0.2—0.6'%131¢ 20" >205 calculated
(1.73-1.97) x 103 '>'¢ 2 X 10° estimated 410"
1-3 100
58 1277 >5000"°

“Measured on C171A mutants. Data are reported as the mean value obtained from two independent experiments performed on distinct protein

productions =+ s.d.

conformation in the reduced state (Figure 4d). The inverse
correlation seen between the sensitivity to hyperoxidation and
the rate constant k, thus suggests a direct competition between
hyperoxidation and the FF—LU conformational transition, also
excluding an influence of the kinetics of Cp—Cy disulfide
formation on the sensitivity to hyperoxidation.

Direct Assessment of the Kinetics of Tsal Hyper-
oxidation. To complete dissection of the hyperoxidation
mechanism, we sought to assess the sulfinylation rate constant
(Figure 1a). To directly measure this parameter, we used the
Tsal“'7'* mutant, which, by lacking Cy, does not form the
catalytic disulfide bond and thus could provide a means of
isolating the reaction of H,O, with the C;,—SOH intermediate.
Upon reacting Tsal“'”"* with H,0, (>25 M) under single
turnover conditions, Trp fluorescence increased during S s
with a biphasic kinetics. Here, the reaction of H,0, with Cp
(phase 1) was too fast to be observed, since Tsal“'”** has a
wild-type reactivity toward H,0, (k; = 7.1 X 107 M~ s7')
(Figure S10). The first phase of small amplitude had an H,0,-
independent rate constant of 2—3 s™! and corresponds to a
process that remains to be attributed. The second phase (phase
4) was slower, of larger but fixed amplitude, and had an H,0,-
dependent rate constant k,°*, which indicated a bimolecular
reaction involving H,0,, characterized by a second-order value
of 2.1 X 10> M~' s7' (Table 1 and Figure Sa,b). Phase 4
suggested the occurrence of sulfinylation, based on its
increasing fluorescence signal and on the increased fluo-
rescence seen for sulfinylated Tsalgo, (Figure 2a). Further-

1C171

more, mass spectrometry identified Tsa %50, as the major

redox species upon completion of a reaction with 200 uM
H,0, (Figure Sc). These data thus indicate that phase 4
reflects the Tsal"'*—SOH reaction with H,O, that leads to
enzyme hyperoxidation. The deduced rate constant of
Tsal®'7' hyperoxidation k, of 2.1 X 10° M™' s7' was in
agreement with those obtained for human Prx1 and Prx2,'?
suggesting similar kinetics of hyperoxidation of Prx1-type Prxs
from diverse origins. When combined to C171A, the W161F
(TsalVIS'F CI7IA) 4nd A177S-A178D (TsalCl71A AI775 AL78D)
Tsal mutants had a similar hyperoxidation behavior to
Tsal“'7'A) characterized by rate constants k, of 2.9 X 103
and 1.0 X 10* M™" s, respectively (Figure Sb and Table 1).

High Peroxide Level or Reactivity Recapitulates the
Full Hyperoxidation Mechanism. To integrate all kinetic
steps within the full mechanism, we then used conditions that
allow hyperoxidation in single turnover for the wild-type
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enzyme to be observed. According to the hypothesis of a direct
competition between hyperoxidation and the FF-to-LU
transition, higher H,0, concentrations should overcome the
kinetic barrier of the conformation step, with phase 2
becoming a composite of the fluorescence signals of the two
competing reactions. Tsal stopped-flow kinetic series were
performed with increasing concentrations of H,0,, up to 10
mM. We observed that the phase 2 amplitude increased with
H,0,, suggesting that this phase must at least in part
incorporate an event generating a more fluorescent species,
presumably the Tsalgo, (Figure 6a). These data were globally

fitted against a model (Figure 6a,b) based on the Prx catalytic
cycle (Figure 1), which returned intrinsic kyy, kss, and kg, rate

constants close to the k, k;, and k, observed values,
respectively, obtained by direct fitting (Table 1). This
confirmed that the hyperoxidation rate constant k, obtained
using the C171A mutants can be used as an estimate for kg .

Furthermore, adding an additional step in which the Tsal—
SOH in the LU form reacts with H,O, did not improve the fit,
as expected. In addition, making the Tsal—SOH LU-to-FF
reaction reversible returned a very low rate constant value, kg,
and did not improve the fit either. These data suggest that the
rapid equilibrium hypothesis does not apply as they imply that,
although intrinsically reversible, the Tsal-SOH FF-to-LU
transition nevertheless behaves as a quasi-irreversible process
in the catalytic cycle.

To further assess this interpretation, simulations of the
kinetics of Tsalgo, formation were performed based on the

model from Figure 6b and compared to the observed values
(Figure S11). Combined with the results from CD and
fluorescence-based kinetics, these simulations support that for
the Tsal®™*—SOH 2 Tsal"V—SOH equilibrium, the forward
and reverse rate constants are consistent with k;; of 65 s™* and
an upper kg value of 0.6 s/, respectively. Since the k;; values
are of comparable order of magnitude to those of the disulfide
formation and hyperoxidation rate constants, these results
support the notion that the rapid equilibrium hypothesis likely
does not apply in this case.

Using alternate organic peroxide substrates with high
reactivity should similarly impact hyperoxidation sensitivity
by increasing the competition against the conformation step.
We found that Tsal was much more sensitive to hyper-
oxidation by organic peroxides, with Cyy,;o of 63 uM for tert-
butyl hydroperoxide (fBOOH) and 11 yM for cumene
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Figure 7. Hyperoxidation of wild-type and mutants Tsal with H,0, and tBOOH in S. cerevisige. (a—c) Tsal is more reactive toward organic
peroxides than with H,O, in vivo. Tsal hyperoxidation in cells exposed to H,0,, tBOOH, and CuOOH, during S min at the indicated
concentrations. Thiols were derivatized by N-ethylmaleimide (NEM) or mPEG, as indicated, after reduction with dithiothreitol (DTT), as
described in methods. (d—f) Comparison of the H,0, reactivity of Prxl, Tsal, and Tsal®*77$ #1780 in vivo. Thiols were derivatized by NEM or

mPEG, as indicated, after reduction with DTT, as described in methods, using cell lysates of Atsal expressing human Prxl, Tsal, or Tsa

1A177S Al178D

and exposed to H,O, at the indicated concentration. (a, d) Western blot of reduced (—SH) (2 X mPEG) and hyperoxidized (—SO,H) (1 X
mPEG) forms of Tsal (indicated by black arrows), revealed with an anti-Prx1 antibody. (b, e) Western blot of the Prx SO,H form using a Prx anti-
SO,,; antibody and the cell lysates used in (a) and (c), respectively. (¢, f) Quantification of the degree of oxidation (SO,H/SH + SO,H) vs

peroxide concentration.

hydroperoxide (CuOOH), that is, 12- and 66-fold lower,
respectively, relative to H,0, (Figures 6c, S12a,b, and Table
2). As observed with H,O,, Trp fluorescence monitoring of the
reduction of tBOOH by Tsal displayed a three-phase kinetics
(Figure S13a), characterized by k; of 1.7 X 10" M™' s™' that
remained much higher than the subsequent steps (Figure S13a,
inset). Further, the saccharose-sensitive phase 2 could be
assigned to the FF—LU-linked step (Figure S14ab). Phase 2
amplitude increased with the BOOH concentration, likely due
to the combination of the FF/LU event and the formation of
Tsalgg, as observed for the H,O, data set. If the two reactions

were in competition, as in the proposed model, the observed
rate constant for this phase should increase linearly with the
peroxide concentration, with a slope corresponding to kg,

The observed k, indeed increased linearly with the
concentration of both tBOOH and CuOOH, further
supporting the direct competition mechanism (Figure 6d).
Linear fit yielded jy-intercept values of 59 and 57 s/,
respectively, corresponding to kpy, unchanged relative to
H,0,, and slopes of 8.8 X 10° and 7.4 X 10* M~ s},

respectively, corresponding to kgo,. In support of this
interpretation, tBOOH and CuOOH hyperoxidized
Tsal®7'* with rate constants k, of 9.5 X 10 and 3.9 x 10*
M~ s7" in the same range, respectively (Figure 6e and Table
2). Therefore, in addition to the enzyme intrinsic FF—LU
transition kinetics, the hyperoxidation sensitivity is also a
function of C,—SOH reactivity, that is, the hyperoxidation rate
constant kg .

Integration of Kinetic Mechanism and Steady-State
Hyperoxidation Sensitivity. Can we predict Prx hyper-
oxidation sensitivit;/ based on kinetics rate constants? The
method of Nelson'’ measures Chyp19 based on the assumption

3333

that the FF—LU transition behaves as a rapid equilibrium in
the catalytic cycle, but our results suggest that the Tsal—SOH
FF—LU transition does not fit the rapid equilibrium
hypothesis. If this is true, the fraction of hyperoxidized enzyme
per catalytic cycle f, ... can be defined as follows

finact =

nac

kso,[ROOH][Prx""~SOH]
kso,[ROOH][Prx"~SOH] + k;y[Pra""~SOH] — k[ Prx"’—~SOH]

with ROOH standing for the peroxide substrate, Prx'* —SOH
for the sulfenic acid intermediate in the FF conformation, and
Prx*Y—SOH for the sulfenic acid intermediate in the LU
conformation. Furthermore, considering the FF-to-LU tran-
sition as practically irreversible nullifies the k[ Prx*Y—SOH]
term, simplifying the equation to

kso,[ROOH]
kso,[ROOH] + ky

inact

and

ksoz

finact = [ROOH]

(1)

if inactivation occurs in less than 5% of the enzyme molecules,
which comply to the conditions used in this study.” Thus, as
with the Nelson method, fi,.. is expected to be linearly
dependent on the peroxide concentration but with a slope
equal to kg /ki iy (eq 1). A summary of the k;y and k, (used as

kLU

an estimate of kgo for enzymes possessing the Cy) rate

constants measured for Tsal and a comparison of the Gy,
value calculated from these values with the experimental ones
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(Figure 4b) showed a good agreement for wild-type Tsal,
Tsal mutants, H,0,, and organic peroxides (Table 2 and
Figure S15). In the case of human Prxs, as the disulfide
formation step was not kinetically resolved from the rate-
limiting FF-to-LU transition (Figure 3e), we used the reported
rate constants of the resolving step' "> as proxy of k. Based
on published human Prxs kgo, experimental or estimated

values,""'* the hyperoxidation sensitivity index Chyp1% is again
predicted with a good agreement compared to the
experimental values published with H,O, (Table 2 and Figure
S15). This interpretation also explains the results obtained by
Randall et al,'® using the equation “direct Ciyp,15” = 0.01 X
kies/kso, with k. corresponding to the observed resolving

phase rate constant. These comparisons further support a
mechanistic model in which the degree of hyperoxidation
sensitivity is controlled by the FF-to-LU transition kinetics of
the sulfenic intermediate and not by the disulfide formation
event. In the case of AhpC, the reverse calculation using a
Chypizs > S mM'® and a kso, of 410 M~' s~ 1o gave an
estimation of the FF-to-LU rate constant >20S s~'
the Tsal®!775 A178D mytant.

Relative Hyperoxidation Sensitivity of Prxs in Vivo.
To assay Prx sulfinylation in vivo, we monitored the differential
migration of reduced vs sulfinylated Prx seen upon alkylation
with methyl-PEG (24)-maleimide (mPEG). mPEG adds
1239.44 Da per modified residue and can only alkylate
reduced, but not sulfinylated, Cys residues, thereby differ-
entiating the reduced from the sulfinylated enzyme. We first
compared the reactivity of Myc-tagged and untagged Tsal,
using a Myc-specific and a human-Prx antibody, the latter also
reacting with Tsal, and although it produces multiple
nonspecific signals, it allows quantification (Figure S16a).
Upon mPEG alkylation of the reduced enzyme, migration of
either enzyme form was up-shifted to a molecular size
corresponding to the addition of two mPEG moieties (2-
mPEG), which lines up with the two Tsal Cys residues Cp and
Cg- When cells were exposed to H,0,, the 2-mPEG-modified
band disappeared upon increasing H,O, concentration, with
appearance of a new lower-migrating band, which corresponds
to Tsal modified by one mPEG, presumably at Cy, as carrying
Cp in the sulfinate form, as confirmed by immunoblotting with
an anti-SO,; antibody (Figure S16b). The Tsal sulfinylation
level can thus be determined by the relative intensity ratio of
the 1-mPEG and 2-mPEG Tsal bands (SO,/SO, + SH, Figure
S16¢c), irrespective of absolute levels of the enzyme. The
compared sulfinylation profiles of Myc-Tsal and Tsal showed
that although they displayed similar sulfinylation sensitivity,
both reaching 50% saturation at 200 yM H,0,, Myc-Tsal
sulfinylation was delayed at H,O, <100 uM, indicating that the
N-terminal Myc tag alters enzyme reactivity (Figure S16b).

We thus used untagged Tsal to next compare the enzyme
sulfinylation profile in response to a S min cell exposure to
H,0, and organic peroxides (Figure 7a). Sulfinylation reached
50% at the doses of 75, 125, and 200 uM, for CuOOH,
tBOOH, and H,0,, respectively, consistent with in vitro data
that indicated a much higher hyperoxidation sensitivity toward
organic peroxides, relative to H,O,. We next compared the in
vivo sulfinylation sensitivity of Tsal*'7”® 4178 and hPrx1 to
that of Tsal. As expected from the in vitro kinetics,
Tsal*778 A78D required much higher doses of H,0, to reach
50% sulfinylation (500 uM), relative to Tsal (200 uM)
(Figure 7d,e). As expected too, hPrx1 was far more reactive,

, similar to
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reaching 50% sulfinylation at 100 uM H,0,, also displaying a
non-negligible basal sulfinylation, ca. 20%, presumably caused
by endogenous H,0,. Western blot of the same lysates with
the anti-PrxSO, 3, although less quantitative, provided results
similar to those of the mPEG procedure (Figure 7b,e). It is
worth noting that full 100% enzyme sulfinylation was never
reached, also plateauing at a higher value with tBOOH and
CuOOH, relative to H,0,, and at a much lower value in the
case of the Tsal®77A178D mytant, which presumably result
from the assay integrating both intrinsic enzyme reactivity rates
and the cellular peroxide degradation, as best exemplified with
the Tsal®77SA8D mytant. In summary, the sulfinylation
parameters measured in vitro are valid in the cellular context.

B DISCUSSION

The mechanistic foundations of Prx1-type sulfinylation were
established by the seminal work of Wood, Poole, and Karplus
in a model that integrated three parameters as determinants of
the sensitivity to hyperoxidation.” By Trp fluorescence-based
rapid kinetics of the S. cerevisiae Prxl-type Tsal, we have
identified a conformational event linked to the FF-to-LU
transition that is kinetically distinct from the recycling step.
This finding establishes that hyperoxidation sensitivity is
dictated by only two parameters, the sulfinylation step per se
and the FF — LU rate constants (Figure 1a). Accordingly,
formation of Tsalgy, and the conformational FF-to-LU

transition appear as two reciprocally exclusive competing
paths, with the “kinetic pause” that enables Tsalgo formation

occurring prior to the conformational transition. A slow FF-to-
LU transition, as it happens in hPrx1, however becomes rate-
limiting for the subsequent resolving step (Figure 3e). In
addition, our data suggest that the stability of the active site FF
conformation, which sets the sulfinylation kinetics, is only
moderately influenced by the C-terminal tail conformation,
which sets FF — LU Kkinetics.

This model is supported by several lines of experimental
evidence. First, using a wide range of H,0, concentrations
relevant to hyperoxidation, Tsal reaction kinetics could be
globally fitted according to the mechanism corresponding to
Figure la. Importantly, global fitting and simulations suggest
that once the C;,—SOH intermediate is formed, the FF-to-LU
transition is practically not reversible, as initially thought.
Indeed, based on the model from Figure 6b, simulations
suggest an upper kgp value of 0.6 s™! for the reverse Tsal™ —
SOH 2 Tsal"V—=SOH reaction, giving an equilibrium
constant KiQF = kyy/kgp > 108 (Figure S11). Since in the
reduced state Tsal—SH the FF conformation is favored, this
therefore suggests that sulfenate formation has a profound
effect on the FF/LU equilibrium in triggering local unfolding.
This unexpected finding in fact fits ultrahigh-resolution
structure analysis of reaction snapshots obtained with the
robust bacterial PrxQ. These data suggested that the rate
constant kg is higher than kgg, based on the fact that the
nascent sulfenate in the FF state forms in a high-energy
structure, which gromotes local unfolding by destabilization of
the active site.”® As already suggested in this study,” we
propose that a slower FF-to-LU local unfolding process, as the
one measured here for the sensitive Tsal and hPrxl, is due to
an active site adjustment that accommodates sulfenate
formation and movement. Second, use of our refined model
to derive the steady-state hyperoxidation sensitivity, Cpypis
predicts k;; and ksp, as the only determinant kinetic steps, in
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good agreement with the G4 experimentally measured
values (Figure S15). Third, a global fit returned a rate constant
of H,0,-dependent hyperoxidation kgo, similar to the value

measured directly using the Tsal'”'* mutant, in the 10> M™!
s range.

The much higher hyperoxidation rate constants of Prx,
relative to other redox-sensitive proteins,29 suggest that the
active site in the Prx—SOH FF conformation favors hyper-
oxidation by activating H,0O,, as it does for activating the initial
reaction of Cp with H,0,.** The similarity of the kso, for H,O,

measured for Tsal and human Prxs'” is consistent with the
high conservation of Prxs active sites. The hyperoxidation rate
constants measured with tBOOH and CuOOH were
surprisingly much higher than those of H,0,. These organic
peroxides may establish interactions in the vicinity of the FF
active site by virtue of their aliphatic or aromatic moieties,
respectively, which could favor the positioning of the peroxide
function relative to the sulfenate. Conversely, the tBOOH kgoy
value was slightly lower than the very high, close to the
diffusion limit, kgoy value measured with H,O,, which could
be a consequence of the organic peroxide bulkier structure
relative to H,O,, reducing active site accessibility.

We characterized the Tsal A177S-A178D mutation, which
substitutes these two residues in Tsal by those present at the
same location in hPrx1 initially identified as C-terminal tail-
determinants influencing Chypl%.l9 We found that this mutant
had wild-type values for kgoyy and for the amplitude of phase 1
but paradoxically a CD profile indicative of a FF—LU
equilibrium shifted toward the LU conformation. Such a
shifted FF—LU equilibrium would have been expected to
decrease kgoy, if indeed the C-terminal helix contributes to
active site stability and hence to Cp H,0, reactivity.”® This
result can be explained by two nonmutually exclusive
hypotheses: (i) The equilibrium shifted in favor of the LU
conformation is a rapid equilibrium, ensuring nonlimiting LU
— FF displacement upon H,0, reaction with Tsal"*—SH.
This is consistent with the high conformational exchange rate
measured for PrxQ.>® (ii) The Tsal77 A178D mytant exists in
a mixed conformation, maintaining the active site in an FF
conformation competent for a highly efficient C, attack on
H,0,*” and destabilizing to some extent the C-terminal tail, as
observed in some structures of AhpC.”" In the Tsal#!77S A178D
mutant, as in wild-type Tsal, sulfenic acid formation would be
the trigger of the active site transition to the LU state, then
“pushing” the C-terminal tail toward a full LU form and
shifting the FF/LU equilibrium in favor of LU, which is
consistent with the conclusions obtained by Perkins et al. on
AhpC.”" Similar interpretation may apply for the
Tsal"'%%6 FI91G mytant CD spectrum that displayed the full
LU signature, but its kinetics paradoxically showed only a 6-
fold decrease of k, (1.7 X 107 M~ s™!, second-order kinetics
up to S0 uM H,0,) relative to the wild type. In this mutant,
the absence of the buttressing effect of the C-terminal helix
favors faster local active site unfolding by the formed Cp—
SOH, thereby disfavoring hyperoxidation, while the C-terminal
tail remaining in the LU conformation prevents phase 2
occurrence. These two examples support the notion that the
unfolding of the C-terminal tail is not sufficient to induce the
FF-to-LU transition at the active site, in agreement with
previous studies.”’ We thus propose that molecular determi-
nants of hyperoxidation sensitivity fall into two classes: those
stabilizing the FF active site conformation and thus favoring
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high peroxide Cp reactivity (kso, and necessarily kgoy) and

those influencing the C-terminal tail flexibility that determine
k.y (Figure 8).

wild type FF/LU mutant active site mutant
Sulfinylation o o
sensitivity <&

determinants

Peroxide high ksou, Ksoz high ksou, Ksoz low ksous Ksoz
reactivity

FF/LU kinetics low ky high ky (kL)
Sulfinylation + - -

sensitivity low Cyyyp19, high Cyyp1e, high Cyyp19,

Figure 8. Scheme illustrating the two proposed classes of Prx
sulfinylation determinants. Mutants FF/LU affecting the C-terminal
tail flexibility have high FF-to-LU kinetics, retain high peroxide
reactivity, and are not sensitive to sulfinylation; mutants affecting the
active site structure have poor peroxide reactivity and are predicted to
be poorly sensitive to sulfinylation, irrespective of the FF—LU
kinetics.

How do the in vitro Prx hypersensitivity parameters
described here translate into biological contexts? To answer
this question, we monitored Prx sulfinylation levels after a
short, 5 min peroxide exposure. We observed a H,O,-dose
response effect, consistent with the intracellular H,O, level
dependence of the kinetics of sulfinylation. Under these
conditions, the hyperoxidation parameters established in vitro
were predictive of in vivo relative sensitivities of the enzyme
sets toward hyperoxidation, when comparing both H,0, and
organic peroxides, which have distinct kg, and Prxs with

distinct k;y. The much higher sensitivity of hPrx1 relative to
Tsal, which displayed a basal level of sulfinylation when
expressed in S. cerevisiae, is consistent with the measured lower
Chyp1s of hPrxl and might reflect the much lower intracellular
peroxide levels of mammalian cells relative to yeast.>*

In conclusion, our work provides a quantitative basis to
predict in vivo relative hyperoxidation sensitivities for different
Prx types, based on enzymatic parameters determined in vitro.
It sets the bases for new Prxs structure—function studies and to
approach the mechanism of the regulation of other proteins by
reversible Cys sulfinylation, which is more common than
initially thought.

B MATERIALS AND METHODS

Chemicals. All chemicals were of reagent grade and were
used without additional purification. Tris was from VWR
(West Chester, PA). Tris, (2-carboxyethyl)phosphine hydro-
chloride (TCEP), tert-butyl hydroperoxide (tBOOH), cumene
hydroperoxide (CuOOH), saccharose, Trp, NaF, KCl, and
MgCl, were from Merck (Darmstadt, Germany). NADPH was
obtained from Roche (Basel, Switzerland), and dithiothreitol
(DTT) and ammonium sulfate were from Euromedex
(Souffelweyersheim, France). Hydrogen peroxide (H,O,)
was from Acros Organics (Geel, Belgium). Peroxide stock
concentrations were measured accurately by the peroxidase
enzymatic coupled assay using Tsal/Trx/Trx reductase/
NADPH, following the total NADPH consumption at 340
nm (&350 = 6200 M~ cm™).

Recombinant Protein Preparation. Recombinant thio-
redoxinl (Trx), Trx reductase from Escherichia coli, and wild-
type and mutant His-tagged Tsal (Tsal) from S. cerevisiae
were produced and purified following the experimental
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procedures previously described.”*™*° Tsal mutants were
generated by standard polymerase chain reaction (PCR) site-
directed mutagenesis and sequenced to confirm that no
mutations had been introduced in the amplification reactions.

The pET28bHT-hPrxl plasmid encoding the N-terminal
His tag fusion protein of human Prxl was obtained by cloning
the prdxl open reading frame amplified by PCR (GC-rich
system, Roche Applied Science, Basel, Switzerland) using a
complementary DNA (cDNA) clone from Homo sapiens
(RZPD, German science center for genome research, clone
IRAUpP969E034) as template into the pET28b(+) plasmid
between the Ndel and Sacl sites. The forward primer
contained a Ndel restriction site, and the reverse primer
contained a Sacl restriction site (sequences of oligonucleotides
not shown). E. coli C41(DE3) [F ompT hsdSB (tB"mB™) gal
dem (DE3)] transformants containing the pET28bHT-hPrx1
plasmid were grown by overnight culture at 37 °C for 24 h in
the autoinducible ZYM-5052 medium®’ supplemented with
kanamycin (50 mg L™"). Cells were harvested by centrifuga-
tion, resuspended in a minimal volume of buffer B (20 mM
sodium phosphate, 500 mM NaCl, pH 7.5), and disrupted by
sonication. hPrx1 contained in the soluble fraction was purified
on a Ni-Sepharose column equilibrated with buffer B plus 50
mM imidazole, connected to an AKTA Avant system (GE
Healthcare, France) and eluted by a 0.5 M imidazole step. At
this stage, wild-type and mutant proteins were pure as checked
by electrophoresis on 12.5% sodium dodecyl sulfate (SDS)-
polyacrylamide gel followed by Coomassie Brilliant Blue R-250
staining and by electrospray mass spectrometry analyses. After
overnight dialysis in a 20 mM sodium phosphate and 100 mM
NaCl, pH 7.5, buffer, purified hPrxl was stored at —80 °C in
the presence of 10 mM DTT and was stable for several weeks
under these conditions.

The plasmid pET20bTsal encoding the S. cerevisiae 2-Cys-
Prx Tsal (referred to as native Tsal) was obtained by cloning
the Tsal open reading frame amplified by PCR using S.
cerevisiae W303 genomic DNA as template into the pET20b
plasmid between the Ndel and Sacl sites, as described for
hPrx1. The recombinant protein was produced as described for
hPrx1. For native Tsal purification, the protein contained in
the soluble fraction of the cellular extract was precipitated by
ammonium sulfate at 55% saturation, followed by hydrophobic
chromatography on a phenyl-Sepharose column (Amersham
Biosciences) equilibrated with a 20 mM sodium phosphate and
100 mM NaCl, pH 7, buffer plus 1 M ammonium sulfate,
eluted with a linear 1—0 M ammonium sulfate gradient. Final
purification was achieved by anion exchange chromatography
on a Q-Sepharose column equilibrated with buffer A, by an
elution by a 0—1 M NaCl linear gradient. The protein was
characterized and stored as described for hPrx1.

Immediately before use, the proteins were incubated with 20
mM TCEP for 20 min on ice, followed by desalting in TK
buffer (50 mM Tris, 100 mM KCI, pH 7) on a PD-10 column.
Protein monomer concentration was determined spectropho-
tometrically using a molar extinction coefficient of 29 S00 M ™"
em™ for Tsal®* and 18450 M~ cm™ for hPrxI. Preparation
of Tsalgo was performed as previously described™ and of

Tsalgg by addition of 1.2 equiv of H,O, to reduced Tsal in
solution. The intrinsic fluorescence emission spectra of Tsal
(2 uM) were recorded on a SAFAS Xenius fluorimeter at an
excitation wavelength of 295 nm using a photomultiplier
voltage of 450 V.
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Stopped-Flow Rapid Kinetics. The reaction of wild-type
and mutant Tsals with peroxide substrates was followed in
single turnover conditions by monitoring intrinsic fluorescence
intensity at 25 °C in buffer TK on an SX19MV-R stopped-flow
apparatus (Applied Photophysics) equipped with a S uL cell,
fitted for fluorescence measurements, with excitation wave-
length set at 295 nm and emitted light collected above 320 nm
using a cutoff filter. One syringe contained Tsal (S uM, final
concentration after mixing), and the other syringe contained
the peroxide substrate. Equal volumes of each syringe were
rapidly mixed to start the reaction. An average of at least six
runs was recorded for each concentration of peroxide. The data
set obtained at variable peroxide concentrations was fitted
against multiexponential equation using Pro-Data viewer
(Applied Photophysics) or SciDavis 1.2 software. For experi-
ments in the presence of viscogen, the desired concentration
(10—20 or 30%) was added to buffer TK.

Steady-State Tsa1 Peroxidase Activity. Tsal peroxidase
activity was measured in TK buffer using the Trx/Trx
reductase/NADPH coupled assay (1 uM Trx reductase, 200
uM NADPH, 150 uM Trx) with 100 uM H,0,, started by
addition of 0.5 or 1 uM Tsal at 25 °C. Initial rate
measurements were carried out on a UVmc2 spectropho-
tometer (Safas, Monaco) by following the decrease of
absorbance at 340 nm due to the consumption of NADPH.
A blank measurement recorded in the absence of Tsal was
systematically deduced from the assay to account for
nonspecific oxidation of Trx or Trx reductase.

Steady-State Hyperoxidation Sensitivity. The hyper-
oxidation sensitivity index C,5 Wwas measured using a
method adapted from Nelson et al.'” Tsal (1 4uM) peroxidase
activity was measured as for the steady-state assay, in the
presence of S uM Trx, 025 uM Trx reductase, 200 uM
NADPH, and variable peroxide substrate in buffer TK by
monitoring absorbance at 340 nm over 15 min on a UVmc2
spectrophotometer (Safas, Monaco). As Tsal becomes hyper-
oxidized over the course of the reaction (with a fraction
inactivated at each turnover), the absorbance trace deviates
from linear kinetics. The rate constant of inactivation k., was
deduced from the slope of the kinetic trace first-order
derivative and divided by the initial rate constant measured
at time 0 to give the fraction of inactivation per turnover f,,..
Because the conditions were chosen to limit the hyperoxidized
fraction to less than $% (Figures 4b, Sb, and 6¢), it increases
linearly with the peroxide concentration.'” The reciprocal of
the slope of f,. Vs peroxide gives the peroxide concentration
virtually required to hyperoxidize 100% of Tsal in one
turnover. It is divided by 100 to give Cyy, 4, corresponding to
the peroxide concentration at which 1% of the enzyme
molecules will be oxidatively inactivated per turnover.

Circular Dichroism. CD spectra of wild-type and mutant
Tsals were recorded at 25 °C on a Chirascan Plus
spectrometer (Applied Photophysics, U.K.). Far-UV measure-
ments were carried out in a 0.01 cm pathlength flat quartz cell
at 50 yM Tsal in a 10 mM sodium phosphate and 100 mM
sodium fluoride, pH 7, buffer. For near-UV measurements, the
same conditions were used, using a 1 cm pathlength cuvette.
Scans were recorded with 1 nm steps from 260 to 180 nm (far-
UV) or 320 to 250 nm (near-UV), and each experiment was
averaged over three scans. The kinetics of the reaction of Tsal
(50 uM) with H,0, (100 yM) was monitored using the CD
signal at 270 nm on the same apparatus coupled with a
stopped-flow module. The bandwidth was opened to 4 nm to
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increase the detected light intensity. An average of 50
measurements was acquired to minimize the signal/noise ratio.

Yeast Strains, Plasmids, and Growth Media. The S.
cerevisiae strains used in this study are derivatives of BY4741
(MATa his3A1 leu2A0 met1SAO ura3A0)** and RDKY3615
(MATa, ura3-52, leu2Al, trpl1A63, his3A200) and listed in
Table 3. Cells were grown at 30 °C in synthetic minimal media

Table 3. S. cerevisiae Strains

strains genotype reference
RDKY3615 MATa, ura3-52, leu2Al, 39
trp1A63, his3A200,
lys2ABgl, hom3-10,
ade2Al, ade8,
hxt13::URA3
BY4741 MATa his3A1 leu2 A0 38
Atsal met1SAOQ ura3A0 40
MEHY1631 BY4741 tsal A::kanMX4 41

RDKY3615 ogglA
tsal A::PRXI

(SD) (0.67% vyeast nitrogen base w/o amino acids, 2%
glucose) supplemented with the appropriate amino acid or
YPD (1% yeast extract, 2% peptone, and 2% glucose). The
plasmids used in this study are pRS316-Myc-Tsal® and
pRS316-Tsal A177S-A178D that was generated by subcloning
of the ORF of pET28b-Tsal A177S-A178D between Xbal and
Sacl into pRS316.

mPEG Differential Cysteine Derivatization Procedure
To Monitor Peroxiredoxin Sulfenylation in Vivo. Yeast
cells (10 mL) grown to an ODgg nn Of 0.5 were exposed to
H,0,, tBOOH, and CuOOH at the indicated concentration
for S min. Trichloroacetic acid (TCA) (100%) was added to
the cell culture to a final concentration of 20%. The cell culture
was centrifuged at 6000g for S min at 4 °C. Pellets were
washed with 20% TCA, and cells were lysed with glass beads in
0.2 mL of TCA (20%). Lysates were pelleted down by
centrifugation at 14 000g for 15 min at 4 °C. Pellets were
washed twice with acetone; dried; solubilized in 0.2 mL of a
buffer containing 10 mM DTT, cOmplete mini ethyl-
enediaminetetraacetic acid (EDTA)-free protease inhibitor
cocktail (Roche) and 25 ug mL™' phenylmethylsulfonyl-
fluoride, 2% SDS, and 100 mM N-(2-hydroxyethyl)piperazine-
N'-ethanesulfonic acid (Hepes) (pH 7.4); and incubated at 25
°C for 30 min. Samples were precipitated by 20% TCA and
centrifuged at 14 000g for 15 min at 4 °C. After two washs with
acetone, the dried pellets were solubilized in 0.1 mL of a buffer
containing 10 mM methyl-PEG (24)-maleimide (Thermo
Fisher) or S0 mM NEM, cOmplete of mini EDTA-free
protease inhibitor cocktail (Roche) and 25 ug mL™" phenyl-
methylsulfonylfluoride, 2% SDS, and 100 mM Hepes (pH 7.4)
and incubated at 25 °C for 60 min. Protein samples were
separated by SDS-polyacrylamide gel electrophoresis (PAGE)
as described,” and proteins were immune-detected with an
anti-Prx1 (Santa Cruz Biotechnology, ref sc-137222), anti-Myc
(9E10), or Prx anti-SO,/; antibody kindly provided by S.G.
Rhee.
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Complementary kinetic experiments (Figures S1—S3,
$5—S10, and S12—S14); far-UV CD spectra of wild-type
Tsal and Tsal™'°¢F191G ynder the reduced and
disulfide forms (Figure S4); simulation of the kinetics
of formation of Tsalgo, (Figure S11); comparison of the

calculated and experimental Ci,o for wild-type and
mutant Tsals (Figure S15); validation of the in vivo
procedure to monitor Prx hyperoxidation (Figure S16)
(PDF)
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