Kinetic and structural assessment of the reduction of human 2-Cys Peroxiredoxins
by Thioredoxins

Sebastian F. Villar'2, Laura Corrales-Gonzalez!, Belén Marquez de los Santos'?, Joaquin Dalla
Rizzal", Ari Zeida®*, Ana Denicola? and Gerardo Ferrer-Sueta'?

!Laboratorio de Fisicoquimica Bioldgica, Instituto de Quimica Bioldgica, Facultad de Ciencias;
2Centro de Investigaciones Biomédicas (CEINBIO), ®Area Inmunologia, Departamento de
Biociencias, Facultad de Quimica and “Departamento de Bioquimica, Facultad de Medicina,
Universidad de la Republica, Montevideo, Uruguay.

Current address: * Protein Crystallography Unit, Institut Pasteur de Montevideo, Montevideo,
Uruguay

Corresponding author contact details: Gerardo Ferrer-Sueta. Laboratorio de Fisicoquimica
Biolodgica. Facultad de Ciencias. Igud 4225. Montevideo 11400. Uruguay. Phone (598) 2525
8618 Int 213. Email: gferrer@fcien.edu.uy (GFS)

Running title: Reduction of human Prx by Trx

Abbreviations: Prx Peroxiredoxin; Trx Thioredoxin; Cn, nucleophilic cysteine of a Trx; Keat,
turnover number; TCEP, tris(2-carboxyethyl)phosphine; LP320, 320 nm long pass filter: U360,
360 nm bandpass filter; TMA buffer, tris-MES-acietic acid buffer; pe, prior equilibrium
approximation; ss, steady state approximation; 4-DTDPy,

Keywords: Peroxiredoxin, thioredoxin, catalytic cycle, reaction mechanism, hydrogen peroxide,
redox signaling

Conflict of Interest (none to declare),

Abstract

We have studied the reduction reactions of two cytosolic human peroxiredoxins (Prx) in their
disulfide form by three thioredoxins (Trx, two human and one bacterial), with the aim of better
understanding the rate and mechanism of those reactions, and their relevance in the context of
the catalytic cycle of Prx. We have developed a new methodology based on stopped-flow and
intrinsic fluorescence to study the bimolecular reactions and found rate constants in the range of
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10° to 10° M st in all cases showing that there is no marked kinetic preference for the expected
Trx partner. By combining experimental findings and molecular dynamics studies, we found that
the reactivity of the nucleophilic cysteine (Cn) in the Trx is greatly affected by the formation of
the Prx-Trx complex. The protein-protein interaction forces the Cy thiolate into an unfavorable
hydrophobic microenvironment that reduces its hydration and results in a remarkable
acceleration of the thiol-disulfide exchange reactions by more than three orders of magnitude,
and also produces a measurable shift in the pKa of the Cn.

Introduction

Peroxiredoxins are a family of thiol peroxidases remarkable in terms of their abundance,
ubiquity, and diversity. They also have some kinetic aspects in their catalytic cycle that deserve
attention and make them unique. In the first decade after the report of Prx as peroxidases, some
researchers characterized them as limited in comparison to other peroxidases [1, 2], whereas
others found them to be extremely fast [3-5]. Paradoxically, both opinions were correct. In terms
of their reaction with H20. and other peroxides, some Prx are among the fastest reactants, with
rate constants (kmeo2) close to the diffusion control limit [4-7]. However, when the whole
catalytic cycle is considered, for instance by measuring their turnover number (Kca), Prx have
moderate to modest values. The most extreme example of this behavior is human Prx2 (Prx2),
whose reaction with H,0; is very fast (ko2 = 1.6 x 108 M s [6]), but its catalytic cycle is
rather slow (Keat < 0.2 s%).

The standard catalytic cycle of Prx, particularly those that use two Cys residues for catalysis
(2-Cys Prx), consists of three reactions; namely, oxidation by a peroxide substrate (ROOH,
Reaction 1, Fig. 1), condensation of the two catalytic cysteines to form a disulfide (Reaction 2,
Fig. 1) and reduction of the disulfide by an external reductant (Reactions 3a — 3d, Fig. 1). The
oxidation reaction has received the most attention, particularly since realizing that Prx are among
the fastest known reductants of H.O» [3, 4, 8]. Interest in the resolution reaction, i.e. the
condensation between the sulfenic acid formed in the peroxidatic cysteine (Cp) and the resolving
cysteine (Cr) thiol, has increased lately, once it was found that it can be very slow and provide
an internal brake of the catalytic consumption of ROOH [6, 7].

The reduction reaction, typically carried out by a thioredoxin (Trx) or similar thiol-disulfide
oxidoreductase, has been studied less often. A few works appear in the literature detailing the
bimolecular reaction between a Prx and its expected redox partner [5, 7, 9-11]. Among the
reactions in the catalytic cycle, the reduction process is the only one requiring a protein-protein
interaction and, as such, more complexity can be anticipated. Also, it is not just one chemical
reaction but a sequence of two thiol-disulfide exchange steps accompanied by several
conformational and association-dissociation changes. In summary, the reduction process is not
simple, but a series of interactions, chemical steps and involves changes in tertiary (and perhaps
quaternary) structure. A summary of the canonic catalytic cycle of 2-Cys Prx is presented in Fig.



1, with emphasis in the individual reactions, protein-protein associations, and changes in tertiary
structure (FF, fully-folded and LU, locally-unfolded states of Prx).

Why is it important to know in detail the catalytic cycle of Prx and in particular the reduction
reaction? Beyond mere curiosity, an in-depth knowledge of the kinetics of each step provides a
solid starting point to predict which one of the three Prx intermediates may be prevalent in a
given situation of H>O> formation and reductant supply. Additionally, Prx disulfide, the reactant
in Reaction 3, may be one redox relayer involved in signaling, most likely via a thiol-disulfide
reaction. Thus knowing how protein-protein interactions accelerate a similar reaction with Trx
may provide clues to orient the search of surface characteristics in the redox partners of Prx.

On the question of the catalytic cycle and the rate limiting step, since the oxidation reaction
(Reaction 1 in Fig. 1) has usually the largest rate constant, resolution (Reaction 2) and reduction
(Reactions 3a-d) are candidates to be rate-limiting. In human Prx2, step 2 is a prime suspect
given its very low rate constant (k. = 0.2 s [6]). In other 2-Cys Prx the case is not that clear cut,
but it is needed to understand how some 2-Cys Prx can act as redox relays from H2O: to
signaling partners [12-14]. The rate-limiting step implies that the reactant species in that step
accumulate in a situation of sustained cycling. If resolution is rate-limiting, the sulfenic acid
form accumulates, whereas if reduction is rate limiting the disulfide is the accumulated form.
Since sulfenic acids and disulfides have markedly different reactivities, and their lifetime may be
different between different Prx, knowing the rate of reduction is another piece of information
needed to understand how each Prx may act as a hub of redox relays.

Each of the three Prx intermediates in the catalytic cycle (Prx-SH, Prx-SOH, Prx2S,) may be
involved in side-reactions, in particular, the oxidized forms of sulfenic acid and disulfide have
been implicated in reactions leading to redox signaling. The rationale is that H>O, as an oxidant
lacks specificity, and its reactions are very slow except for those with peroxidases. Instead, Prx
(as sulfenic acid or disulfide) may be recognized by specific targets through protein-protein
interactions and act as a proxy oxidant [15]. In such a scenario Prx would have the role of Prx
sensor (thanks to their extremely fast Reaction 1) and as a hub, receiving electrons from several
targets other than Trx.

Thiol-disulfide reactions are slow in the absence of catalysis, and their rate constants can be
predicted for low molecular weight species, the only data needed are pH, the pKa of the thiols
involved, and the empiric equation for thiol-disulfide exchange determined by Szajewski et al
[16]. Using the literature pKa values of Prx2, (4.8 Cp and 8.5 Cr [6]) and the nucleophilic
cysteine (Cn) of human Trx1 (HsTrx1) (6.3 [17]), a rate constant for the initial reaction can be
estimated as 85 M s at pH 7. Values in the literature for reduction of Prx by Trx, particularly
in pairs of the same species and subcellular compartment range from 8.9 x 10* M s (E. coli
TPx reduced by E. coli Trx [9]) to 2.3 x 10’ M s (S. typhimurium AhpC reduced by the Trx
domain of S. typhimurium AhpF [7]). There is an evident acceleration of the thiol-disulfide
exchange by the protein-protein interactions and it will be interesting to understand how it
works, not only to better understand the detailed mechanism of Prx catalysis, but also because



Prx disulfide may well be involved in redox relays leading to signaling events [18]. Those redox
relays involving Prx disulfide would also need to have accelerated thiol-disulfide exchange
reactions to be competitive in the cellular redox landscape of thiols and disulfides.

In this work we approach the reduction of two human cytosolic peroxiredoxins with the aim of
assessing their reduction kinetics and delving into the protein-protein interaction and how they
accelerate the reactions. We also discuss the potential involvement of changes in tertiary and
quaternary structure into the kinetics of the overall catalytic cycle.

Results and discussion

Reduction of Prx1 and Prx2 with TCEP

Reduction of Prx by TCEP is an unspecific reaction and was measured to ascertain that there is
no difference in “reducibility” between Prx1 and Prx2, also, the rate constants were used in the
design of later experiments. Both Prx show a small increase in fluorescence upon reduction,
followed by a long linear descent (similar descents in fluorescence were observed in many
experiments and are attributed to a slow photobleaching of tryptophan). The rate constant of the
ascent in fluorescence depends linearly on the concentration of TCEP and the second order rate
constants obtained are similar and quite slow: Prx1 (3.66 M s) and Prx2 (6.25 M s?),

Reduction of Prx2 by Trx

After numerous unsuccessful attempts at trying to monitor the reaction by total tryptophan
fluorescence upon mixing Prx and Trx under pseudo first order conditions, we turned to the
method described in the Materials and Methods section as rate-limiting approach. Briefly, it
consists in starting all three reactions in the catalytic cycle upon mixing and letting them be seen
only if they become rate limiting, bearing in mind that the most significant changes in
fluorescence arise from the formation and consumption of the sulfenic acid form. For Prx2, the
reaction is easier to set up. Starting with [H202] = 1 uM, the oxidation (Reaction 1) will have a
pseudo-first order rate constant >100 s, whereas the resolution (Reaction 2) is only 0.2 s™.
Therefore, any concentrations of Prx and Trx yielding a pseudo-first order rate constant 100 >
ks> 0.2 s will be simultaneously rate limiting in the formation of the sulfenic acid, and faster
than its consumption. Thus, the change in fluorescence will be observable. Based on previous
reports, rate constants of Reaction 3 involving mammalian Prx are in the range 10° — 10® Mt s,
so we chose concentrations in the low micromolar range with Prx2S; in excess over Trx(SH).

The results are shown in Fig. 2. Time courses display the typical descent and then ascent in
fluorescence seen upon formation and consumption of Prx(SOH)SH, followed by a linear
decrease in fluorescence that is seen even in the absence of Trx. The kinetic parameters were
obtained by fitting Equation 2 to the time courses, the rate constants of the descents (kan) were
plotted as a function of [PrxS;] and the slope of the linear regression yields the second-order rate
constants that appear in Table 1.



Reduction of Prx1 by Trx

Applying the kinetic considerations of the rate-limiting method to Prx1, the resolution being so
much faster (12.9 s) than that of Prx2 constitutes a hurdle. If we assume a rate constant in the
order of 4 x 10° M s, the concentration of Trx needed to make the pseudo-first order rate
constant of Reaction 3 greater than 12.9 s is 32 uM, thus we made the experiments with
Trx(SH)2 in excess and in the range from 5 to 190 uM, with 0.5 — 5 uM Prx1S; and at least 10
uM H20.. The time courses show an unexpected small increase in fluorescence in the first 10 ms
followed by a slower and more marked descent, and the final increase in fluorescence is only
observed after H2O: is depleted. The Kkinetic parameters were obtained by fitting Equation 2 to
the first 0.2 s of the time courses. The two rate constants obtained, named kyp and kan, Were
plotted as a function of Trx concentration yielding straight lines in both cases. These results are
shown in Fig. 3.

Reaction order and interpretation of kinetic data
When we began studying the reduction reaction of Prx by Trx we only aspired to obtain rate
constants, assess rate limiting steps in the catalytic cycle, and hopefully understand differences
among various Trx and between Prx1 and Prx2. As usual, the study of the reactions revealed a
more complex landscape. Since the total fluorescence approach yielded ambiguous and poorly
reproducible results, we opted for a better experimental setup that only reveals those steps that
are rate limiting to the formation of sulfenic acid (Reaction 1, Fig. 1). Starting from PrxS, and up
to Prx(SOH)SH, the only process that is first order in both Trx and Prx is Reaction 3a. Reaction
3b may also appear to be first order in both proteins if 3a is reversible and appreciably fast in
both directions, following the next scheme [19].

k3a k3b
Trx(SH), + PrxS, &=——= Trx(SH),:PrxS, — Trx(SH)-S-S-Prx(SH)

-3a

In those cases, the rate constants of the overall processes from PrxS; to Trx(SH)-S—S—Prx(SH)
(steps 3a and 3b, Fig.1), or ksan can be approximated as:

Ksaksp[Trx(SH), ]

rate = kP¢ [PrxS,]| =
3an 2] k_3a+ k3p

[PrxS,] (Equation 6)

Assuming process 3a is a prior equilibrium, or,

k3aksp[Trx(SH)]
k3q[Trx(SH)2 ]+ k_34

rate = k33, [PrxS,;] = [PrxS,]  (Equation 7)

Assuming the intermediate is in a steady state.

The choice of the approximation depends on the relative values of k.za and kap. If k.za > kap a
prior equilibrium is a better approximation, but if ksa[Trx(SH)2] > k-3a + kab, a Steady state is a
better description. Each approximation has a characteristic dependence on the concentration of
reagents, k5., depends linearly on [Trx(SH)z], whereas k35, dependence is hyperbolic with an
asymptote value equal to kap.



The experiments measuring Prx2 reduction seem straightforward, we observed a single process
with a descent in fluorescence and linear dependence on [Prx2S;] (Fig. 2). The second-order rate
constants measured in Fig. 2C thus correspond either to ksa or k%, for the three Trx studied
(Table 2). Meanwhile, the rate constants of Fig. 2D are zero order in [Prx2Sz] and coincide in
value with the previously determined k [6].

The scenario with the reduction of Prx1 is a bit more complex, perhaps because the reactions
had to be performed with significantly higher concentrations of both Trx and Prx. Two processes
are apparent, a fast one that produces an upward change fluorescence with a rate constant kyp and
a slower one that results in the fluorescent descent with a rate constant kgn, consistent with
sulfenic acid formation. When human Trx are employed, kyp depends linearly with [Trx(SH):]
whereas kdn appears to be independent of [Trx(SH).]. That would be consistent with kyp
corresponding to ksa, and kan corresponding to k33, in which the ascending part of the hyperbola
should appear at [Trx(SH).] below the experimental range, or it could also be kac or ksq, as both
are zero order in [Trx(SH).], whichever is smaller, and results the rate-limiting step in the
reduction process.

In the reaction of Prx1 with EcTrx both ky, and kin depend linearly on [Trx(SH)], thus, the
only possible explanation is that kup is ksa and kan is k3.,. Given that k.32 can be measured from
the y-intercept of Fig. 3D (red line, yo = 58 s?), ksp can be arithmetically calculated from
Equation 6 since we know ks = 2.5 x 106 M* s, and k%7, /[Trx(SH),] = 5.3 x 10° M s™*. Then,
substitution in Equation 6 yields a ksp value of approximately 16 s*. However, the uncertainty on
this value is somewhat large, owing to k. being an extrapolated value and the combination of
the uncertainties of several experimental values.

Reduction of Prx2 by Trx as a function of pH

Since the determination of rate constants was relatively simple in the case of Prx2, we measured
them as a function of pH to better understand the protein-protein interactions and their effect on
the nucleophilic attack of Trx. The experiments were made in TMA buffer to avoid confounding
effects arising from the change in ionic strength and with only one concentration of Trx(SH):
(0.2 uM) and Prx2S; (2 uM) at each pH in the range from 4.5 to 8.5. The apparent rate constants
were plotted vs pH and, since the plots were bell-shaped, Equation 4 was used to obtain the
values of two pKa in each case. The results appear in Fig. 4 and Table 2. Surprisingly, neither
pKa coincided with the reported values of any of the Trx tested. Since the reduction reaction is
first order in Trx, as seen in Fig. 2, its rate constant should increase upon ionization of the
nucleophilic cysteine (Cn), so we took the inflection point of the ascending part of the bell shape
as pertaining to the Cn. As our method for measuring the rate constant of reduction by Trx relies
on the reaction being slower than the oxidation by peroxide, a control experiment was made
measuring the oxidation of Prx2 as a function of pH to ascertain that the rate constant of
Reaction 1 is larger than kqn throughout the pH range studied. At any pH in the range from 4.5 to
7.8 k1 is at least 50-fold larger than kan (not shown).



Measurement of Trx pKa

There are multiple reports of pKa of the nucleophilic cysteine of several Trx in the literature,
many of these values are listed in Table 2. The exception seems to be HsTrx2 for which we
could not find a pKa value. Our intention in doing these experiments was to complement the
values from the literature with results obtained in our lab under conditions similar to the
previously mentioned reactions of reduced Trx with Prx2 disulfide as a function of pH. Of
particular importance for this, we measured the pKa of HsTrx1, HsTrx2 and EcTrx through the
change in the rate constant of reaction with an unspecific disulfide, 4-DTDPy, that yields a
product that absorbs at 324 nm [24]. The pH profile of this reaction has the expected increase in
rate constant with two inflection points for HsTrx1 (pKa1 = 6.1 and pKa1 = 7.6), or one inflection
point HsTrx2 (pKa = 7.15), and for EcTrx (pKa = 7.4) (see Table 2). However, the pH profiles are
quite different from their counterparts of each Trx with the disulfide of Prx2. In Fig. 4E the pKa
shift is readily observable. Additionally, the pKa of HsTrx2(SH). was measured through the
absorbance of the thiolate at 240 nm (not shown).

Reduction and the LU — FF transition

The disulfide bond in oxidized Prx fixes their active site in the locally unfolded (LU)
conformation, whereas the fully folded (FF) conformation is required for the fast reduction of
H20,. It can be regarded as if Prx had two different active sites, one for Trx in the LU
conformation and a different one for hydroperoxides in the FF conformation. The rate of the LU
— FF transition in Prx upon reduction is unknown, so we decided to try to measure it and also to
see if Trx provided assistance for the conformational change. The experiment was performed in
the stopped flow with a sequential mixing setup. In the first step Prx2S, was mixed with excess
reductant (either HsTrx1(SH). or TCEP). After a preset ageing time (2 — 40 s) and a second
mixing with excess H.0> we measured the rate constant of fluorescent decay (associated to
Reaction 1, Fig. 1). In all cases the observed rate constant coincided with that obtained with pre-
reduced Prx2 implying that the LU — FF transition is faster than the reduction under the
experimental conditions and that if Trx favors the transition, this is not observable under the
timeframe of the experiment.

Reduction of Prx in the context of the catalytic cycle

We previously proposed that the resolution reaction can be viewed as a built-in brake that
impedes Prx to simply consume all H202 as catalase would. This means that Prx can sense
minute levels of H20. and transmit the information in a useful way to promote signaling through
their oxidized forms of sulfenic acid and disulfide [6]. When that proposal was made, we still
lacked the detailed information of the reduction reactions, and now, through this work, we have a
more complete set of rate constants that could help us understand the workings of the catalytic
cycle. First, we can ask under what circumstances each of the three main steps of the catalytic
cycle (namely, oxidation, resolution and reduction) becomes rate limiting. The answer is



straightforward for Prx2, since its resolution reaction is so slow (k2 = 0.2 s™*) and considering that
k129 and k™™ are relatively fast, concentrations of [H20z] > 1.25 nM and [HsTrx1] > 325
nM are sufficient to make resolution the rate limiting step.

The case of Prx1 is a bit more complex. Resolution is faster (k. = 12.9 s) and reduction has a
rate limiting step that is zero order in HSTrx1 (kan, k3. or ksg) with a similar rate constant of
15.8 51, that makes the reduction step essentially independent of [HsTrx1] and a [H202] >120
nM would be sufficient to outcompete resolution. But there is another piece of information that
needs to be considered, when the catalytic cycle is measured using oxidation of NADPH through
EcTrx and Ec thioredoxin reductase it appears to have a turnover number between 2 and 4.8 s
[25, 26]. This surprisingly low ket must arise from a still nondescript process that further slows
down the catalysis. One possible candidate is a change in reactivity associated with the
oligomeric state of Prx1, our reduction experiments were made with Prx1 mostly as decamers
while NADPH oxidation experiments were made with 500 nM Prx1, mostly in dimeric form
[27].

Finally, the LU-FF equilibrium could also be rate limiting, the refolding of the peroxidatic
active site in the FF conformation appears, in the case of Prx2, to be independent of the presence
of Trx, or to be over in 2 s independently of the used reductant. This supports the notion that the
resolving step is the rate limiting process of Prx2 catalytic cycle. However, we did not attempt a
similar experiment with Prx1 as it would involve impractical concentrations of TCEP, but since
our kinetic methodology relies on a very fast Reaction 1, from the results in Fig. 3D, we can
conclude that the refolding process occurs with a rate constant higher than 15 s™.

Structural insight of the Prx-Trx interaction

To this date, there are no reported structures of complexes between 2-Cys Prx and Trx. There is
one structure of Prx2 in its disulfide form [28] whereas the sole available structure of Prx1 has a
CHAPS molecule bound to the disulfide and is also a C83S mutant [29]. This motivated us to
generate our own models, using protein-protein docking of the complexes between Prx2S; and
HsTrx1, HsTrx2 and EcTrx, in their reduced state. A blind-docking approach didn’t yield
satisfying results, since the Trx was placed far from the disulfide of Prx2 and its active site was
outside the interaction interphase. Therefore, we decided to guide the docking (using the
criterion described in the Materials and Methods section) to obtain a reactive complex, i.e., a
complex in which the chemical reaction would likely happen. Then, we ran 500 ns-long MD
simulations of each complex to further assess the structural features of the Prx-Trx interaction.
As a result of the guided molecular docking protocol the Trx binds the locally unfolded Cr loop
of Prx2 on its groove, where the Cn approaches the Cr of the disulfide from the side or from
above. The results of the docked complexes, the interacting residues and energy calculation after
500 ns of simulation are presented in Fig. 5.

We identified an amphipathic interaction surface comprising two regions: region 1 is a
hydrophobic core involving Trx Cn, the Prx2 disulfide and other non-polar residues; region 2
contains polar interactions in areas surrounding region 1 (Fig. 5A). We estimated the binding



free energy (AGginding) for the three complexes (Fig. 5B) and decomposed it in a per residue basis
to identify their importance for the stabilization of the complex (Fig. 5 C).

In region 1, residues W31, P34, M37, C73, M74, P75, G91, A92 (HsTrx1) and V171, P173,
Al74, G175, W176 (Prx2), surround the disulfide of Prx2 and Trx Cn and define the
hydrophobic interaction core. Among these, M74 and Cr stand out as the most stabilizing
residues in HsTrx1 and Prx2 respectively (Fig. 5C), and the same was observed with V74 and
175 in HsTrx2 and EcTrx, respectively. Both residues interact through backbone-backbone
hydrogen bonds and orient the disulfide towards Cn (Fig. 5D-F). Trx residues within region 1
have the largest contribution to complex stabilization (Fig. 5C). Interestingly, the latter are
conserved in canonical Trxs [30].

Region 2 comprises amino acids forming ionic and/or polar interactions with each other, like
D60, D61, N93 on HsTrx1 and K92, Y164, H168, K177 on Prx2. In this case, D60 and D61
interact with K92 and K177 forming transient saline bridges throughout the simulation, which
endowed the complex with an important electrostatic complementarity. On the opposing side,
N93 has hydrogen bond interactions with H168 and Y164. Nevertheless, region 2 varies in the
complexes with HsTrx2 and EcTrx, and other ionic and polar interactions were observed,
namely, R41 (HsTrx2) with E167 (Prx2) and R72 (EcTrx) with D151 (Prx2) (Fig. 5E and 5F,
respectively).

The Cn thiolate induces conformational changes and destabilizes the Prx-Trx complex
The thiolate of Trx Cn (CnS) is the reactive species that will attack PrxS; and generate the Prx-
Trx mixed disulfide intermediate (Fig. 1 Reaction 3b). Therefore, CnS™ needs to be inside the
complex for the reaction to happen. To assess the effect of Cn protonation state, we ran
simulations of our three Trx-Prx2S, complexes with Cy as a thiolate. We observed a systematic
increase in the AGginding Of all the complexes when compared to the results obtained with the
thiol form, meaning that CnS™ has a destabilizing effect on the Prx-Trx interaction (Fig. 6A, 6B
and 6C). This is further confirmed by the decomposition of the AGaginding, Where CnS™ (C32)
increases the binding energy by more than 5 kcal/mol. Furthermore, we saw that CnS™ disrupted
nearby interactions in region 1 (i.e., W31, P34, W176) and had a pronounced effect on farther
residues in region 2 (i.e., D60, D61, K92, K177). When we took a closer look, we noted that
CnS promote W31 to flip out of region 1 to region 2 and distort the interactions of D60 and D61
with K92 and K177. The conformational change of W31 from a closed to an open state could be
described by the change in the dihedral formed by the carbonyl, a, f and y carbon atoms (Fig.
6E). Dihedral values around -50° represent the closed conformation, which is the main region
that W31 explores with the Cn as a thiol. Whereas in the presence of CnS’, W31 explores
different dihedral values, namely 60° (open conformation), -50° and -80° (Fig. 6C). Interestingly,
the values of the dihedral match the AGginding profile throughout the simulation (Fig. 6D) and we
saw that the closed conformation correlates with lower binding energies, whereas the open one
coincides with higher binding energies (Figs. 6D and 6F).



Complex formation decreases the exposure of CnS to the solvent

The negative charge around CnS™ in the hydrophobic environment of region 1 not only produces
an increase of the AGginding, but also introduces water molecules to the interaction surface. This
can be seen in Fig. 7 when the thiol and thiolate of HsTrx1 Cn are compared. Additionally, we
simulated HsTrx1 alone in its thiolate state, to compare the solvation of CnS™ in the absence or
presence of the protein interface. As expected, the CnS™ is less solvated when HsTrx1 is
complexed with Prx2, thus, the reactivity of CnS™is enhanced by the protein interaction.

Protein-protein interaction and the activation of Cn of Trx

In the introduction we calculated a rate constant for the initial attack of HsTrx1 Cn on the
disulfide of Prx2 as 85 M s, yet the experiments show a rate constant that is more than three
orders of magnitude faster (Table 1). The increased reactivity stems from the protein-protein
interaction and additional experimental and computational data helps understand the causes. The
first striking difference we observed is the decrease in pKa values of the Cn. Measured through
the oxidation by an unspecific disulfide such as 4-DTDPy all three Trx show pKa values
consistent with those in the literature obtained by spectroscopic or unspecific reactions (Table 2).
When measured through the oxidation by Prx2 all three Trx showed a ApKa = -1. Although this
decrease in pKa provides an increase in the relative concentration of the thiolate (the reacting
species of Cn), its contribution is negligible. For instance, at pH = 7.4 HsTrx1 Cy is 95% ionized
as per the pKa = 6.1 of the free protein, whereas the interaction with Prx2 lowers the pKa to 5.3
yielding 99% ionization of the Cn at the same pH. This 4% difference would most likely be lost
into the dispersion of experimental results. The change in pKa does not explain the change in
reactivity but reveals that the interaction results in a significant modification of the Cn
environment.

The description of the Trx-Prx interaction surface obtained from the docking and MD
simulations reveals several potential contributors to the enhanced nucleophilicity of the Cn. The
residues surrounding the Cn are mostly uncharged and nonpolar, in Fig. 5 we can see that the
neighbors of the Cn sulfur in a 5 A radius are G33, P34, C34 and M74 from HsTrx1 and from
Prx2 the disulfide C51-C172, V171, P173 and A174. This yields a hydrophobic environment that
increases the rate of thiol-disulfide exchange reactions [31]. In line with this observation, the
solvation of Cn thiolate decreases in the Trx-Prx complex relative to the free Trx (Fig. 7A). The
radial distribution of water molecules is diminished by the formation of the complex (Fig. 7B)
and solvation by a polar and hydrogen-bonding solvent such as water is a great way to attenuate
the nucleophilic reactivity of thiolates [32].

It was interesting to see that the changes in the dihedral of W31 induced by the negative charge
of CnS™ allowed the entry of water molecules to the reactive region (Prx2 disulfide and CnSY) and
correlate with the AGginding Of the complex (Fig. 6D and 6F). The movement of W31 from a
closed to an open conformation releases the steric hindrance produced by W31 on Cn (Fig. 7C).



The final contributor to the enhanced reactivity is revealed by the energetics of the interaction,
Fig. 5C shows the AGginding CoOntribution of each amino acid residue involved in the Trx-Prx
interaction surface. Remarkably, all residues in the interface stabilize the interaction except for
Cn as a thiolate (Fig. 6A, 6B and 6C), alternatively it can be construed that all involved residues
anchor the Cxy thiolate in an unfavorable position that destabilizes it, yielding an enhancement of
its reactivity.

Concluding remarks and future developments

On finishing this article, several details and questions still need to be addressed to fully
understand the processes associated with the reduction of the Prx within the canonic catalytic
cycle and especially when the Prx is reduced by alternative reductants involved in redox relays.
For instance, understanding the energetic details of the activation of the Cn would involve a
quantum mechanical approach. There is also the question of how much the oligomeric state of
the Prx affects the interactions and reactions with Trx. The proposed interaction of Prx either as a
sulfenic acid or as a disulfide with potential alternative reductants acting as redox relays [14]
opens a plethora of unknowns, such as: What are the Cys residues in the target proteins? How are
they activated? Additionally, Kinetic restrictions indicate that a preexisting complex between the
reduced Prx and its target reductant needs to exist in order to compete with the reduction by Trx
[33]. And finally, there is the question of existing scaffold proteins that potentially connect Prx
with their target reductants [12]. With the number of potential targets of Prx redox relays being
counted by the hundreds [34] there is still much study to be done to understand the reduction of
Prx in catalysis and signaling.

Some of the most relevant findings of this study, beyond the numerical parameters of the rate
constants, are the existence of a hydrophobic interaction interface surrounding the reacting
thiolate and disulfide, which partially excludes water around the reactants. Also, the energetics of
the binding is favored by about twenty amino acids in both Trx and Prx but destabilized by Cn
thiolate. Overall, desolvation and immersion in a more hydrophobic environment causes an
increase in nucleophilicity that may explain the three orders of magnitude increase of the
measured rate constants compared with those calculated in aqueous solution. Extrapolating to
alternative redox partners involved in redox relays with Prx disulfides, one may look for one
exposed cysteine residue surrounded by a hydrophobic patch.

Materials and Methods

General procedures

Two main buffer systems were used throughout this study, one contains 50 mM sodium
phosphate, 150 mM NaCl, 0.1 mM dtpa, pH 7.4, is referred to as phosphate buffer. The second
system contains 30 mM tris, 15 mM MES, 15 mM acetic acid, 120 mM NaCl and 0.1 mM dtpa,
it is used as a wide range pH buffer and is referred to as TMA buffer.



To obtain the reduced form of the proteins, they were treated with either 10 mM DTT or 10
mM tris(2-carboxyethyl)phosphine (TCEP) for 30 min at room temperature, and the excess
reductant was removed using a PD10 column. Protein concentration was determined by their
absorbance at 280 nm using the following extinction coefficients (calculated from their
sequences using the ProtParam tool): Prx1 (Uniprot Q06830), 18500 Mt cm™; Prx2(Uniprot
P32119), 21500 M cm™; HsTrx1 (Uniprot P10599), 7000 Mt cm™; HsTrx2 (Uniprot Q99757),
7000 M cm™; EcTrx (Uniprot POAA25), 14000 M cm™. Thiol content was measured by
reduction of 4,4’- dipyridyl disulfide (4-DTDPy) and the absorbance of the products at 324 nm (e
= 21400 Mt cm™) [35].

Proteins
Recombinant proteins were expressed and purified as previously reported, Prx1 [36], Prx2 [37],
EcTrx [38], HsTrx1 [4], HSTrx2 [5].

Prx reduction by TCEP

The reaction of 0.5 uM Prx1S, or Prx2 S; with excess TCEP (5 — 35 mM) was monitored by
tryptophan fluorescence in pH 7.4 phosphate buffer. TCEP hydrochloride was previously
neutralized with 4 equivalents of tris to keep the same pH in all conditions. Time courses showed
a small amplitude exponential followed by a linear descent. Equation 1 was used to obtain the
pseudo first order rate constants.

y = Amp x exp (-Kops X X) +b x x +C (Eq. 1)

Where vy is the fluorescence emission, Amp is the amplitude of the exponential, kobs is the
pseudo first order rate constant, b is the slope of the linear function, x is time, and C is the value
of the exponential function at infinite time.

The values of kobs were plotted vs [TCEP] to obtain the second-order rate constants.

Prx reduction by thioredoxins

Total fluorescence approach

Several attempts were made to monitor the reduction of both Prx1 and Prx2 by different Trx
(HsTrx1, HsTrx2, EcTrx) by following the total emission of the sample after mixing in the
stopped flow. The experiments were designed to yield reduced Prx and the protein should stay
reduced, otherwise the oxidation and resolution processes would be superimposed to the
reduction. Since adventitious H2O. has been reported to affect the results of experiments
involving reduced Prx [3], all buffer solutions (either phosphate or TMA) were treated with
immobilized catalase (Sigma C9284) to remove adventitious H>O. and then filtered before use.
The reaction mixtures consisted in Trx (reduced with 10 mM DTT and gel filtered using a PD10
column) and Prx (oxidized with H20. equimolar and desalted using a PD10 column) in any of
three possible concentration relations: 0.5 pM Prx with Trx with at least a tenfold excess; 0.5 uM
Trx with Prx with at least a tenfold excess; or a constant ratio of concentrations with 10 [Prx] =
[Trx]. The results yielded poor reproducibility and ambiguous dependencies on the excess
reactant, in our hands, even the smallest concentration of adventitious H2O. resulted in the



appearance of additional phases in the change of fluorescence. A detailed report of this approach
and results obtained with Prx1 was published elsewhere [39].

Rate-limiting approach

The reaction was carried in the stopped flow, monitoring tryptophan fluorescence with 280 nm
excitation and emission using either a 320 nm long pass filter (LP320) or a 360 nm bandpass
filter (U360). The equipment mixed one syringe containing Prx2 as a disulfide (0 — 6 uM after
mixing) and H202 (1 uM after mixing) with the other syringe containing reduced thioredoxin
(0.2 uM after mixing). Both solutions were in phosphate buffer. Under these conditions Prx
undergoes the following series of reactions:

e PrxS; reacts with Trx(SH)2 to yield Prx(SH).. (Reactions 3a to 3d in Fig. 1)
e Prx(SH)2 reacts with H>O; to yield Prx(SOH)(SH). (Reaction 1 in Fig. 1)
e Prx(SOH)(SH) reacts internally to form PrxS,. (Reaction 2 in Fig. 1)

This method takes advantage of several favorable conditions of Prx2 kinetics and fluorescence:
first, Reaction 1 is extremely fast, with an expected apparent rate constant < 100 s with 1 pM
H.0,; second, Reaction 2 is quite slow, with an expected apparent rate constant of 0.2 s under
the experimental conditions; and finally, most of the change in fluorescent emission happens in
Reaction 1 (decrease) or Reaction 2 (increase), since PrxS, and Prx(SH). have very similar
spectra and quantum yields, as a result, the only detectable changes in fluorescence happen
during the formation and consumption of the sulfenic acid. Under the conditions of the assay the
contribution of Trx to the fluorescence change is minimal, Hs Trx1 and Hs Trx2 have very low
quantum yields and Ec Trx has a fluorescence change that goes in the same direction as the
change in Prx.

The fluorescence time course of the reactions has the familiar biphasic pattern observed in the
oxidation of Prx2 and other proteins of the Prx1 family [6, 7, 26, 40, 41]. However, since
Reaction 1 is much faster than Reaction 3, what is observed as the decrease in fluorescence
associated with oxidation to sulfenic acid is actually the rate-limiting formation of Prx(SH)2,
resulting in an apparent rate constant of the downward exponential much slower than the
expected <100 st of Reaction 1, as will be presented in the results section.

To study the reduction reaction as a function of pH, TMA buffer was used, this buffer can be
used in the 4 to 8.5 pH range and its ionic strength is nearly constant [42]. The kinetic parameters
were obtained by fitting a sum of two exponential and one linear function, as in Equation 2 to the
time courses.

y = Ampl x exp (-kl,s x X) + Amp2 x exp (-kZ,s X X) + b xx+C (Equation 2)

obs
Where y is the fluorescence emission, Amp 1 and k!,. , and Amp2 and k2, are the amplitude
and rate constant of each exponential, b is the slope of the linear portion and x is time.

This approach was tried for Prx1 in a limited set of experiments using the Trx as reactant in
excess. Reaction 2 is much faster in the case of Prx1 (12.9 s [6]), therefore, large concentrations



of Trx were needed to make the buildup of sulfenic acid (via Reactions 3 and 1) faster than its
consumption via Reaction 3. Based on the results obtained for Prx2 and assuming similar rate
constants with Trx, the experiments were made by mixing the contents of one syringe containing
Prx1S; (5 uM after mixing) and excess H20>; the other syringe contained reduced thioredoxin
(40 — 150 uM after mixing). After the initial attempts we found that smaller concentrations
yielded useful results, so Prx1S; was 0.5 uM and HSTrx1 > 5 uM in the final assays. Both
solutions were in TMA buffer, pH 7.1 - 7.2. The kinetic parameters were obtained using
Equation 2.

Reduction and the LU — FF conformational transition

To explore the potential influence of the reductant on the kinetics of the LU — FF
conformational transition we performed experiments with the stopped flow in sequential mode.
After the first mix 0.8 uM Prx2S; is left to react with either 1 uM HsTrx1(SH)2 or 65 mM TCEP
during a preset aging time ranging from 2 — 40 seconds, then the resulting mixture is mixed with
1 uM H202 and the rate constant of oxidation (Reaction 1 in Fig. 1) is measured. The
concentrations of reductants were chosen so the reduction occurs with similar rates in both cases
and the reduction reaction has a ty, < 2 s.

Thioredoxin pKa
The pKa values of HsTrx1, HsTrx2 and EcTrx were measured and compared to values obtained
from the literature.

HsTrx1, HsTrx2 and EcTrx pKa were determined by the variation of the rate constant of
reduction of 4-DTDPy by Trx(SH)2. Briefly, 2.5 uM Trx(SH)> was mixed with a fixed excess 4-
DTDPy in TMA buffer pH 6 — 7.9, the reaction was monitored through absorbance at 324 nm
and the resulting time courses were fitted to a single exponential function as in equation 3.

y = Amp x exp (-Kobs X X) + C (Equation 3)

Where y is the absorbance at 324 nm, Amp is the Aabsorbance, X is time and C is the
absorbance at the end of the reaction.

The values of kobs Were plotted as a function of pH and fitted to a two pKa function as in
Equation 4 in the case of HsTrx1.

a a, as i
y= +o +— . (Equation 4)
1+ Kal + KalKaZ [H ]+1+ Ka2 [H ]2 +[H ]+1
H] [HT K H] K,K, K
al a1™a2 a2

Where y is Kobs; a1, @2 and az are the apparent rate constant values of the diprotic, monoprotic
and aprotic species involved in the two acid-base equilibria, and Ka1 and Kz are the two
ionization constants.

In the case of HsTrx2 and EcTrx, a single pKa sigmoidal function was used for fitting, as in
Equation 5.



[H]+Kq +B [H]+Kq

Yy =475 Ke

(Equation 5)
Where y is kobs, A and B are the extrapolated values of rate constant at extreme acidic and
extreme basic pH, respectively.

HsTrx2 pKa was also determined by the change of thiolate absorbance measured at 240 nm as a
function of pH, normalized by absorbance at 280 nm as previously reported [43]. The results
between pH 6 and 9 show two inflection points therefore the pKas were fitted using Equation 4.

Computational Methods

Protein-Protein Docking

Haddock 2.4 [44, 45] was used in order to generate the Prx2-Trx complexes. The input structures
for disulfide Prx2 (51JT) and reduced HsTrx1 (1TRV), HsTrx2 (1UVZ) and EcTrx (1XOB) were
collected from the PDB database. The docking protocol consisted in the generation of 5000
structures for rigid body docking followed by ten trials of rigid body energy minimization, then
400 structures were generated for the semi-flexible refinement and no final water refinement was
performed. Additionally, several distance restraints were added as “unambiguous restraints",
namely between the sulfur atoms of Prx2 C172 and Trx C32 (4 + 0.5 A) and their alpha carbons
(7 £0.8 A), and between the alpha carbons of Prx2 C172 and M74 (HsTrx1), V74 (HsTrx2), and
175 (EcTrx) (5 + 0.4 A). We applied these restraints to guide the docking based on the following
criteria:

I.  The nucleophilic cysteine (C32, Cn) of Trx and the disulfide of Prx2 need to be close to
each other in the reactive complex and the nucleophilic attack is on the sulfur atom of
resolving cysteine (Cr, Ci72) of Prx).

ii.  Structural information regarding complexes of Trx and non-Prx substrates, show that the
Trx residue at position 74 places the disulfide near the Cn on the binding groove [46-49].

iii.  Before docking the whole Prx2S to the Trx, we performed a peptide-docking of a C-term
peptide of Prx2 (His168 to Pro178) as a quick descriptor of the substrate’s positioning on
Trx.

The selection of the best complexes for the molecular dynamics simulations was made based on
the HADDOCK score, Trx Cn orientation towards the disulfide of Prx2 and overall electrostatic
complementarity.

Molecular Dynamics Simulations

Reduced HsTrx1 and Prx2-Trx complexes were subjected to classical molecular dynamics (MD)
in explicit solvent. We performed two sets of simulations, one with the nucleophilic cysteine of
Trx as thiol and the other as thiolate (CnSY). Systems were immersed in an octahedral box of
TIP3P waters, using a 14 A minimal distance from the complex surface to the end of the box.
Protein parameters were generated with the Amber force field parm14SB [50], and newly



developed parameters were used in the case of Trx CnS™ [51]. All simulations were performed
with the pmemd module of the AMBER18 [52] package under periodic boundary conditions with
a 10 A cutoff and particle mesh Ewald summation method for treating the electrostatic
interactions. The hydrogen bond lengths were kept at their equilibrium distance by using the
SHAKE algorithm. Temperature and pressure were maintained with a Langevin thermostat and
barostat respectively, as implemented in the AMBER18 program. Each system was minimized in
1000 steps (10 with steepest descent and the rest with conjugate gradient). They were then heated
from 0 to 300 K for 20 ps at constant pressure (with a Berendsen thermostat) that later was
equilibrated at 1 bar. Finally, 500-ns-long production MD simulations were performed for each
system, with a distance restraint of 5 A between the sulfur atoms of the nucleophilic cysteines of
Trx and Cys172 of Prx2. The external potential on the mentioned distance was null between 0
and 5 A and increased parabolically from 5 A onward, acting as a “wall-like” potential with a
constant value of 100 kcal/mol.

Binding free energy (AGginding) €Stimations were obtained within the MM-GBSA scheme [53].
For each estimation and decomposition, sets of 1000 simulation frames were used.
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Table 1. Second order rate constants of the reduction of PrxS; by Trx(SH). and TCEP. Values
obtained from Figs. 2 and 3. In parentheses are the interpreted position of each rate constant in
the catalytic cycle of Fig. 1. This interpretation is found in the Results and Discussion section.

Reductant Prx1 Prx2
k(M?1s?)

TCEP 3.66 6.25

HsTrx1 kip=22%0.1x10°  (ksa) kan = 6.1+ 0.2 x 10° (ks OF ki
Kan = 15.8 s1 (kab, kac or kag) kup = 0.17 s (ko)

HsTrx2 kip=19%002 x 10° (ksa) kan =5.2 % 0.1 x 10° (kaa Or ki
Kin = 40.9 st (kab, kac Or kaq) kup = 0.17 s (ko)

EcTrx kip=25+0.6x10° (ksa) Kan = 4.2 0.2 x 10° (Ksa OF k22,
kin=53%0.6x105 (k%) kup = 0.21 57 (ko)

Table 2. pKa values of the nucleophilic cysteine of Trx measured by their reaction with
Prx2S,, compared to other means with free Trx.

Trx PKa
Prx2 reduction Chemical reaction/Spectroscopic Literature values
6.1 £0.14 and 7.6 = 0.14 (oxidation
HsTrx1 53+£0.18 with 4-DTDPy) 6.3[17]
6.5 + 0.09 (UV absorption)
HsTrx2 59+0.24 o .
7.1 £ 0.05 (oxidation with 4-DTDPYy)
6.7 [20]
7.2-751[9]
EcTrx 6.2+0.2 7.4 +0.11 (oxidation with 4-DTDPy) | 7.1 - 7.4 [21]
6.5 [22]
7.1[23]




Figure legends

Figure 1. Extended canonic catalytic cycle of a 2-Cys Prx. The numbers indicate the sequence
of reactions: 1 Oxidation by H20., 2 Resolution, and 3 Reduction by Trx. The Reduction step is
subdivided in 3a Prx-Trx non covalent association, 3b first thiol-disulfide exchange, 3c second
thiol-disulfide exchange, and 3d dissociation of the Prx-Trx non covalent complex. The “fully
folded” (FF) and “locally unfolded” (LU) states are indicated.

Figure 2. A. Scheme of the rate-limiting approach. B. Time courses of reduction of 4 uM Prx2S, by 0.2

uM Trx(SH): in the presence of 1 uM H>0,. The lines are averages of ten runs with (@), HsTrx2
(m), or ECTrx (A), and the gray line is a control experiment without Trx. The best fit to equation 2 yields
two rate constants: one for the descending part of the time courses (kan, C) and one for the ascending part
(kup, D). Best fit slopes of panel C and y-intercepts of panel D are in Table 1.

Figure 3. Reduction of Prx1 by Trx. A, B and C. Time courses of reduction of Prx1S; with 45.6 uM
HsTrx1, 54 uM HsTrx2, or 40 uM EcTrx, respectively. D. Second-order plot of the ascending exponential
rate constant (Kup) vs [ ] (=), [HsTrx2] (e) or [EcTrx] (A), slopes of the linear regressions, 2.2 +
0.5x10° 1.9 +0.02 x 105 2.8 + 0.7 x 10 M 52, respectively. E. Second-order plot of the descending
exponential rate constant (Kan) Vs [ ] (=), [HsTrx2] (e) or [EcTrx] (A), slopes of the linear
regressions, 0, 0 and 5.3 £ 0.6 x 10°> M s respectively. The former two horizontal lines were forced in
the regression, see text.

Figure 4. Reduction of Prx2 by Trx as a function of pH and comparison with DTDPy. Panels A, B
and C show reaction time courses at selected pH values for , HsTrx2 and EcTrx, respectively. D.
The rate constant of the descent in fluorescent emission plotted vs pH has a bell-shaped profile that can be
described by a two pK, function (Equation 4). Best fit values of pK, are: 5.6 and 7.2 for ,6.1and
7.7 for HsTrx2, and 6.4 and > 8.5 for EcTrx. E. Oxidation of each Trx by DTDPy in excess, as a function
of pH, has inflection points consistent with the Cy of the free protein having pK,=6.1and 7.6 ( ),
7.1 (HsTrx2), and 7.4 (ECTrx).

Figure 5. Features of Prx2-Trx interaction. A. Cartoon representation of the predicted complex
between Prx2S; (blue) and (orange). The interaction area is shown as a surface, where regions 1
(gray) and 2 (green) are depicted. B. MM-GBSA AGsginging €Stimation (kcal/mol) for each complex C.
Decomposition of the AGginding in @ per residue basis for . Most relevant residues at the interaction
surface are shown for (D), HsTrx2 (E) and EcTrx (F). Regions 1 and 2 are represented as
surfaces and the residues are depicted as blue (Prx2(S).), orange ( ), magenta (HsTrx2) and red
(EcTrx) sticks.



Figure 6. Effect of Cy protonation on Prx2-Trx interaction. Per residue decomposition of the AGginging
of the Prx2-Trx complex, for A , B HsTrx2, and C EcTrx, in all cases CnSH (gray) and CnS™ (red)
are compared. The insets represent the overall AGgindging. Residue names colored according to each Trx and
blue tohes of Prx2. D. Time courses of W31 dihedral (black) and AGginging (blue) values against the
simulated time. The red-dashed lines indicate the time correspondence of the “jumps” in the properties. E.
Ball and stick representation of W31 and C32 at the indicated W31 dihedral values. F. Normalized
relative frequency of HsTrx1 W31 C-Ca-CB-Cy dihedral throughout the simulation for CxSH and ChS'.
The AGgindging OF the complex at values -80°, -50° and 60° is represented as blue circles. *Error bars
represent the standard deviation of the obtained values.

Figure 7. The Prx2-Trx complex shields CnS™ from the solvent. A. Violin plot of the distribution of
water molecules within 5 A of Cy sulfur atom during the simulated time. CySH, CnS™ and CnS™ without
Prx2 are compared. B. Radial pair distribution function (g(r)) of water around Cy sulfur for the three
situations. C. Structural representation of the water molecules surrounding Cy sulfur. W31, Cy and the
Prx2 disulfide are represented as sticks (behind the transparent surface), while water molecules are
depicted as ball and stick. Surface colors orange and blue represent HsTrx1 and Prx2, respectively.
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Figure 7
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