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ABSTRACT

Peroxiredoxins (Prxs) constitute a ubiquitous family of Cys-dependent peroxidases that play
essential roles in reducing hydrogen peroxide, peroxynitrite and organic hydroperoxides in
almost all organisms. Members of the Prx subfamilies show differential oxidizing substrate
specificities that await explanations at a molecular level. Among them, alkyl hydroperoxide
reductases E (AhpE) is a novel subfamily comprising Mycobacterium tuberculosis AhpE and
AhpE-like proteins expressed in some bacteria and archaeca. We previously reported that
MtAhpE reacts ~10* times faster with an arachidonic acid-derived hydroperoxide than with
hydrogen peroxide, and suggested that this surprisingly high reactivity was related to the
presence of a hydrophobic groove at the dimer interface evidenced in the crystallography
structure of the enzyme. In this contribution we experimentally confirmed the existence of an
exposed hydrophobic patch in MtAhpE. We found that fatty acid hydroperoxide reduction by the
enzyme showed positive activation entropy that importantly contributed to catalysis.
Computational dynamics indicated that interactions of fatty acid-derived hydroperoxides with the
enzyme properly accommodated them inside the active site and modifies enzyme’s dynamics.
The computed reaction free energy profile obtained via QM/MM simulations is consistent with a
greater reactivity in comparison with hydrogen peroxide. This study represents new insights on
the understanding of the molecular basis that determines oxidizing substrate selectivity in the

peroxiredoxin family, which has not been investigated at an atomic level so far.
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INTRODUCTION

Peroxiredoxins (Prxs) are ubiquitous and usually highly abundant thiol-dependent peroxidases
that play key roles in cellular antioxidant defenses as well as in redox signaling processes
including those involved in cell proliferation, senescence and apoptosis.”” As a consequence,
Prxs constitute potential drug targets for the treatment of diseases such as infections and cancer,
where the peroxide detoxification and/or signaling actions of Prxs are involved.”’” Molecular-
targeted drug design requires a precise knowledge of the mechanisms of catalysis, which at

present have only started to be unraveled.

Prxs catalyze the reduction of different peroxides such as hydrogen peroxide (H,O;), organic
hydroperoxides and peroxynitrite.’? ¥ In most cases, the reducing substrate is thioredoxin or a
thioredoxin-related protein. The enzymes follow a bi-substrate double displacement (or ping-
pong) mechanism, involving at least one critical cysteine residue, the peroxidatic cysteine, which
has a low thiol pK, value, typically < 6.3.”¥ During the catalytic cycle the thiolate at the reduced
peroxidatic cysteine residue (Cysp.g) is firstly oxidized to sulfenate (Cysp.so) by the peroxide
substrate (ROOH) releasing the corresponding alcohol (ROH). Sulfenate reduction then occurs
by different routes, depending on whether a second, resolving cysteine residue is required (2-Cys
Prxs) or not (1-Cys Prxs) for enzymatic activity.(”) Briefly, in 2-Cys Prxs the resolving Cys
reacts with the sulfenate at Cysp to form a disulfide bond, which is latter reduced by thioredoxin.
On the contrary, sulfenate in oxidized 1-Cys Prxs interacts directly with the reducing
substrate(s).”’? More recently, it has been demonstrated that oxidized forms of particular Prxs
promote specific signaling protein oxidations, allowing them to respond indirectly to increased

hydroperoxide concentrations.”’”
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We are particularly interested in the oxidizing part of the catalytic cycle, trying to contribute to
the understanding of a) the protein factors that make thiolates in Cysp of Prxs to react 10° -10’
faster with hydroperoxides than the thiolate in free cysteine (which represents the uncatalyzed
reaction); b) the variable oxidizing substrate specificities displayed by the different Prx
subfamilies. In general, peroxide-mediated thiolate oxidations occur through a nucleophilic
sustitution Sn2 mechanism.”” In the case of H,0; reduction by a model thiolate as well as by the
thiolate in Cysp of Prxs, the reaction occurs through a Sy2 mechanism accompanied by a proton

transfer from the proximal hydroperoxide oxygen atom (O,) to the distal oxygen (Og), yielding

water and sulfenate as products (Scheme 1).(1 819
5 A
Cys-S +/OA—OB — CyS-S'"""(i)A'""'OB —> Cys-5-0," + Hy0g
H H

Scheme 1. Reduction of H,O, by thiols.

The analysis of the crystallography structure of Prxs from different subfamilies co-crystallized
with H,O,, water or peroxide-mimicking compounds bound to the active site indicated that
transition state stabilization through a complex network of hydrogen bonds was the responsible
for the enhanced Cysp reactivity in Prxs.”” This was consistent with an important contribution of
decreased activation enthalpy to the enhanced rate of H,O, reduction by a model of Prx 2 and 3

. . 21
active 51tes,( )

as well as by the 1-Cys Prx alkyl hydroperoxide reductase E from Mycobacterium
tuberculosis (MtAhpE), compared to the uncatalyzed reaction.”® / The free energy profile of
the latter reaction obtained by QM/MM calculations allowed a description of the electrostatic
interactions and hydrogen bonds responsible for transition state stabilization at the atomic

level.”” Later on, QM/MM analysis indicated that in HsPrxV, enhancement of specific

nucleophilicity of the Cysp thiolate upon peroxide binding participate in catalysis of H,O,
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reduction.”” Tt is worth to note that, in spite of active site conservation, the rate constants of
H,0, reduction among Prx subfamilies (http://csb.wfu.edu/prex/)*> ? differ in several orders of
magnitude. Differences in reactivity could arise either from subtle differences in the catalytic
mechanisms (still to be identified) and/or from the existence of reactive or unreactive conformers
in rapid equilibrium in different proportions among the Prx subfamilies. Indeed, NMR indicated
that reduced PrxQ from Arabidopsis thaliana experienced rapid conformational changes that

could influence its activity.””

Low molecular weight thiolates as well as non-peroxidatic protein thiolates are more reactive
towards the peroxides with the lower leaving group pK,, i.e. that of the ROH formed as
product.”?” On the contrary, peroxide selectivity differs among Prx subfamilies. For example,
reported rate constants for H,O, and peroxynitrous acid reduction by thiolate in Cysp from the
Prx1-AhpC subfamily (typical 2-Cys Prxs) are similar or even higher for H,O,, in spite of nitrite
being a better leaving group than OH".“”” Moreover, HsPrxV reduction of peroxynitrous acid
is ~10° fold faster than H,O, reduction, in agreement with the above mentioned expected
tendency; however, reduction of artificial organic hydroperoxides tert-butyl hydroperoxide
(z-BuOOH) and cumene hydroperoxide (CumeneOOH) were much faster than expected
according to the corresponding alcohol pK,s.”* *” These organic hydroperoxides were also ~100
fold more reactive than H,O, with members of the thiol peroxidase (Tpx) subfamily.”? In both
HsPrxV and Tpx subfamilies, increased reactivities towards organic hydroperoxides have been
related to the presence of a hydrofobic collar of apolar side chains around their active site that

(35)

could better interact with these substrates,”~ as initially suggested from the crystallography

structure of HsPrxV that co-crystalized with benzoate in close proximity to the active site
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pocket.”” However, the molecular basis of the oxidizing substrate specificities in Prxs, as well

7)

as in other thiol-dependent peroxidases,”” are still unknown.

In the case of MtAhpE, that belongs to the AhpE Prx subfamily expressed in some bacteria,
reactivities with fatty acid hydroperoxides are extremely fast, with rate constants in the 10°
M's™ range, being 10°-10* fold higher than with H,0,.7* * Based on the reported structure of
the enzyme,””” we have previously suggested that a superficial hydrophobic groove present in
the intersubunit interface of the dimeric enzyme could facilitate the interaction of MtAhpE with

fatty acid hydroperoxides.®”

Herein, we present a combination of kinetics and equilibrium experiments combined with
classical and hybrid QM/MM computer simulations, in order to understand the hydroperoxide
selectivity of MtAhpE at the molecular level. Results confirmed the existence of a surface
exposed hydrophobic patch that could assist in properly locate fatty acid-derived hydroperoxides.
Moreover, we found that protein-substrate interaction significantly modifies protein dynamics,
probably favoring the anchorage of the enzyme in a reactive conformation. Although we
observed the same overall reaction mechanism for MtAhpE-dependent reduction of fatty acid
hydroperoxides as we previously reported for H,O,,”? thermodynamic activation parameters of
the reaction strongly differ between both oxidizing substrates and are consistent with an

important contribution of activation entropy to catalysis of fatty acid hydroperoxide oxidation.
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EXPERIMENTAL and COMPUTATIONAL PROCEDURES
Chemicals

I-anilino-8-naphthalene sulfonate (ANS) was from Molecular Probes. 1,4-dithiothreitol (DTT),
and diethylenetriaminepentaacetic acid (dtpa) were purchased from Sigma-Aldrich. 12S-
hydroperoxy-57,8Z,10E,14Z-eicosatetraenoic-5,6,8,9,11,12,14,15-d8 acid (12-HpETE), 4-
hydroxy-2E-nonenal (4-HNE), and 4-hydroperoxy-2E-nonenal (4-HpNE) were obtained from

Cayman Chemicals.
Protein expression and purification

MtAhpE (TB Data-base gene name Rv2238c) was expressed in Escherichia coli BL21(DE3)
(expression vector pDEST17) as a recombinant His-tagged protein and purified as previously
described.”” The concentration of the protein was determined spectrophotometrically at 280 nm,
using a molar absorption coefficient of 23,950 M'em™, calculated according to protein sequence
using the ProtParam tool in ExPASy,http://web.expasy.org/protparam/.*” All experiments were
performed in 100 mM sodium phosphate buffer plus 0.1 mM dtpa pH 7.4 and 25°C, unless

otherwise indicated.
Kinetic measurements of MtAhpE oxidation

The rate constants of MrAhpE oxidation by 4-HpNE and 12-HpETE were determined by
following the decrease in protein intrinsic fluorescence intensity (Aexe = 295 nm) that occurred
upon protein oxidation. Typically reduced MtAhpE (0.1 pM) was rapidly mixed with the
hydroperoxide in excess using a stopped-flow equipment (Applied Photophysics SX20) as

previously described.”¥ Observed rate constants of fluorescence decrease (kops) Were determined
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by fitting a single exponential function to the experimental data, and second-order rate constants
for the reactions were obtained from the slope of the plot of kys versus peroxide concentration.
Alternatively, second-order oxidation rate constants were determined by fitting the pseudo-first
order integrated rate equation to the whole data set. As 4-HpNE is an aldehyde which could react

as an electrophile with cysteine or other nucleophilic residues in proteins,*”

we performed
control experiments mixing M¢AhpE with 4-HNE. In order to obtain the thermodynamic
activation parameters of MtAhpE oxidation by 12-HpETE, the experiment was performed at four

different temperatures (ranging from 8°C to 25°C). Temperature range was limited to <25°C due

to the fact that reaction rates were too fast to be followed in our stopped-flow equipment (mixing
time < 1.1 ms) at higher temperatures, even using 0.1 uM enzyme and < 2 uM 12-HpETE.
Activation enthalpy (AH?) and entropy (AS¥) were obtained from the slope and intercepts of the

Eyring plot, respectively, using the Eyring equation.

ANS fluorimetric assays

Fluorescence measurements were performed using a Jasco FP-6500 spectrofluorometer ina 3 x 3
mm quartz cuvette. Both excitation and emission band-widths were set at 4 nm. Excitation was
performed at 295 nm to excite protein tryptophan (Trp) residues and/or 380 nm to excite ANS.
The Forster Resonance Energy Transfer (FRET) efficiency was determined by registering the
total fluorescence intensity of the Trp residues of MtAhpE (in the presence of 1| mM DTT) after
adding increasing concentration of ANS. The experiment was repeated at three different
concentrations of MtAhpE (1.5 uM, 3 uM and 8 puM). Assuming identical and independent

binding sites, the resulting relative decrease of total fluorescence can be described by:

F —1-Kg[AhpE]lrx—nK,[AhpE]r— J(1+Ka[AhpE]Tx +nK4[ARpE]r)2—4nKZ[AhpE]3x

1- "= T KoIARDET (equation 1)
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where F is the total fluorescence, Fy correspond to the fluorescence intensity of M¢tAhpE in the

absence of ANS, K, is the association constant, n is the stoichiometric coefficient of ANS per

[ANS]T

MtAhpE =
tAhpE monomer and x CARpELy

. This equation was initially fitted independently for each

MtAhpE concentration, and afterwards a global fit was performed (where equation 1 was fitted

to the whole set of data).

Docking and classical molecular dynamics

The crystal structure of MfAhpE dimer in the reduced state (PDBid: 1XXU)“” was used as
starting structure. Cysp (pKz= 5.2)"% was assumed to be in the reactive deprotonated form. The
system was solvated using a default method, with a octahedral box of 12 A in radius with TIP3P
water molecules.®” All used residue parameters correspond to the parm99 Amber force field,*”
except for the peroxides substrates, which were developed by a standard procedure: partial
charges were computed using the restricted electrostatic potential (RESP) recipe and DFT
electronic structure calculations with the PBE functional and dzvp basis set. Equilibrium
distances and angles, as well as force constants, were computed using the same methods and

basis set used for computed charges.

In order to obtain MtAhpE:peroxide complex initial structures, we performed a biased docking
experiment™ for the 15-HpETE substrate using the information previously obtained for the
interaction of H,O, within the enzyme active-site.”” Therefore, the position of the peroxide
moiety was fixed, and the rest of the molecule was docked and standard annealing was then
performed. Initial structures for M¢tAhpE:~-BuOOH and MtAhpE:4-HpNE complexes were then
obtained from seemingly well docked structures of MtAhpE:15-HpETE complex. All

simulations were performed using periodic boundary conditions with a 10 A cutoff and particle
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mesh Ewald (PME) summation method for treating the electrostatic interactions. The hydrogen
bond lengths were kept at their equilibrium distance by using the SHAKE algorithm, while
temperature and pressure were kept constant with a Langevin thermostat and barostat,
respectively, as implemented in the AMBERI2 program.”” In every case, the system was
optimized in 1000 steps (10 with steep gradient and the rest with conjugate gradient). Then, it
was slowly heated from 0 K to 300 K for 20 ps at constant pressure, with Berendsen thermostat,
and pressure was equilibrated at 1 bar for 5 ps. After these two steps, a 10 ns MD long
simulation at constant temperature (300 K) and constant volume was performed. Free molecular
dynamics at the NPT ensemble were performed for each substrate (i.e. 15-HpETE, 4-HpNE,
t-BuOOH and H,0;). Afterwards, two sets of 100 ns trajectories were performed in which a
“wall-like” restraint was applied, biasing sulfur atom and peroxidatic oxygen atom distance to be
less than 3.5 or 10 A. Binding free energy calculations were performed at the MM/GBSA
level,”? selecting 200 structures with a distance between reactive atoms of less than or equal to
3.5 A. The same set of structures was used to calculate the difference in solvent accessible
surface area (SASA) upon binding of the substrates, defined as:

ASASA = SASAy 1 5.ro0n — (SASA

MtAhpE

+ SA484,,,,;,) (equation 2)

Hybrid QM/MM simulations

QM/MM simulations were carried out using our own developed code®” *¥

with similar protocols
and parameters as were used previously.’® /) This scheme was constructed by partitioning the
system into QM and MM subsystems. The QM system consisted in the H;COOH moiety of
15-HpETE (two of the H atoms of the methyl group being the link atoms with the MM system)

together with Cysss (Cysp) and Arg e sidechains. We employed the scaled position link atom to

ACS Paragon Plus Environment

10



Page 11 of 33

©CoO~NOUTA,WNPE

Biochemistry

describe the QM/MM boundaries.”” For the QM region, computations were performed at the
generalized gradient approximation (GGA) level, using the PBE combination of exchange and
correlation functionals, with a dzvp basis set for the expansion of the one-electron orbitals. The
electronic density was also expanded in an auxiliary basis set and the coefficients for the fitting

were computed by minimizing the error in the Coulomb repulsion energy.

To explore reaction’s free energy and mechanism, we employed an umbrella sampling scheme,
choosing as reaction coordinate the difference between the O,—Op and the Sp—O, distances (see
Supplementary Information Table S2), which was sampled from -1.7 to 1.2 A, divided in 31
simulation windows, using harmonic potential constants of 200 kcal mol”" A The selection of
the QM region and the reaction coordinate, have been shown to provide a realistic representation
of the reaction mechanism in previous works."% 1Y Specifically, on the basis of structural and
energetic considerations, we have shown that water molecules are not directly involved in the
reaction. Initial configurations were generated from preliminary 2 ns classical equilibration runs
in which the solute was treated classically as a rigid moiety, followed by a 2 ps QM/MM MD
trajectory. For each window, QM/MM MD simulations were run for at least 10 ps. We employed
the Verlet algorithm to integrate Newton’s equations with a time step of 1 fs. During the
simulations, the temperature was held constant at 300 K using the Langevin thermostat. The free
energy profile was obtained using both simple reweighting and umbrella integration methods,””
with almost identical results. Statistical errors on activation and reaction free energies were

calculated as suggested by Kistner and coworkers.””

All dynamics visualizations and molecular drawings were performed with VMD 1.9.1 69
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RESULTS and DISCUSSION
Reduction of peroxides by MtAhpE

In order to evaluate whether the reactivity of fatty-acid derived hydroperoxides is dependent on
the length of the aliphatic tail, we determined the second order rate constant of the reduction of
4-HpNE by MrAhpE as was previously done for a variety of substrates.®® ** No reaction was
observed with 4-HNE within the characteristic time of oxidation by the hydroperoxide (see
Supplementary Information Figure S1). This is consistent with the fact that reactions of Cys
residues with this electrophile are much slower, and for instance, the oxidation rate constant of
the single free Cys in human serum albumin has been reported as 30 M's™.®? The time course
of enzyme’s intrinsic fluorescence change is shown in Figure 1 along with the dependence of the
observed rate constant with the concentration of hydroperoxide (inset). The resulting rate
constant was (6.0 + 0.1) x 10’ M s, 3-fold smaller than the one’s determined for 15 -HpETE,(39)
but 3~4 orders of magnitude larger compared to the reactivity of H,O, #-BuOOH or
CumeneOOH previously reported,®® * These data confirm the significant preference of
MtAhpE for this type of substrates, suggesting that the length of the aliphatic tail may play a key-
role in modulating the reactivity, being higher as longer is the carbon chain. Furthermore,
hydroperoxide position in the aliphatic tail seems not to be so important for reactivity, since
MtAhpE oxidation by 12- and 15-HpETE occurred at similar rates (Table 1). A comparison of

Cysp oxidation rate constant (kox) for a representative set of substrates is presented in Table 1.
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Figure 1. Kinetics of the oxidation of reduced MfAhpE (0.1 uM) by 4-HpNE. Stopped-flow

kinetics measurements were performed in 100 mM sodium phophate buffer plus 0.1 mM dtpa pH

7.4 and 25°C and single exponential functions were fitted to the experimental data. Values of ks

obtained from these fittings are plotted as a function of 4-HpNE concentration (inset).

Table 1. MtAhpE oxidation rate constants by various hydroperoxides.

Hydroperoxide

k(M's") pH 7.4, 25°C

Reference

HzOz

8.2x 10*

38

ONOOH

1.9x 10’

38

-BuOOH

8.0x 10°

39

CumeneOOH

4.0x 10

39

4-HpNE

6.0 x 10

This work

15-HpETE

1.8x10°

39

12-HpETE

3.5x 10°

This work

a-Linolenic acid hydroperoxides®

2.7x10°

39

“mixture of hydroperoxides formed from the lipoxygenase-catalyzed reaction
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At this point, it is interesting to compare thermodynamics activation parameters of the reaction
with fatty acid-derived hydroperoxides with those reported previously with H,0,.”” To achieve
this goal we have performed kinetics determinations at different temperatures. The results of the
temperature dependence of the rate constant of MtAhpE oxidation by 12-HpETE are shown in
Figure 2. In Table 2 we report the thermodynamics activation parameters obtained by Eyring’s
analysis of the data, compared with those ones determined previously for H,O,. Interestingly, the
net decrease in AG” for alkyl hydroperoxides is due to an entropic effect, which overcompensates
the larger values observed for AH compared to H,O,. This is probably due to a subtle interplay
among changes in protein-hydroperoxide interactions, protein dynamics (see below) and solvent

effects.

500
4504
400 A
350

14.00 —~ 300

a q
3 250+

2004
150+
13751 w0l
50

0 T T T T T T T T T T
02 04 06 08 10 12 14 16 18 20
— 13.504 [12-HpETE] (uM)

In (k /

13.25

13.00 1

0.0(3335 0.06340 0.0(5345 0.0(;350 0.06355 0.00|360
1T (K')
Figure 2. Determination of activation parameters of MtAhpE oxidation by 12-HpETE. The
activation parameters were calculated from Eyring plots of the rate constants obtained at
different temperatures (mean values + SD from 3 different experiments). Inset: kqps (s) as a

function of 12-HpETE concentration at T=7.7°C (m), 15°C (A), 18.9°C () and 25°C (¢), as

obtained in one independent experiment that was repeated three times with very similar results.
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Table 2. Comparison of thermodynamics activation parameters of M¢tAhpE oxidation by H,O,
and arachidonic acid derived hydroperoxide, obtained by temperature dependence Eyring’s

analysis.

Hydroperoxide AH (kcal/mol) AS” (cal/Kmol) AG (kcal/mol)*

H,0,° 48+0.5 -191+1.9 10.5

12-HpETE 82+0.3 8.0+ 1.0 5.8

# calculated at 25°C
b taken from reference 19

Hydrophobic patch characterization

A structural and dynamical characterization of the reduced MtAhpE shows an exposed
hydrophobic region at the dimer interface, comprising non-polar sidechains from both subunits,
which were pointed out as possible substrate interaction partners in the Michaelis complex,
locating the peroxide in a reactive conformation.®” In order to characterize this patch, we
analyzed the interaction of the reduced enzyme with ANS.?* ¥ The use of this fluorescent probe
has provided valuable information about the existence of hydrophobic pockets accessible from
the solvent and with a nearby positive charge.”” These binding sites promote the increase of
ANS quantum yield with a concomitant blue shift of this emission. Among native proteins that
exhibit this behavior, we can mention membrane proteins and a few water soluble fatty acid (or
other hydrophobic ligands) binding proteins.”® >” We observed intrinsic fluorescence quenching
with increasing amounts of ANS (Figure 3, inset) with the concomitant increase of ANS
fluorescent quantum yield (see Supplementary Information Figure S2), both phenomena being
dependent on ANS concentration. We used these properties to determine binding parameters for

this interaction as described in Methods. Figure 3 shows the binding curves at three different
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protein concentrations and the fitting of equation 1 to the experimental data. No significant
differences were observed between the fittings to each series of data separately, and to the whole

data set in a 3D global fitting (see Supplementary Information Table S1).

0.8

= 0.6 3
o @
B g
[
— 0.4 @
<
3
(=]
i 50
0.2
0 24 K 30 30
Wavelength (nm)
0.0 T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

[ANS] /[MtAhpE]

Figure 3. ANS binding isotherm using tryptophan FRET. Binding curves were determined at
25°C and pH 7.4. MtAhpE 1.5 uM (m), 3 uM (e®) and 8 uM (A), was incubated with increasing
amounts of ANS. Total dilution was kept below 15%. Tryptophan quantum yield decrease was
observed with Aee = 295 nm and registering spectra between 305 and 400 nm as shown in the
inset. Relative decrease of total fluorescence is plotted against [ANS]r/[MtAhpE]r. Equation 1
was fitted to the experimental data, with global fitting parameters values of n = 1.04 = 0.01 and
K, = (0.16 £ 0.02) uM'l. The inset shows protein emission spectra for different ANS

concentrations. The arrow indicates an increase of ANS concentration.

Analysis of binding curves shows a stoichiometry of one ANS equivalent per enzyme monomer
with a thermodynamic association constant of (0.16 + 0.02) pM™. These results confirm the
presence of one exposed hydrophobic patch. Furthermore, the measured association constant is

in the order of fatty acid binding proteins such as bovine serum albumin (0.32 pM™),”” but does
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not lay within the range of values usually attributed to the binding of ANS to molten globule-like

states (1-5 x 102 uM™),®¥ strongly suggesting the presence of a well-defined binding site.

Substrate interaction with MtAhpE

To obtain additional microscopic insights regarding the interaction of different substrates (i.e.
H,0,, t-BuOOH, 4-HpNE and 15-HpETE) with the enzyme, we have employed a combination of
docking and classical MD simulations. Specifically, we have performed 100 ns MD simulations,
after a biased molecular docking to obtain the complexes starting structures as was described
above. Peroxynitrous acid was not included in this comparative analysis as we have shown that
the chemistry and reactivity of this peroxide could be somehow different compared to those
tested herein.*” As previously examined for HzOz,(l ? in the Michaelis complex, the peroxide
group interacts directly with different structural elements of the enzyme's active site, producing a
complex hydrogen bond network mainly involving reactive Cysss, Thry, and Arg;js. These
interactions locate the electrophilic O4 in very close contact with the nucleophile (Sp), which was
observed for the different substrates. Nonetheless, the non-reactive part of the longer chain
substrates interacting with the enzyme, may also play an important role in the differential
reactivity observed (consistent with the so called "Circe effect" initially described by Jencks
when analyzing the catalytic mechanisms of enzymes).(60‘62) Moreover, as the reactivity
correlates with the length of the aliphatic chain of the hydroperoxides, we analyzed how this
structural fact could modify substrate’s interaction. A comparison of the behavior of these

hydroperoxides is presented in Figure 4.
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Figure 4. Interaction between MfAhpE and different hydroperoxides. a) Reactive sulfur-oxygen
distance distributions for different substrates. Normalized number of counts obtained from 100
ns long MDs, are plotted against Sp-O, distance. Results for 15-HpETE, 4-HpNE, /~-BuOOH and
H,0, are depicted in black, red, blue and green lines respectively. b) MM/GBSA s binding free
energy in kcal mol™ (black bars, left axis) and calculated ASASA in A? (gray bars, right axis) are

shown. Average values and standard deviation were calculated from a set of 200 structures.

The Sp-O4 distance distribution is depicted in Figure 4a. Although all considered hydroperoxides
show a probability maximum at about 3 A, which is the reactive distance for this pair in the
Michaelis complex, both 15-HpETE and 4-HpNE present very sharp distributions, with almost
null frequency for any other distance longer than 3.5 A, while smaller hydroperoxides such as
H,0,; and --BuOOH were likely to sample other non-reactive complexes conformations. This is
mostly due to the collective interaction of the long aliphatic tail of 4-HpNE and 15-HpETE with
the hydrophobic groove of MtAhpE, which allows the peroxide group to tightly place into the
active site. To further quantify this phenomena, we calculated binding free energies with the
MM/GBSA scheme.”” Even if the value itself may exhibit systematic errors, typically
overestimated predictions, comparison of values for the same system with different substrates are

meaningful.®” Results show that binding free energies are 5 and 7 times larger for 4-HpNE and
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15-HpETE than for H,O,, respectively (Figure 4b). Furthermore, as expected for this kind of
collective hydrophobic interactions, the binding free energy correlates with surface area which is

buried from water upon binding (ASASA, Figure 4b).

MtAhpE’s Cysp is located at the N-terminus of helix o2, which place the sulfur atom
approximately 10 A away from the intersubunit interface of the dimer. As described by Li et
al.,”” this interface is characterized by a series of hydrophobic interactions between residues
from both subunits. Furthermore, the interface region nearby Cysp presents several non-polar
residues, giving place to the previously mentioned surface exposed hydrophobic patch. The
structural and dynamical analysis of 4-HpNE and 15-HpETE interaction with the protein shows
how the aliphatic carbon chains smoothly accommodate within the patch, maintaining numerous
contacts with non-polar residues as Ile;3, Pross and Leusg from Cysp subunit and Pros, Pross and
Pheys from the second subunit (Figure 5). The proximity between this hydrophobic region and
Cysp allows this kind of substrates to lay most of their aliphatic carbon chains over the patch,

supporting the direct interaction of the peroxide group with the reactive thiolate group.

In the structure of other members of the Prx family, such as PrxV and Tpx, a series of apolar
residues surrounding the Cysp (the so called hydrophobic collar) have been identified and

¥ accounting for the ~10'-10* times

postulated to confer selectivity for organic hydroperoxides,”
faster reaction of these enzymes with model organic peroxides like --BuOOH or CumeneOOH
than with H,0,.7* * This is not the case for MtAhpE, as the selectivity seems to be directed to
long chain fatty acid derived peroxides and not model organic peroxides (see Table 1), due to the

presence of the before mentioned hydrophobic patch, that involves apolar residues from the

vicinity of Cyspup to ~15 A away.
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Figure 5. Typical snapshot of the MtAhpE:15-HpETE complex obtained by MD. Up: The
molecular surface of reduced MtAhpE is colored according to residue type (blue, basic; red,
acidic; green, polar; white, nonpolar) and Cysp (Cysss) is shown in yellow. Carbon atom of
15-HpETE are shown in cyan and oxygen ones in red. Down: Two detailed views of the
interaction of the substrate within the hydrophobic groove. Important protein non-polar residues
in the dimer interface are shown colored according to their identity. Only hydroperoxide's

hydrogen atom is shown for clarity.
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Besides locating the substrate in a reactive conformation, the interaction of fatty acid derived
hydroperoxides with the previously described hydrophobic patch, affects the dynamical behavior
of the enzyme. Figure 6 shows per residue root mean square fluctuations (rmsf) for the free
protein, and the MtAhpE:H,0O, and MtAhpE:15-HpETE complexes. Residues mean fluctuations
in the free system and in the complex with H,O, are very similar, except for subtle changes
including the reduction of mobility of some residues surrounding Cysp (residues 43-55 of subunit
A). However, upon binding of 15-HpETE, significant changes are observed, not only involving
the environment of Cysp, which gets much more motionless, but also the decrease in flexibility
of core parts of the enzyme like the central mixed B-sheet system, mostly B3 (Figure 6 top, blue

areas), suggesting that this interaction significantly modifies dynamical aspects.

.w//,

‘/J Jv%‘ )
\ p

'l

subunit B subunitA ™

2,5- —free MtAhpE 2,5
—MtAhpE:H,0, complex
— MtAhpE:15-HpETE complex

residue number

Figure 6. Protein fluctuation analysis. Down: root mean square fluctuations (rmsf) are plotted in
a per residue basis for both dimer subunits for free MtAhpE (black), MtAhpE:H,0,; (red) and
MtAhpE:15-HpETE (green). Top: the structure of the dimer is colored from red (positive values)

to blue (negative values) of the difference MtAhpE:15-HpETE ,,s¢ — free MtAhpE st
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It is worth to notice that some changes are also appreciable in subunit B upon binding of
15-HpETE, which is not surprising as the hydrophobic patch involves residues from both
subunits. The fluctuation behavior of subunit B is much more complex, as it did not show a
general reduction of its mobility after binding such as subunit A, but some residues gain
significant flexibility. This fact is related to the asymmetry between subunits frequently present

in this kind of homo-oligomeric systems, as was previously discussed in Prxs.®*¥

Reaction mechanism

Classical MD simulations afford valuable details regarding enzyme-substrate interaction, but
cannot describe the reactive process. In order to do so, we have resorted to more sophisticated
state of the art QM/MM simulations. Specifically, the molecular basis of the oxidation reaction
of MtAhpE by 15-HpETE were studied by QM/MM molecular dynamics simulations, using the
umbrella sampling method in order to determine the free energy profile of the process as
described above (Figure 7). This methodology was previously tested in similar systems, both in
solution and catalyzed reactions.”* 1t is worth to notice that the estimation of the statistical

error for activation and reaction free energies”” of about ~1 kcal mol !, represents the error

associated with the free energy profile determination. These errors may be underestimated due to
incomplete sampling. However, our protocol includes a 2 ns long classical simulation before
each QM/MM sampling window, which alleviates the sampling errors of typically too short
QM/MM simulations. Representations of the reactant, transition and product states (rs, ts and ps)
are depicted in Figure 8 (see Supplementary Information for details on the determined geometric

parameters in Table S2 and a 3D animation of the trajectory of the reaction path).
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The reaction is exergonic, with a reaction free energy change of (-35 + 1) kcal mol™, in
agreement with previously reported information for catalyzed and uncatalyzed reactions with
other hydroperoxides.”® '’ The activation free energy of (11 + 1) kcal mol™, resulted 3 kcal
mol™! lower than the obtained with the same methodology for H202,(19) consistent with the
experimentally determined AAG? (see Table 2). This suggests that not only the formation of the
complex may be important to explain this differential reactivity, but the reactive process after

complex formation, may also present significant differences in terms of free energy barriers.

20

Free energy (kcal/mol)

30

B PR IR B B R IR S
40-2 -1,5 -1 -0,5 0 0,5 1 1,5

reaction coordinate (A)

Figure 7. Free energy profile of the reduction of 15-HpETE by MtAhpE obtained by QM/MM
umbrella sampling. The QM subsystem is presented; link hydrogen atoms are shown in orange.
The reaction coordinate was defined as the difference between the O-Og distance and the Sp-Op

distance, and was sampled from -1.7 to 1.2 A.

The rs is characterized by the peroxide group interacting with active site residues via hydrogen

bonds, mainly Thrs,, Cysss and Argjie, as has been determined for various members of the

(20, 69) A

protein family by crystallographic studies. reaction proceeds, the O-O peroxide bond

enlarges with a concomitant continuous alignment of Og, O4 and Sp atoms, until reaching the #s,
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where the Op-Oa-Sp angle is practically 180°, the O-O bond is 0.6 A longer and Sp-Op
distance is 0.4 A shorter. At the s, the complex hydrogen bond network is subtly redefined. The
main difference is the establishment of a strong hydrogen bond interaction between Thrs; and Ox
(see Figure 8 and Supplementary Information Table S2). As previously discussed, the numerous

interactions that are present in this s, are capable to stabilize this state in comparison with its

(20, 70)

homologue in aqueous solution.
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Figure 8. Upper panels: representative snapshots of reactants (rs), transition state (ts) and
products (ps) for the reduction of 15-HpETE by MtAhpE, obtained by umbrella sampling
QM/MM simulations. Besides the reactive Cys (Cysass) and the peroxide, the whole active site is
shown, and relevant hydrogen bonds interactions are depicted. Lower panels: magnified views of

the three states, where relevant distances are indicated.
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Additionally, we also observe for this fatty acid-derived hydroperoxide, the same overall reaction
mechanism reported for the reduction of H,O, both in solution and by Prxs (the same sequence

of covalent bond breaking and forming events),’®

which involves a proton transfer from Oy, to
Og that occurs after transition state. As a result, the ps shows the oxidized reactive Cysys in the
unprotonated form of sulfenic acid (Cysp.so)) and the protonated form of the corresponding
arachidonic derived alcohol (Figure 8). The fact that the overall reduction mechanism for these
kind of substrates is the same as the one described for H202,(1 9 agrees with the idea that the

enzyme differential reactivity towards different peroxides is due to the influence of the “non-

reactive” part of the substrate, that may affect the dynamical properties of the enzyme (Figure 6).

CONCLUSIONS

We present an integrated experimental and theoretical study on the basis of comparative
peroxide reduction by AhpE, the 1-Cys Prx from Mycobacterium tuberculosis. As described

before, ¥

we confirmed that this enzyme present a clear preference for fatty acid- derived
hydroperoxides, that could be endogenously generated by lipid peroxidation reactions through
fatty acid-derived free radical production and propagation,”” " or by lipoxygenase-catalyzed
reactions.”” A comparison of the activation parameters experimentally determined using
different kind of substrates indicated that increased activation entropy is a major contributor to
the faster reactivity of fatty acid hydroperoxides compared with H,O,. Furthermore, QM/MM
calculations indicated that the overall mechanism of the reduction for the former substrates is the
same as for H,O,, so the main reason of MtAhpE specificity towards fatty acid hydroperoxides is

that the substrate is anchored close to the enzyme’s active site via a hydrophobic interaction

between the aliphatic sidechain and a hydrophobic patch at the entrance of the active site.

ACS Paragon Plus Environment

25



©CoO~NOUTA,WNPE

Biochemistry

ANS flourimetric assays confirmed the presence of this surface exposed hydrophobic patch. The
presence of this groove together with the properties of the aliphatic carbon chains of fatty acids,
explains how these substrates can interact with the enzyme in a specific way, which
accommodates the peroxide moiety into the active site, in a reactive position towards the thiolate
group of Cysp. Moreover, this interaction significantly modifies protein dynamics, restricting

active site’s residues mobility, which might contribute to the increased catalytic efficiency.

Unfortunately, it has not been possible to measure peroxide binding for Prx systems (with the

(74)

exception of a recent work on Salmonella typhimurium AhpC),”” probably because the

protein-substrate complex association is the rate limiting step during protein oxidation (i.e. the
complex rapidly evolves to oxidized enzyme) under the considered experimental conditions.””
However, computational simulations results suggest that both substrate binding and intrinsic
reactivity are affected when going from H,O, to fatty acid hydroperoxides. Specifically,

computed binding free energies are indicative of tighter interactions, while the reaction free

energy profiles are consistent with a greater reactivity of the latter substrates.

Prxs family exhibits a complex behavior in terms of substrate selectivity, with some members
being more reactive towards H,0,, peroxynitrite or organic hydroperoxides.”” Even though
great progress has been made on the description of Prxs structure and function, the molecular
basis underlying this variability, meaning how substrate’s and protein’s chemical properties
could affect their reactivity, remains unclear. This study represents new insights on the
understanding of the molecular factors that determines oxidizing substrate selectivity in this

protein family.
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Prx, peroxiredoxin; Cys, L-cysteine; CysSOH, cysteine sulfenic acid; CysP, peroxidatic cysteine;
ROS, reactive oxygen species; dtpa, diethylenetriaminepentaacetic acid; ANS, 1-anilino-8-
naphthalene  sulfonate; DTT, 1,4-dithiothreitol; arachidonic acid, 5Z,8Z,11Z,14Z-
eicosatetraenoic acid; 12-HpETE, 12S-hydroperoxy-57,8Z,10E,14Z-eicosatetraenoic-
5,6,8,9,11,12,14,15-d8 acid; 15-HpETE, 15S-hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid;
t-BuOOH, tert-butylhydroperoxide; CumeneOOH: cumene hydroperoxide; 4-HNE, 4-hydroxy-
2E-nonenal;4-HpNE, 4-hydroperoxy-2E-nonenal ; DFT, density functional theory; QM, quantum
mechanics; MM, molecular mechanics; MD, molecular dynamics; RMSF, root mean square

fluctuation.
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