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ABSTRACT: Myoglobin (Mb) and hemoglobin have the biological
ability to carry/store oxygen (O,), a property which requires its heme
iron atom to be in the ferrous -Fe(II)- state. However, the
thermodynamically stable state in the presence of O, is Fe(IlI) and
thus the oxidation rate of a globin is a critical parameter related to its
function. Mb has been extensively studied and many mutants have been
characterized regarding its oxygen mediated oxidation (i.e., autoxidation)
rates. Site directed mutants in residues 29 (B10), which shapes the distal
cavity, and 64 (E7), the well-known histidine gate, have been shown to
display a wide range of autoxidation rate constants. In this work, we have
thoroughly studied the mechanism underlying the autoxidation process
by means of state-of-the-art computer simulation methodologies, using
Mb and site directed mutants as benchmark cases. Our results explain
the observed autoxidation rate tendencies in different variants of Mb,

L29F < wt < L29A = H64Q < H64F < H64A, and shed light on several aspects of the reaction at the atomic level. First, water
access to the distal pocket is a key event and the observed acid catalysis relies on HisE7 protonation and opening of the His gate
to allow water access, rather than protonation of the oxy heme itself. Our results also suggest that the basic mechanism, i.e.,
superoxide displacement by hydroxide anion, is energetically more feasible. Finally, we confirmed that distal hydrogen bonds

protect the oxy complex from autoxidation.

B INTRODUCTION

In mammals, myoglobin (Mb) has an important physiological
role in skeletal muscle and heart muscle cells which is to store
and transport oxygen (O,) from the sarcolemma to the
mitochondrion allowing efficient work of the respiratory
electron transfer chain.' The oxidation state of the heme iron
is crucial for this function since oxygen only binds to the
ferrous heme —Fe(II)—. Interestingly, for most if not all heme
proteins the thermodynamically stable state is the ferric heme
—Fe(IlI)—. Thereby, in the presence of oxygen (i.e., air) heme
proteins, including Mb, become oxidized in a process known as
autoxidation. This reaction occurs spontaneously in physio-
logical conditions and cells rereduce Mb, as well as hemoglobin,
actively.”* Similar behavior is observed in many heme proteins,
especially globins from numerous organisms, which require a
ferrous heme to fulfill their task. Thus, avoiding heme
autoxidation is critical for their normal function. In addition,
Mb autoxidation has been recently reported to play a key role
in myocardial ischemia reperfusion.”

Physiologically, the autoxidation process is kinetically
controlled. First kinetic measurements showed that under low
oxygen pressure the autoxidation rate is first order in oxygen
concentration/pressure. However, it becomes independent of
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oxygen concentration at po, values around pg, (which is the

oxygen pressure required to half load the protein with it),
strongly suggesting that autoxidation requires the formation of
a ferrous oxyheme. Kinetically, the process is thus usually
characterized by the autoxidation rate constant (k) which is
the first order rate constant of the process at saturating oxygen

pressure (po, > pso).” " The resulting rates have been shown to

be strongly dependent on the Mb source (ie. residue
composition)”'® as well as on temperature and pH."' For
sperm whale wild type (wt) Mb, k,, shows a strong “V” shaped
pH dependence, increasing ca. 3 orders of magnitude from the
minimum at pH 9 to pH S and about 150 times from pH 9 to
pH 12."> This shape of the pH dependence is shown in most
studied globin cases, although with variations in the increasing
rate. In some cases, loss of either the acid or basic effect is
observed, as in the case of denatured bovine heart Mb, where
there is no rate increase at acidic pH values.'>
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Scheme 1. Possible Reactions for Oxygen-Mediated Heme Oxidation
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A systematic analysis on how the protein matrix modulates
autoxidation rate was also performed using site directed
mutants. Mutations that alter the size of the distal pocket
(DP) by changing Leu at position 29 (LeuB10) to smaller
(L29A) or larger (L29F) hydrophobic residues have shown a
significant impact on k., with larger DP showing higher rates."®
The role of the key His64(E7) residue, which is directly
involved in heme bound O, stabilization, has also been
explored extensively and experimental determinations for the
H64A, H64Q, and H64F mutants have been reported.>'*
Interestingly, the values are in all cases larger than those
reported for the wt protein, with the alanine mutant displaying
an extremely fast autoxidation rate'* (see Table 3).

The mentioned studies led to several proposals of the
underlying mechanism of heme protein autoxidation, presented
in Scheme 1. In contrast to iron porphyrins in solution, for
which the process is thought to involve a y-oxo dimer," in
proteins the reaction starts with the oxy form of the heme and
necessarily involves release and/or displacement of a super-
oxide (O,7) type of ligand. The “V” shaped pH dependence
suggested that both acid and base mediated mechanism could
be operative. In the first case, protonation of bound oxy—heme
results in a Fe(Il[)-OOH complex, that releases a neutral
superoxide radical (OOH-) and possibly binds water forming
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the readily observed Fe(Ill)—aquo complex'® (reaction 1 in
Scheme 1). In the base promoted mechanism, the OH™ anion
displaces the iron bound superoxide anion (O,”) forming a
ferric hydroxo complex'"'” (reaction 2 in Scheme 1). Support
for this mechanism also comes from studies using other anions
to displace the superoxide which show a positive correlation
between the observed rate constant and the conjugated acid
pK,."” The acid enhanced mechanism is tightly related to the
presence of HisE7, since only proteins bearing this residue
show strong proton-catalysis.

In order to shed light on the molecular basis of the possible
autoxidation pathways, we decided to perform a detailed study
of the processes using a combination of quantum mechanics
(QM), molecular dynamics (MD), and hybrid quantum
mechanics/molecular mechanics (QM/MM) computer simu-
lation methodologies, taking Mb as the benchmark protein. For
this sake, we studied the intrinsic energetics of the reaction in
an isolated heme model in vacuum and systematically analyzed
the oxy—heme structure and dynamics for wt Mb and five
single mutants that either change the DP size or the key HE7
residue. The effects of these mutated residues on the
autoxidation reaction energetics were also analyzed. Our results
show that superoxide displacement by nucleophiles is more
likely to be operative compared to oxy—heme protonation. In
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addition, the autoxidation rate is enhanced by distal pocket
solvation and prevented by the presence of hydrogen bonding
interactions between the protein matrix and the bound oxygen
ligand. Finally, we show that most of the observed acid catalysis
is related to HisE7 opening motion and not to its proton relay
capabilities.

B THEORETICAL METHODS

Classical Molecular Dynamics Simulations. Each initial
structure was built starting with the X-ray model deposited in
the Protein Data Bank (PDB) database under the code 1IMBO,
which corresponds to the sperm whale myoglobin (Mb) in the
presence of O, as a ligand bound to the heme Fe atom. Distal
histidine E7 (H64) was considered protonated in Ne, (HIE
form) and the proximal histidine was protonated in the N§;
(HID form) and bonded to the heme Fe atom.

The model was fully solvated with an octahedral box of
TIP3P water model with periodic boundary conditions. The
molecular dynamics (MD) simulations were performed using
Amberl1 program package.'® The structure was subjected to a
3-stage protocol before production run: first, side chains
optimization with backbone fixed; second, thermalization with a
Berendsen thermostat at constant volume until a constant
temperature of 300 K was reached; and third, equilibration at
constant temperature (300 K) and pressure (1 atm, isotropic
position scaling algorithm) to adjust final density. Finally, 100
ns of MD simulation were performed with a time step of 2 fs
under the NPT ensemble (constant number of particles,
pressure and temperature). A total of 10 000 frames were saved
to represent the system movement along the whole simulation
time.

Heme parameters for the MD simulations were obtained
from QM calculations of the corresponding porphyrin-ligand in
vacuum, in combination with a charge fitting procedure and
careful calibration with experimental data. The force field
parameters are available as Supporting Information and key
parameters are shown in Tables S1 and S2. They have been
thoroughly validated and used by our group in a wide variety of
heme proteins displaying different distal environments."

In preliminary runs of SO ns, the His64 remained tightly
bound through an hydrogen bond to the O, along the time
scale of the MD simulations. Thus, a restraint to the dihedral
angle of its side chain was imposed to remain fixed around 160°
(open conformation) instead of 60° (closed conformation) in
order to let water molecules enter the distal pocket. In this way,
our simulations sampled adequately the situation in which
water can access the distal cavity.

We have also computed the free energy profiles for this
histidine opening motion using umbrella sampling. The chosen
reaction coordinate was the dihedral angle C—Ca—Cp—Cy
which was set in 60° for the closed conformation and in 160°
for the open state. This 100° range was swept in 10 consecutive
windows, with symmetric hardness for both sides that ensured
an adequate overlapping of the resulting histograms of position
frequency.

Radial Pair Distribution Function and Its Integration.
The radial pair distribution function, g(r), was centered in the
distal atom of the O, molecule bound to the heme Fe atom.
Water molecules were monitored by its oxygen atom. The
increment was set in 0.1 A and the distance range was 0—30 A.
Finally, a standard normalization procedure was employed. The
integration of the g(r) was calculated along the whole range
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sampled. The useful range of this calculation was established up
to the first valley after the first peak, ca. 4 A.

pK, Calculations through Constant pH Molecular
Dynamics. pK, calculations were done for wt, L29A, and
L29F Mb. Initial structures were taken from their respective
MD equilibrated structure with implicit water. Special attention
was paid to the HisE7 (closed conformation). All water
molecules were removed from the initial structures and an
implicit solvation water model was used (the modified
generalized Born model developed by Onufriev, Bashford,
and Case”). To keep tertiary structure, a positional restraint of
1 kcal/A was applied on the Ca atoms during the time scale of
the simulation. The constant pH method implemented in
sander (Amber package) addresses these issues through Monte
Carlo sampling of the Boltzmann distribution of protonation
states concurrent with the molecular dynamics simulation.”!
The nature of the distribution is affected by solvent pH, which
is set as an external parameter. Residue protonation states are
changed by changing the partial charges on the atoms of the
protonable residue. Steepest descent algorithm was used for
1000 minimization steps. The systems were heated up gently
from 0 to 300 K in 0.2 ns. The motion equations were
integrated with a 2 fs step with a nonbonded cutoff of 40 A.
Three ns of MD simulation at 300 K were done for each of the
8 studied pH (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5). From
each pH simulation, the probability (0 to 1) of having the
HisE7 residue with a positive charge was obtained. These values
were plotted against pH. The pK, value was extracted from the
extrapolation at probability of 0.5. The method was successfully
used in previous works from our group.”

Electronic Structure Calculations: Quantum and QM/
MM Methods. The model systems for electronic structure
calculations were defined as a porphyrin core without side
chains, a coordinated imidazole and the corresponding bound
ligand. VMD? program was used for their preparation. Starting
structures for QM/MM calculations were taken from the
corresponding classical MD simulations, after slowly (200 ps)
cooling of selected snapshots to 0 K.

All QM/MM calculations were optimizations performed with
a conjugate gradient algorithm, at the DFT level using the
SIESTA code with our own QM/MM implementation called
Hybrid** In this method, the quantum and the molecular
mechanics subsystems are combined through a hybrid
Hamiltonian introducing a modification of the Hartree
potential and a QM/MM coupling term. The classical
environment affects the electronic density in a self-consistent
fashion due to the addition of the classical point charge
potential to the Hartree potential. The coupling term has two
main contributions representing the electrostatic interaction
between the electrons and nuclei, defining the QM charge
density with the classical point charge, and an additional term
corresponding to the van der Waals and short-range repulsive
interactions between the atoms in the quantum and classical
regions through a 6-12 Lennard-Jones potential** For all
atoms, basis sets of double-{ plus polarization quality were
employed and all calculations were performed using the
generalized gradient approximation functional proposed by
Perdew, Burke and Ernzerhof (PBE).”® Only residues located
within 10 A from the heme reactive center were allowed to
move freely in the QM/MM runs. The interface between the
QM and MM portions of the system was treated with the
scaled position link atom method. For all systems studied, the
spin-unrestricted approximation was used. The different QM
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Table 1. Energy Changes Associated to Reactions 1 (* Second Step Only), 2 and 3 Shown in Scheme 1 and Proton Affinities for

Heme-Bound Oxy and Hydroxy Complexes”

reaction

AE (kcal/mol)

1* 3[ImFe(I1)O,H]* + H,0 — *[ImFe(Il)OH,]* + O,H° +162
2 [ImFe(11)O,] + OH™ — *[ImFe(1l)OH] + O,™* —-13.0
3 ImFe(I1)0,] + H,0 — }ImFe(Il))OH] + O,H" +24.9
reaction proton affinities (kcal/mol)
[ImFe(1)O,] + H* — [ImFe(Il))O,H]* —237
[ImFe(Il))OH] + H* — [ImFe(IlI)OH,]* —245

“The left superscript number refers to the species spin multiplicity.

subsystems included the heme group (without side chains), the
heme ligand (depending on the species to be simulated in each
case) and the imidazole group of the proximal histidine. The
rest of the protein unit and water molecules were treated
classically. QM/MM methods have been successfully applied
for the study of heme proteins. Particularly, the Hybrid method
showed excellent performance for medium and large systems,
and was proven to be appropriate for biomolecules, specifically
heme proteins, as shown by several works from our
group.' 2627 For the model studies in vacuum, the same
SIESTA (PBE) calculations as above-described were used.

Finally, while analyzing the proton relay mechanism for the
HisE7 residue, a restrained optimization QM/MM method was
applied to test the proton transfer from the water solvent to the
oxy heme through HisE7. We computed the potential energy
profile by using energy minimizations along the reaction path
between reactant and product states.”**”** For this approach,
an additional term, V(&) = k(¢ — &,)% was added to the
potential energy, where k is an adjustable force constant (set to
be 200 kcal/mol-A? here) and &, is a reference value, which was
varied stepwise along the reaction coordinate. By varying &, the
system is forced to follow the minimum energy reaction path
along the given coordinate. To avoid possible hysteresis
problems in the reaction coordinate scan due to accidental
changes in the MM part of the system, a distance cutoff of 10 A
was used, this only allows MM atoms that close to the QM
active site to move during the scan.

B RESULTS

1. QM Calculations of the Autoxidation Mechanism in
a Heme Model in Vacuum. We begin our study performing
an analysis of the basic reactions involving oxygen mediated
heme oxidation, using as a model system an isolated imidazole
coordinated iron porphyrin (ImFe) in vacuum. This system has
been extensively used as a histidine coordinated heme protein
model.'”?*%*”?? The autoxidation reaction can be understood in
relation with the two already mentioned acid and base
mediated cases, as described respectively by reactions 1 and 2
shown in Scheme 1.

In the first case (reaction 1), the key step is the protonation
of the oxy—heme to yield what can be possibly described as a
ferric neutral superoxo bound heme, which upon release of the
hydrogen superoxide and coordination of water yields a ferric
water coordinated heme. In solution, hydroperoxyl radical (pK,
= 4.8) releases the proton to yield the expected superoxide
radical anion (O,™). In the base catalyzed reaction (reaction
2), an hydroxyl anion is proposed to displace a superoxide
anion from the heme, a process that possibly involves an oxy—
heme electronic redistribution and spin transition to a ferric
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superoxo state. A third possibility (reaction 3 shown in Scheme
1) can be envisaged combining both limiting cases. Here, a
water molecule transfers the proton to the oxy—heme to yield
the ferric heme bound to hydrogen superoxide, which is
subsequently displaced by the hydroxyl group.

1.1. Autoxidation Reaction Energetics. We computed the
energy changes associated with all three reactions shown in
Scheme 1 in vacuum (Table 1). For reaction 1, however, only
the second step is computed (displacement of the O,H by
water), since the first step (proton transfer) involves changing
the charge of the porphyrin and the ligand and yields unrealistic
absolute results in vacuum. Reaction 2, related to base catalysis,
is the only exoergic case by —13.0 kcal/mol. The second step of
reaction 1 and reaction 3 are both endoergic, displaying values
of 16.2 and 24.9 kcal/mol, respectively. The comparison thus
shows that water is possibly too weak as a nucleophile to
displace the neutral superoxide and a stronger nucleophile such
as the hydroxyl group is needed. However, the fact that reaction
3 is endoergic also suggests that the hydroxyl anion displacing
force is not enough to compensate the proton transfer from a
water molecule to the bound species and that protonation of
the oxy heme is quite unfavorable.

1.2. Proton Affinities. The first step of reaction 1
corresponds, as already mentioned, to a proton transfer
reaction and it can be understood by analyzing the pK, of
the reacting groups. Although computing accurate pK,s of
heme bound ligands is extremely difficult and, as mentioned
above, energy calculations for reactions involving change in the
total charge of the porphyrin may yield unreliable absolute
values, we can analyze some trends by computing and
comparing the bound ligand proton affinities. Table 1 shows
the proton affinity of the bound oxygen, together with that of
an hydroxyl anion ligand for comparison purposes. The results
show that the oxy complex proton affinity is 8 kcal/mol smaller
than that of the hydroxyl complex. Concerning the hydroxy
complex proton affinity, since ferric heme protein crystal
structures show examples of both water’’ and hydroxyl
coordinated complex,® their pK, values should be consistent
with the fact that the two species may exist at the conditions
used to grow the crystals. Moreover, water-soluble porphyrins
had been shown to display pKs in the 5—9 range, with most
species yielding a pK, around 5.> For the oxy complex a lower
pK, can be expected (for the loss of the proton of its
conjugated acid), arguing against the feasibility of the acid
catalyzed mechanism.

1.3. Spin States and Geometrical Parameters. Another
important point of notice is that in all cases, the presence of a
ferric-superoxo (protonated or not) intermediate is crucial for
the reaction to take place and that while the starting complex
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Table 2. Spin States (Noted as Spin Multiplicity with a Left Superscript Number) with Its Energy Differences and Geometrical
Parameters for the Porphyrin Complexes Involved in the Autoxidation Reactions Shown in Scheme 1

ground state (GS) complex [ImFe(11)-0,]

3[ImFe(II)—0,H]*

*[ImFe(III)—OH, ]* 2[ImFe(IlI)—OH]

first excited spin state (ES) triplet singlet doublet quartet
AEg;, = Egg — Egs™” +1.9 +3.6 +0.8 +14.7
NI 1212 +22.5 +13.0 +17.6

dreo +1.84 +1.80 +2.07 +1.83

L cs/qL 5" —0.23/-0.24 —0.11/-0.09 +0.02/40.05 —035/-0.46
Sping, gs/Sping. s +0.97/+0.80 +1.27/-0.28 +2.77/+0.98 +0.92/+2.60
spiny, gs/sping gs° —0.90/+1.24 +0.43/-0.24 +0.03/-0.01 +0.19/+0.43

YAE

spin

“Units of energy are in kcal/mol.

is the energy gap between the ground state (GS) and the first exc1ted spin state (ES). “AE in unbound 18 the

energy gap between the ground state and the spin state that results in a loose bond or dissociated ligand. @dte_o is the distance between the heme
iron atom and its bound oxygen atom from the ligand. Distance values are in A. °q; and spin, are the Mulliken charge and spin population of the
bound ligand, respectively. /sping, is the Mulliken spin population of the Fe atom. Mulliken charge and spin populations are in e units.

shows the characteristic diamagnetic singlet spin state, both the
intermediate ferric—superoxo and the final ferric—water/
hydroxide complex have unpaired electrons. Thus, in all cases
the reaction is nonadiabatic and may require a change in the
spin state of the heme complex. In this context, it is important
to consider that the electronic structure of the Fe(I)-O,
complex is an open shell smglet consistently with prev10us
results from Rovira et al.** and also those from our group.®
The zero total spin density is the result of an antiferromagnetic
coupling of two regions of opposite spin, centered one on the
Fe atom and one on the O, ligand, showing spin Mulliken
populations of +0.97 and —0.90, respectively. Spin state
energetics and spin and charge Mulliken populations of all
relevant intermediates are reported in Table 2.

As expected, oxy—heme displays a singlet ground state, with
a triplet state lying very close in energy (AE = 1.9 kcal/mol).
The Mulliken charge population on the ligand is in both cases
compatible with a neutral oxygen with only partial superoxide
character, although in the triplet state significant unpaired spin
density is found in the ligand as expected for superoxide type
ligand (spin population of +0.80 on the Fe atom and +1.24 on
the O, ligand). For higher spin states (quintuplet and septet)
where the oxygen can be described as almost unbound (dg._o >
2.6 A), the energy gap is not huge (AE < 22 kcal/mol) and the
oxygen becomes more neutral (qo, ~ —0.1), consistent with

dissociation as molecular oxygen upon electronic excitation.
The protonated superoxide complex displays a triplet ground
state, with the singlet state close in energy (AE = 3.6 kcal/mol).
The ligand is almost neutral and with significant unpaired spin
density, thus reflecting its O,H- radical character. The Fe—O
distance and the spin gap to the unbound state are similar to
those of the oxy—heme and thus a similar bond strength is
suggested.

The ferric porphyrin water complex shows a quartet ground
state very close to the doublet state (AE = 0.8 kcal/mol) and,
as expected, a neutral water ligand, while in the ferric—hydroxy
complex the doublet ground state is far more stable and the
ligand bears a significant negative charge. The spin gap to the
unbound state is smaller for the water ligand compared to the
hydroxyl, possibly reflecting in part the smaller binding energy
of the water complex.

The electronic structure results thus evidence the relevance
of the spin transition from the singlet ground state in the initial
oxy heme to a triplet state, which is strictly required for the
autoxidation to occur, either to increase the population of the
terric—superoxide character state that would allow spin
transition and superoxide release, as in the base-catalyzed
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mechanism, or to establish the ferric—hydrogen superoxide
complex with a ground triplet state as in the acid-catalyzed
mechanism. In this context, the small spin gap in the oxy—heme
is a key element to allow this spin forbidden reaction to take
place.

Another interesting point concerns the comparison of the
Fe—O distances and energy gaps to the dissociated state, which
suggest a similar Fe—O bond strength for the oxy, hydrogen
superoxo, and hydroxo complexes, clearly higher than that of
the aquo complex. These facts again argue in favor of the base-
catalyzed mechanism which turns out to be energetically
favored, in comparison with the acid-catalyzed one (Table 1),
in part due to the weakly bound aquo complex formed in the
latter.

2. MD Analysis of the Active Site Solvation in wt Mb
and Its Mutants. Having established the basic energetics of
the two proposed extreme cases of heme autoxidation
mechanisms (catalyzed by either acid or hydroxide anion,
reactions 1 and 2 from Scheme 1 respectively) we will now
analyze how they operate in the Mb protein. For this sake, we
studied wt Mb; two distal pocket (DP) size mutants L29F and
L29A, which respectively show decrease and increase in the
autoxidation rate constant compared to the wt protein; and
three distal HisE7 mutants (H64A, H64Q and H64F) which
also show significant differences in their autoxidation rates (see
Table 3).

Table 3. Values of k,, k,, for O, and kg for O,, for Sperm
Whale Wild Type Myoglobin and Selected Mutants,

Extracted from the Literature

Mb variant ko (B1) kon O, (uM? 1) ko Oy (s1) reference
wt 0.055 16 14 13
L29A 0.24 14 18 13
L29F 0.005 21 14 13
H64A 58 53 2300 14
H64Q 0.21 24 130 3
H64F 6 75 10000 14

2.1. Active Site Solvation and Dynamics of wt Mb and
Distal Pocket Size Mutants. As previously introduced and
required for both mechanistic proposals, our working
hypothesis is that the presence of water molecules in contact
with the bound oxygen ligand is a key issue to understand the
molecular mechanism of autoxidation. To analyze solvation
structure and dynamics of Mb, we performed explicit water
molecular dynamics (MD) simulations of wt Mb and selected
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Figure 1. Water distribution patterns in the distal pocket along the molecular dynamics simulation for wt (panel A), L29A (panel B) and L29F
(panel C) Mb, all in the open E7 conformation. For sake of clarity water oxygen atoms were represented every 10 ps along the last 50 ns of the MD
simulation. The mutated residue of the DP is shown alongside with the Val68 residue. Panel D shows the representative conformation of the E-a
helix and the Val68 residue along the MD for wt Mb (orange), L29A (blue), and L29F (green).

distal pocket size Mb mutants (L29A and L29F). Results for wt
Mb and the two distal pocket mutants show that when HisE7 is
in the closed state, water cannot enter the DP. As already noted
by Perutz over 40 years ago>® HisE7 must change its
conformation to allow ligand entrance. Thus, as in our previous
work,®” we analyzed whether water molecules would enter
inside the DP when HisE7 is in the open state. In this case, if a
restraint is applied to the HisE7 residue in order to keep its
open conformation during the simulation (see Methods for
details), water molecules are able to enter the DP and remain
forming hydrogen bonds with the oxy—heme. Moreover,
significant differences in the solvation patterns are observed
for each protein variant. Figure 1 shows the water molecule
distribution in wt (panel A), L29A (panel B) and L29F (panel
C) Mb during the last SO ns of simulation, with HisE7 in the
open conformation. The picture clearly shows that presence of
water molecules inside the DP decreases in the following order:
L29A > wt (L29) > L29F. It is interesting to notice that the
increase in the water penetration inside the DP for L29A is
accompanied by a small shift of the E-a helix toward the DP,
evidenced by a partial insertion of Val68 residue into the free
space left by the L29A mutation (see Figure 1, panel D).

In order to further characterize the solvation structure, we
computed for each of the three simulations the radial
distribution function of the water oxygen atoms with respect
to the outer oxygen atom of the heme bound dioxygen (Figure
2A) and its corresponding integral. Data presented in Figure 2,
panel A, clearly show that in all cases the peak corresponding to
the first solvation shell is present (at ca. 3 A), while a second
small peak is observed at ca. 5.5 A only for L29A and wt Mb. In
agreement with the visual analysis, the peak height and the
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integral value including the first solvation shell show that
presence of water molecules decreases in the order L29A > wt
(L29) > L29F, with wt and L29F mutant being more similar
between them. The integral values also allow estimation of
average number of water molecules (or the occupancy) that are
in contact with the oxy—heme: for L29A Mb the integral value
is very close to 1, while it is only 0.3 and 0.2 for wt and L29F
respectively.

Since solvation of the DP in wt Mb and mutants is only
possible when HisE7 swings out and adopts the open
conformation, in order to have a complete picture of the
solvation process we analyzed the free energy profiles between
the HisE7 in closed and open conformations for all the three
systems. The results depicted in Figure 2, panel B, show that in
all three cases, as expected, the closed state where the HisE7 is
forming an hydrogen bond with the bound oxygen is
energetically more favorable. In the wt protein, the open state
lies ca. 1 kcal/mol above the closed conformation and a 2 kcal/
mol barrier is observed. The L29F shows a similar picture, but
with both the barrier and open conformation ca. 1 kcal/mol
higher in energy compared to the wt case, a difference possibly
originated in the HisE7—F29 aromatic interactions. In L29A
Mb, the barrier is significantly higher (ca. S kcal/mol) and the
open conformation is ca. 2.5 kcal/mol higher in energy than the
closed state.

Also important for the opening of the HisE7 residue is its
pK,, since protonation promotes the opening, as observed in
the low pH Mb crystal structure®® and in previous works from
our group on the subject.”’ We confirmed the open preference
of the protonated HisE7 by computing the corresponding free
energy profile (shown in Figure 2B) which clearly shows that
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Figure 2. (A) Degree of heme oxygen solvation measured by radial
distribution function, g(r), for wt (full line), L29A (dotted—dashed
line) and L29F (dotted line) Mb. (B) Free energy profiles for HisE7
in—out interconversion for wt (full line), L29A (dotted—dashed line)
and L29F (dotted line) Mb, HisE7 being in Ne protonated form.
HisE7 double protonated (in Ne and N§) wt Mb was also calculated
(dashed line). See text for details.

the open state is energetically favored by ca. —2.5 kcal/mol.
Thus, to complete the analysis of the DP mutants, we
computed for each protein the HisE7 pK, using constant pH
MD simulations (see Methods for details). The results show
that mutations in the DP do not change the HisE7 pK,
dramatically, although increasing it slightly, yielding values of
6.5, 6.9, and 7.2 for wt, L29A and L29F proteins, respectively.
The values are compatible with the presence of significant
population of the protonated HisE7 at physiological pH of ca.
7. Taking the results of the opening free energy profiles and pK,
calculations together, similar open-closed populations are
expected for all three proteins, since the increase in the free
energy of the open conformation for the mutants could be
compensated by the observed increase in the HisE7 pK,.

In summary, the results of the DP mutants show that for all
proteins similar populations of the open and closed HisE7
states can be expected, with significant population of the open
state that allows water molecules to enter the DP. The solvent
structure analysis, on the other hand, shows that while L29F
protein presents a decrease in the amount and solvation
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structure around the oxy—heme with respect to wt Mb, the
opposite trend is observed for L29A where significant solvent
structure is observed in its DP. These results strongly suggest
that the amount and structure of water molecules inside the DP
is critical for the autoxidation rate, consistently with the
experimental k., values (Table 3).

2.2. Active Site Solvation and Dynamics of HisE7Mb
Mutants. We now turn our attention to the solvation and
dynamics of HisSE7Mb mutants. We performed explicit water
MD simulations, and the same analysis described previously, for
three Mb mutants, H64A, H64Q and H64F, without restraining
the E7 residue conformation. This resulted in a predominant
closed conformation for QE7 and FE7 and solvation of the DP
and the oxy—heme seemed almost completely blocked in these
cases. Again, as for the wt Mb, it is important to note that the
E7 residue can adopt an open conformation. We thus
performed additional MD simulations with FE7 and QE7Mb
in the open state. Figure 3, panel A, shows the corresponding
radial distribution functions for these last cases. The plot clearly
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Figure 3. (A) Degree of heme oxygen solvation measured by radial
distribution function, g(r), for wt Mb (full line) and its E7 mutants:
H64A (dashed line), H64Q in its open conformation (dashed-dotted
line) and H64F in its open conformation (dotted line). (B) Free
energy profiles for E7 residue in—out interconversion for wt (full line),
H64Q_ (dashed—dotted line), and H64F (dotted line) Mb. HisE7
double protonated (in Ne and N§) wt Mb profile is also shown
(dashed line).
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Table 4. Energy Changes Associated with Different Reactions Involving Protein Matrix through QM/MM Calculations”

system wt Mb H64 closed wt Mb H64 open
AE reaction 1° +19.1 +20.2
AE reaction 2° —16.0 —14.6
AE 0,7 —284 -255
AE O, ¢ —164.1 —1252
AE O,H -32.0 -27.3
Fe—0, proton affinity —240.4 —273.9

H64A Mb H64Q Mb closed H64F Mb closed
+23.4 +18.9 +16.6
-12.9 —-13.5 -12.7
—18.9 —28.4 —26.9

—-140.9 —146.3 —112.1
—23.7 =31.1 —26.3
—283.7 —-257.3 —286.7

“Units are all in kcal/mol. Y AE reaction 1 is the energy change associated with the second step of reaction 1 from Scheme 1. °AE reaction 2 is the
energy change associated with reaction 2 from Scheme 1. 9AE 0O, is the oxygen binding energy for the protein relative to its deoxy form and an
isolated oxygen molecule in vacaum. “AE O, is the superoxide binding energy for the protein relative to its deoxy met form and an isolated
superoxide ion in vacuum. JAE O,H is the hydroperoxyl binding energy for the protein relative to its deoxy met form and an isolated hydroperoxyl

radical in vacuum.

shows that when HisE7 is replaced by Ala, a significant amount
of water molecules enter the DP and the oxy—heme is
completely solvated. Careful visual analysis and determination
of the corresponding radial distribution function for the other
two E7 mutants restrained in an open conformation shows that
in these cases water penetrates the DP and interacts with the
bound ligand to different extents. In the H64Q open state,
water presence is similar to that of the H64A mutant, while for
the H64F only a small number of water molecules enter the
DP. This is not unexpected, given the hydrophobic nature of
the Phe side chain.

We also computed the free energy profile required for
opening the QE7 and FE7 residues (Figure 3, panel B). The
H64Q mutant shows a similar free energy difference between
the open and closed conformation compared to wt Mb, but
presenting a higher barrier of ca. 4 kcal/mol. On the other
hand, the H64F mutant shows practically no free energy
difference between the open and the closed conformations and
a low barrier of less than 2 kcal/mol between both states.

In summary, HE7A mutant shows a highly solvated active
site. HE7Q DP is also highly solvated but only in the open
state, whose population is similar to that of wt Mb. Finally,
although HE7F in open conformation is accessible, water
molecules hardly enter the active site.

3. QM/MM analysis of the Autoxidation Reaction in
wt Mb and Its Mutants. The previous sections dealt first with
the chemical or reactive aspects of the autoxidation reaction,
while the second allowed us to perform an analysis of the
solvent (the main reactant) structure and dynamics in the
selected protein cases. We now perform a final analysis that
seeks to combine the previous data by performing a QM/MM
analysis of the chemical reaction steps in selected representative
structures obtained from the dynamic analysis.

3.1. Energetic Analysis of Ligand Displacement Reaction.
Table 4 presents energetic properties for selected protein-states.
DP size mutants (L29A and L29F) yielded similar results to
those obtained for wt Mb in its HisE7 closed conformation and
thus are not shown. The results show two interesting
observations. First, the comparison between the base catalyzed
displacement of superoxide anion (reaction 2) and the water
displacement of hydrogen superoxide (second step of reaction
1) shows that the protein matrix does not significantly affect the
fact that base catalyzed mechanism is exoergic, while the other
is endoergic. The second aspect is related to those cases where
an hydrogen bond is present between the protein and the
ligand (wt and H64Q Mb with E7 in its closed conformation)
with respect to those where there is none (wt with E7 in open
conformation, H64F and H64A Mb). Several kinetic>'****
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and theoretical studies®®*'™* have shown that distal protein
formation of hydrogen bond significantly stabilizes the oxygen
bound ligand. This results in larger oxygen binding energies
(AE 0,) as shown in Table 4 and is reflected in small kg values
(see Table 3). H64A and H64F mutants, on the contrary, show
very high dissociation rates and smaller binding energies. This
distal stabilization of the bound ligand also results in larger
energy required to release the superoxide anion or the
hydroperoxyl radical. Thus, presence of hydrogen bond is
expected to reduce k,, by retaining the bound ligand in both
mechanisms.

3.2. Proton Affinity Analysis. Regarding the acid catalyzed
autoxidation mechanism, we also computed the proton affinity
of the bound oxygen ligand (first step of reaction 1, Scheme 1).
The results presented in Table 4 show again the key role played
by the hydrogen bond to the bound ligand. The presence of the
hydrogen bond reduces the proton affinity (compare wt closed
or H64Q Mb with wt open, H64A or H64F Mb).

In summary, the QM/MM results for the different protein
states again suggest a major role for the basic catalyzed
mechanism and point toward protection against autoxidation
by means of distal hydrogen bond interactions.

B DISCUSSION

To fully understand the underlying mechanism of heme protein
autoxidation, it is important to analyze the extensive amount of
experimental results obtained through many years of intensive
work done mainly by the groups from Shikama”'***** and
Olson®*™*® who measured autoxidation rates (among other
properties) of many wt and mutant globins from different
sources and in a wide range of conditions. Given the
complexities of the reaction we will separately analyze the
different structural and reactivity contributions that determine a
given heme protein autoxidation rate. The first important point
to be drawn concerns the relation between k,, and the oxygen
pressure. Previous works by the mentioned groups clearly show
a ko, vs po, plot with a complex behavior: the k,, increases

under low oxygen pressure up to maximum rate which closely
corresponds to the oxygen pressure required to half saturate the
protein, that is to say ps; then k,, decays until a constant value
is reached. This behavior is usually interpreted in terms of a
dual mechanism, which can be described through a bimolecular
reaction between the protein and O, under low oxygen
pressure, and a unimolecular reaction of the oxy—protein
dominant under p, > pso. Our work focuses on the mechanism

related to the unimolecular reaction, which corresponds to
autoxidation of the oxygenated heme.
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A critical event in the autoxidation process is the transfer of
an electron from the Fe(II) center to the bound dioxygen
ligand. Thermodynamically, the reaction is governed by the
corresponding heme redox potential that, although showing
significant variation among heme proteins, is always higher than
that of the oxygen/superoxide couple, and usually lies in the
range 0.02—0.06 V, at pH 7, for myoglobin from different
sources.*>' Concerning the pH dependence, sperm whale
myoglobin redox potential remains practically constant around
0.05 V between pH 6—8 and shows a small linear decrease
above pH 8, until it reaches a value of —0.05 V at pH 10.5.>
Thus, for Mb, autoxidation becomes slightly more favorable
above pH 8. On the other hand, dioxygen reduction to
superoxide anion (pK, = 4.8°°) is possibly pH independent at
physiological and higher pHs, showing a redox potential of
—-0.33 V.>>** However, for low pH (close and below
superoxide pK,) there is a significant amount of neutral
(protonated) superoxide radical, and the reduction potential for
the couple O,/HO,- is expected to be higher than that of O,/
0,7, thus also promoting the autoxidation reaction. In
summary, from a pure thermodynamic electrochemical view-
point, the autoxidation reaction is expected to be favored above
pH 8 and close to pH §, following the same trend as
experimentally observed (see below).

Role of H64 Opening in Acid Catalysis. When analyzing
wt Mb (as well as many other globins) autoxidation rates as a
function of the environment pH, a characteristic inverted bell
shaped curve is evidenced, which is indicative of both acid and
base assisted catalysis. For wt Mb for example, k,, at pH 8—9 is
ca. 10° h™!, and increases 3 orders of magnitude at pH of ca. 5,
and about 150 times at pH 12."* At first sight our results seem
at odds with these observations since both our reaction energy
and oxy—heme proton affinity analysis suggest that basic
superoxide anion releasing mechanism should be favored.
However, key to the present analysis is the behavior of the
distal H64. The acid-enhanced mechanism is tightly related to
the presence of this residue, since only proteins bearing H64
show strong proton-catalysis. The role of H64 in Mb is
complex since it exhibits a pH dependent conformational
behavior that modulates entry to the DP (the so-called HisE7
gate%).56 As shown by several experimental®” and theoretical
works,”” HisE7 exists not only in a closed conformation where
it partially blocks the DP access and can interact with the heme
bound ligands, but also in an open solvent exposed
conformation that promotes small ligand access to the DP.
The equilibrium between open—closed conformations is
strongly dependent on the His tautomeric and protonation
state, with positively charged HisE7 favoring the open
conformation. Our results clearly show that only when H64
is in the open conformation, water molecules can enter the DP
to protonate and displace the ligand. Thus, the observed
increase in the k,, rate when the pH is lowered could be due to
an increase in the population of the H64 open state. This
interpretation is consistent with the observations made by
Shikama et al. of H64 Mb mutants which show smaller increase
with lower pH. For example, H64L/V/G mutants show only a
ca. 10 times increase when moving from pH 9 to 4 (compared
to 10000 times increase observed for wt Mb). Moreover,
denatured Mb cornpletelzf looses the acid catalysis while
retaining the basic one.'” Indeed Shikama et al. explicitly
stated that “At any rate, our detailed pH-dependence studies for
a dozen of myoglobins isolated from various sources have
shown that only the proteins having the usual distal (E7)
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histidine residue can manifest a very strong proton-catalysis in
the autoxidation reaction”.”*®*® In summary, our data strongly
suggest that a significant part of the observed acid catalysis
resides in the H64 capacity to become protonated promoting
its opening and allowing water molecules to enter the DP and
displace the superoxide ligand.

Oxy—Heme Protonation Role in Acid Catalysis.
Protonation of the oxy—heme has been proposed to play two
roles in the context of the autoxidation reaction. First, it was
related to the fact that a neutral protonated superoxide would
be easier to dissociate from the ferric heme than a negatively
charged superoxide anion. Although this seems a reasonable
rule of thumb, it fails to account for the fact that autoxidation
reaction is not a simple dissociation but requires displacement
either by a water, hydroxyl or other ferric heme ligand (see
below for further analysis of this point). The other is related to
the role of H64 in its closed conformation, which in acid
catalysis could act as proton donor or relay shuffling protons
from the solvent to the bound ligand,éo_62 yielding an
alternative explanation for its key role to our above-mentioned
proposal.

Concerning the first point, our QM and QM/MM results for
the whole reaction energetics suggest that water displacement
of the neutral superoxide is far less favorable than superoxide
anion displacement by hydroxyl. Also, spin state and geometry
analysis suggest that intrinsic Fe—O bond strength is similar for
O,H and O,. However, it is important to note that superoxide
anion releasing mechanism is spin forbidden and requires
transition from low to high spin of the oxy heme. On the other
hand, protonation of oxy—heme fixes the complex in a high
spin conformation thus facilitating the reaction and possibly
explaining the rate enhancement at low pH.

Concerning the second point, we tested the reaction
coordinate of transferring a proton from an outer water
molecule to the heme bound oxygen through the H64 (relay
mechanism) by means of QM/MM restrained optimization
(see Methods), obtaining a very high barrier of ca. 34 kcal/mol.
The first note is that in order for the H64 being able to
protonate oxy—heme, it should display a lower pK,. Our
estimates for H64 pK, are in the 6—7 range, while proton
affinity analysis of oxy—heme suggests it having a lower pK,
than that corresponding to Fe—OH/aquo. Although there are
no pK, values calculated for this aquo complex in a globin
protein environment, in most water-soluble porphyrins it had
been shown to possess a pK, value lower than 7.>> Moreover,
when Hé64 is protonated, it opens up and thus its interaction
with the bound ligand is absent. Finally, concerning oxy—heme
protonation, it is important to note that any residue forming
hydrogen bonds with the bound ligand diminish its capability of
accepting the proton.

Ligand Displacement is the Key to Basic Catalysis.
Our energetic results suggest that key to basic catalysis is the
incoming OH™ ligand binding capacity. Indeed, displacement of
superoxide anion by OH™ is significantly more favorable from a
pure energetic point of view than hydrogen superoxide
displacement by water. The predominant role of the incoming
ligand affinity is consistent with studies by Shikama'" where the
k., was measured in the presence of several anions, including
SCN7, F7, CN7, and N3~ among others. The results showed
that log(k.,) vs pK, (of the conjugated acid of each anion)
yields a linear plot with a slope of 1.74, thus evidencing that
autoxidation proceeds by way of a nucleophilic attack of the
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base to the iron, leading to a reductive displacement of the
oxygen ligand as superoxide.

Solvation Structure of the Distal Pocket Correlates
with Autoxidation Rate. Having analyzed the chemical steps
of the autoxidation reaction we now turn our attention to the
role played by the protein matrix on its rate, at any given pH
value (usually pH 7). As shown in Table 3, significant
differences are observed among wt and single point mutant
Mb proteins. As in the Results, we can divide the analysis in
two cases, those where key H64 is mutated and those retaining
it. Looking at the three H64 containing proteins, the k,, trend is
as follows: L29F < wt < L29A. Our analysis show that all three
proteins are expected to show similar populations of the open-
closed states of H64, as well as comparable reaction energetic
parameters, the main difference between them being the
solvation structure inside the distal pocket (DP), which follows
the same trend as shown by the k,, in relation to the amount
and structure of the water molecules inside the DP. In other
words, while the fast autoxidative L29A protein shows the
presence of water molecules all over the DP, in the wt protein
the penetration of water to the DP is less defined and in L29F
the presence of the hydrophobic side chain only leaves the
presence of water close to H64. The fact that k,, is directly
related to the amount of water molecules inside the DP, and
thus close to the iron and the oxygen, is consistent with the
displacement mechanism since waters/OH™ must be there to
displace the ligand. In this context, it is important to remark
that water molecules, particularly those ones close to H64, are
in direct contact with the surrounding solvent and thus could
easily release a proton to become an hydroxyl ion.

Distal Pocket Ligand Interactions Significantly Pro-
tect the Heme from Autoxidation. Finally, when looking at
H64 Mb mutants, the trend for the autoxidation rate is as
follows: wt < H64Q < H64F < H64A (see Table 3). Our
results show that both wt and H64Q_proteins display strong
hydrogen bond interactions with the bound ligand which, as
shown by the energetic data, results in a higher energy cost that
must be paid to release superoxide anion or hydrogen
superoxide. This cost has the same origin as that required to
release molecular oxygen, as characterized by the kg (Table 3),
which is the main factor responsible for determining overall
oxygen affinity in globins,* as also shown by our energetic data.
The role of the distal residues in inhibiting ligand release as a
key of the autoxidation process is consistent with the
observations performed by Brantley and Olson> which show
a direct linear relationship between log(k,,) and log(oxygen
K)).

The difference between wt and H64Q_as well as that between
H64F and H64A can be explained in relation with the above-
mentioned solvation properties. H64Q_displays a 4-fold faster
k., compared to wt Mb and consistently H64Q shows an
increased solvated DP. Again, while H64F shows almost a
complete lack of water molecules inside the DP, H64A DP
shows the presence of several well-defined sites to allocate
water molecules. Last but not least, the fact that moderately DP
solvated H64Q_and wt Mb show lower k,, values than the
almost dry DP of H64F suggest that the role of the distal
residue ligand interaction is the dominant effect for protecting
oxy—heme from autoxidation.

B CONCLUSION

The overall trend of the determined k,, for all proteins studied
in the present work is as follows: L29F < wt < L29A = H64Q <
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H64F < H64A and can only be explained by considering a
combination of both distal hydrogen bond interactions and
access of solvent to the DP. From both effects the distal
interaction seems the most important since all proteins
displaying them have lower k,, values, while solvation effects
nicely explain the trends in each group.
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