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Manganese Superoxide Dismutase (MnSOD) is an essential mitochondrial antioxidant enzyme that pro-
tects organisms against oxidative damage, dismutating superoxide radical (03 ) into H,0, and O,. The
active site of the protein presents a Mn ion in a distorted trigonal-bipyramidal environment, coordinated
by H26, H74, H163, D159 and one ~OH ion or H,O molecule. The catalytic cycle of the enzyme is a “ping-
pong” mechanism involving Mn>*/Mn?". It is known that nitration of Y34 is responsible for enzyme inac-

’l\(/fy""ords" e di tivation, and that this protein oxidative modification is found in tissues undergoing inflammatory and
M:rsl(g;glese superoxide dismutase degenerative processes. However, the molecular basis about MnSOD tyrosine nitration affects the protein
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Multiple steered molecular dynamics
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Free energy
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catalytic function is mostly unknown.

In this work we strongly suggest, using computer simulation tools, that Y34 nitration affects protein
function by restricting ligand access to the active site. In particular, deprotonation of 3-nitrotyrosine
increases drastically the energetic barrier for ligand entry due to the absence of the proton.

Our results for the WT and selected mutant proteins confirm that the phenolic moiety of Y34 plays a
key role in assisting superoxide migration.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Superoxide dismutases (SODs) are enzymes that protect biolog-
ical systems against oxidative damage caused by superoxide radi-
cal (Oy ) which is generated during aerobic metabolism by one
electronic reduction process of molecular oxygen through different
mechanisms like the catalytic production by flavoproteins like xan-
thine oxidase [1,2], the mitochondrial respiratory chain [3] or acti-
vation of NADPH oxidase [4,5].

There are at least three unrelated families of SODs found in nat-
ure: the structurally homologous mononuclear active site iron
SODs or manganese SODs (MnSOD)!, the binuclear copper/zinc
SODs and the mononuclear nickel SOD [6-9].

MnSOD is found in mitochondrial matrix and chloroplast of
eukaryotes and in the cytoplasm of bacteria. This enzyme was

* Corresponding author.
E-mail address: 1boechi@qi.fcen.uba.ar (L. Boechi).
1 Abbreviations used: MnSOD, manganese superoxide dismutases; WT, wild type;
NY, 3-nitrotyrosine; MSMD, multiple steered molecular dynamics.

0003-9861/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
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found to be essential in mammals as shown by knockout mice
experiments where individuals that did not express MnSOD died
within 10 days after birth [10]. Several crystal structures have been
published of the wild type (WT) enzyme [11-13] and the active
site consists of one Mn ion per unit in a distorted trigonal-bipyra-
midal environment, coordinated by three histidine residues, one
aspartate and one ~OH ion or H,0 molecule (Fig. 1) [12,14].

MnSOD is a homotetramer (96 kDa) that has a ring of positive
electrostatic charge surrounding the active site, which is suggested
to enhance attraction for negatively charged superoxide. Proximal
to the catalytic Mn site is the substrate access cavity, which is char-
acterized by a hydrogen-bonded network that is comprised of sol-
vent molecules and several key residues such as Q143, Y34, H30
and Y166, which are needed for proper activity [13,15,16]. Fig. 2
shows the ligand migration pathway to the active site in one
monomer in the dimeric structure. Since Y34 is located in the ac-
cess tunnel, this residue is known to play a central role in the li-
gand migration process [17].

The proposed MnSOD catalytic cycle consists of a “ping-pong”
mechanism which oscillates between metal Mn>*/Mn?" redox
states as is schematically depicted in Eqgs. (1 and 2) [18,19].
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Y34

Fig. 1. Active site of MnSOD, showing the Mn center, the three histidines and
aspartate residues, the O of the “OH/H,0 and the second sphere residue tyrosine at
around 5.6 A from the metal center.

Mn*" + 05 — Mn*" + 0, 1)

Mn*" + 05 +2H" — Mn*" + H,0, (2)

In the WT enzyme, the high values of the kinetic constants for
both half-reactions (1.5 and 1.1 x 10° M~'s™}, respectively) [17]
might be explained by the presence of a big entry channel which
freely leads the superoxide to the active site. Decreasing of kinetic
constants could be promoted by the introduction of residues which
alter the original tunnel features.

Recent computational studies revealed that the first step, the
oxidation of O35 to O,, most likely occurs by an associative mecha-
nism, while the second step seems to take place by a second sphere
electron transfer mechanism, i.e., without direct coordination of
the second O; substrate to the metal center. These results also
interestingly suggest that Y34 plays a key role in the second step
catalysis [20,21].

Protein tyrosine nitration is a covalent post-translational pro-
tein modification derived from the reaction of proteins with nitrat-
ing agents. One of the most relevant nitrating agents in vivo is
peroxynitrite (ONOO™), a potent oxidant formed by the diffusion-
controlled reaction between nitric oxide (*NO) and superoxide rad-
ical (O3 ) which is involved in a variety of disease states [22-24].
The nitration of protein tyrosines may alter the structure and/or
the function of proteins [25-29], although the mechanistic details
of the changes for specific proteins at the molecular level are just
being unraveled [30].

Human MnSOD is a prime example of a tyrosine nitrated pro-
tein with functional consequences in vivo. MnSOD contains nine
tyrosine residues, one of which (Y34) is highly conserved phyloge-
netically and is located only a few A from Mn [13]. The site-specific
nitration at this residue that is observed in many inflammatory and
degenerative diseases including chronic organ rejection, ischemia/
reperfusion, arthritis, atherosclerosis and tumorigenesis [31,32],
results in enzyme inactivation [33]. Indeed, in vitro studies from
several groups indicate that Y34 post- and even co-translationally
nitrated human MnSOD is inactive [34-38] and that the Mn atom
efficiently directs peroxynitrite and nitric oxide-mediated nitration
in the presence of O, to the adjacent Y34 [22,36,37] which is at
only 5A from the metal center. The detoxification function of
MnSOD is essential to normal cell and mitochondrial homeostasis
and therefore significant decreases in its activity as observed dur-
ing tyrosine nitration results in mitochondrial oxidative stress with
potential consequences in bioenergetics and signaling of cell death
[32,39].

Understanding how MnSOD Y34 nitration (or replacement) al-
ters MnSOD function at the molecular level is not an easy task.
The replacement of Y34 by other amino acids results in a large
reduction in catalysis efficiency [17,34,40,41], confirming a key
role of this conserved amino acid in the dismutation reaction
mechanism. For example, in vitro enzyme kinetics studies obtained
Y34F mutant, yielded values of k.,;/Ky that are similar to those of
the WT (~800 uM~'s1), but there is a decrease of ten fold in the
keae value, [42] suggesting the crucial role of Y34 hydroxyl group
in both substrate binding and catalysis. Also, replacement of Y34
ortho hydrogen by a fluorine atom (3-fluorotyrosine) [41] which
represents a minor steric change reduces the catalytic activity
keae/Kn to 30 uM~1s™!, Finally, it should be noted that the actual
observed ke, /Ky value of ~800 uM~'s™! for the WT enzyme, is
close to that expected for a diffusion-controlled reaction, strongly
suggesting that superoxide access to the Mn active site is the rate
limiting step [43]. This point confirms the idea that an obstruction
or a charge density modification in the channel access could be the
reason for the lack of activity in modified MnSOD enzymes.

Based on these results, several hypotheses have been put for-
ward to explain the effect of Y34 nitration. The crystal structure
of nitrated human MnSOD has been published [16] and shows that
replacement of Y34 by 3-nitrotyrosine (NY) does not cause signif-
icant conformational changes of active-site residues or solvent dis-
placement. This modification, however, has other effects; for
example in a change in the pKa of the tyrosine phenol group, from
around 10 to 7.5 [22,34,44], which may interrupt the hydrogen
bonding network of the Y34-Q143 pair, affecting the catalytic

Fig. 2. Two different view (left and right panel) of surface contour analysis of the dimeric WT-MnSOD (each subunit depicted in different colors, Mn coordinated residues
were excluded of the analysis). Manganese atom (green), Y34 (cyan), and several water molecules (red/white) are depicted in order to shed light on the accessibility to the
active site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cycle. Another possibility arises from the fact that NY34 is located
at the end of the access channel and the nitro group is expected to
show steric as well as electrostatic effects that impact the access
and/or binding of superoxide substrate into the active site.

In order to contribute to the elucidation of the molecular basis
of MnSOD inactivation by tyrosine nitration, we focused our atten-
tion on how modifications of Y34 modulate the entry of the super-
oxide substrate from the solvent into the active site. We performed
Multiple Steered Molecular Dynamics (MSMD) simulations, to
compute the free energy profiles of superoxide migration in the
WT and in several modified proteins: Y34F, Y34V, and the nitrated
NY34 in both protonated and deprotonated states. Our results
show that the presence of the nitro group in NY34 completely
blocks the superoxide ligand migration entry path, inactivating
the enzyme. An important role of the polar hydrogen of Y34 is also
proposed.

Methods
Molecular dynamics simulations

All simulations were performed starting from the crystal struc-
ture of Human Manganese Superoxide Dismutase (MnSOD), deter-
mined at 2.20 A resolution [Protein Data Bank (PDB) entry 1ABM]
[13]. Each simulation was performed using monomeric WT pro-
tein, or single mutant proteins (Y34F, Y34V, Y34NY) built in silico.
The systems were then immersed in a box of TIP3P water mole-
cules [45]. The minimum distance between the protein and wall
was 12 A. All systems were simulated employing periodic bound-
ary conditions and Ewald sums for treating long-range electrostatic
interactions [46]. The shake algorithm was used to keep bonds
involving the H atom at their equilibrium length. This allowed us
to employ a 2 fs time step for the integration of Newton'’s equa-
tions. The parm99 and TIP3P force fields implemented in AMBER
[47] were used to describe the protein and water, respectively
[48]. The temperature and pressure were regulated with the Ber-
endsen thermostat and barostat, respectively, as implemented in
AMBER [47]. The cut off used was 10 A for the van der Waals inter-
actions. All systems were firstly minimized to optimize any possi-
ble structural clashes. Subsequently, the systems were heated
slowly from O to 300 K using a time step of 0.1 fs, under constant
volume conditions. Finally, a short simulation at a constant tem-
perature of 300 K under a constant pressure of 1bar was per-
formed using a time step of 0.1 fs, to allow the systems to reach
proper density. These equilibrated structures were the starting
point for 10 ns of MD simulations.

The parameters for active site atoms (Mn, “OH, Asp and His)
were taken from literature [49]. The charges and parameters of ni-
trated tyrosine and free superoxide radical were determined using
ab initio methods. The van der Waals radius, force constants and
equilibrium distances, angles and dihedral for the nitro group in
nitrotyrosine were taken from gaff database [47]. For the tyrosine
group in nitro-tyrosine we used parm99 parameters. Partial
charges were RESP charges computed using Hartree-Fock method
and 6-31G* basis set [50] (see Table 1 in Supplementary Material).

Calculation of substrate entry free energy profiles

In order to examine the accessibility of the active site in the dif-
ferent structures of MnSOD, free energy profiles of superoxide
migration were determined for each system. The profiles were
computed by means of constant velocity multiple steered molecu-
lar dynamics (MSMD) simulations, and using the Jarzynski's equal-
ity [51], a method which has been successfully applied for ligand
migration studies in several works from our group [52-55]. Briefly,
in the MSMD method the ligand is slightly pulled in the active site,

using a time dependent harmonic restraint potential. In the pres-
ent case the chosen reaction coordinate & was, the Mn—Ogyperoxide
distance. The harmonic potential force constant used was
200 kcal mol~! A2, The pulling velocities used were 25 A/ns. To
construct the free energy profile of ligand migration along a se-
lected tunnel, a set of 30 independent MSMD simulations were
performed, each one starting from an equilibrated MD structure
(or snapshot), where the superoxide ligand is outside the protein
at 10 A distance of the Mn. In order to check starting structures
cover a wide range of MnSOD entry locations, we scan different en-
try angles along the equilibrium MD simulation (from which the
starting MSMD snapshots are taken). The position of the superox-
ide substrate covers a wide range of possible entrance pathways
(see Fig. S1 in Supplementary Material). Convergence of each pro-
file was determined by computing the exponential averages, using
an increasing number of individual work profiles, until no signifi-
cant change in the resulting profile were obtained with the incor-
poration of new work profiles. This is shown in Figs. S2-6 of
Supplementary Materials, where free energy profiles computed
using 10, 15, 20, 25, and 30 individual MSMD simulations are de-
picted. As can be seen after 20 to 30 MSMD simulations the result-
ing free energy profile does not change significantly due to the
addition of new simulations. This computational scheme has been
successfully applied to compute the free energy profile of ligand
migration in heme proteins and also to compute free energy pro-
files of enzymatic reactions [52-54].

Results and discussion
Free energy profile of WT MnSOD

We computed the free energy profile for superoxide access to
active site Mn in WT MnSOD. The resulting profile presented in
Fig. 3, shows that there is no barrier for ligand entrance until the
superoxide is 7-8 A from the Mn. In fact, a slight dip in the energy
profile is found at what appears to be a small secondary docking
site (Site 1).

This result is in agreement with other theoretical and experi-
mental investigations which observed a second-sphere binding site
at 5-7.5 A from the metal center, in the vicinity of Y34 and H30
residues [49,56]. A visual inspection of the corresponding snap-
shots along the simulation shows that in Site 1 the superoxide sub-
strate interacts with H30 and/or H163 as shown in Fig. 4.

Free Energy (kcal/mol)

- 0O =2 N WO~

4 5 6 7 8 9 10
Mn - - O (superoxide) distance (A)
Fig. 3. Free energy profile for O; migration along the diffusion pathway using the

distance from the Mn atom to one of the O in O3 as the driven coordinate. WT and
Y34NY proteins are depicted using solid line and grey dots, respectively.
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1S9

H163

Fig. 4. Representation of the second binding site at about 7 A of the metal center in
the vicinity of H30. Superoxide interactions by hydrogen bonds with H30 and/or
H163 are depicted with fine straight lines.

Mn -

Y34

NY34

Fig. 5. A representative snapshot of the MSMD simulation, showing WT and Y34NY
actives sites, in which the nitro group is blocking substrate access (top panel). The
last position adopted by the ligand during the free energy profile simulations (low
panel).

After leaving Site 1 superoxide is stabilized by a hydrogen bond
(HB) to Y34 which facilitates the entry to the active site (Fig. 5). The
breaking of 1 to 2 HB from Site 1, while establishing one HB with
Y34, results in the 2 kcal/mol free energy increase from 7 to 5 A.
At this point the HB between Y34 and the superoxide begins to
break resulting in a sharp increase in free energy, until reaching

the Mn active site. The overall superoxide entry barrier for the
WT enzyme is around 6 kcal/mol.

Free energy profile of nitrated MnSOD

We now analyze the effect of Y34 nitration on the resulting pro-
file which is presented together with that for WT MnSOD in Fig. 3.
Preliminary MD results showed that the orientation of the nitro
group did not change during the time scale of the simulations. It
points toward the metal center in the vicinity of the superoxide
channel of entrance. On the other hand, the hydroxyl group can flip
towards or away from the nitro group.

The free energy profile for superoxide migration in nitrated
MnSOD presented a small 2 kcal/mol barrier in the vicinity of Site
1. This barrier is possibly related to the electrostatic repulsion of
the nitro group that slightly repels the substrate out of the channel
entrance. After crossing this small barrier the H-bond with H30
and H163 stabilizes superoxide in Site 1 (at 7 A) as it was observed
previously in the WT enzyme.

In the vicinity of the Mn atom (between 4 and 7 A) the free en-
ergy profile presents a barrier of about 15 kcal/mol (about 8 kcal/
mol larger than that for the WT enzyme). A microscopical analysis
strongly suggests that the significant increase in the barrier is due
to both steric and electrostatic effects of the nitro group, which
blocks the active site (Fig. 5). Contrary to what is observed for
the WT protein, the superoxide needs to displace the nitrotyrosine
with the associated energy cost to bind to Mn. The displacement is
also evident from Fig. 6 where we observe that the hydroxyl group
of the 3-nitrotyrosine is close to the metal center until the super-
oxide reaches a Mn distance of 5 A, where the nitrotyrosine sud-
denly moves away from the active site to allow superoxide
access. Furthermore, nitration and displacement, also results in
the Y34 phenol group pointing away from the active site (contrary
to what is observed for the WT enzyme), as shown in Fig. 5, forbid-
ding therefore any involvement of this group in the catalytic
reaction.

Since a very important change that nitrated tyrosines undergo
is the change in pKa of the phenol group, we evaluated the acces-
sibility of superoxide to the active site in the nitrated and deproto-
nated tyrosine 34 case (deprotonated NY34). An important
consideration is that the pKa of the phenol group in nitrotyrosine
in proteins may be significantly different to that of free nitrotyro-
sine depending on the polarity of the environment; indeed, the pKa

7.5+
7.04
6.5
6.0 4

5.5+

omtra' - NEHma (A)

5.0

45

4.0+

T T T T T T T T T T T T
4 5 6 i 8 9 10

Mn - - O (superoxide) distance (A)

Fig. 6. Representation of the displacement of NY34 during a MSMD simulation
plotting the distance between one of the oxygen atom of the nitro group in NY34
and the Ne of H163 vs. the distance of superoxide from the metal center.
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of nitrotyrosine can substantially increase towards the alkaline
range in polar protein microenvironments [44]. In the case of
MnSOD, even though there is no a direct experimental report for
the pKa of NY34, we can safely estimate that its pKa would be very
similar to that of free nitrotyrosine (e.g. 7.4-7.8) because of its sol-
vent accessibility. Therefore, one can expect that under physiolog-
ical pH (ca. 7.4) a large proportion of the phenol group (40-50%)
would be in its dissociated form as phenolate. Thus, we calculated
the free energy profile for deprotonated NY34 in order to compare
the effect of the protonation state on ligand accesibility. Compari-
son of the two profiles (protonated and deprotonated NY34) pre-
sents a few particularly interesting points to be detailed.
Accessibility from the solvent to the docking Site 1 is not affected
by deprotonation of NY34, as both profiles are nearly identical
from 10 to 7 A (Fig. S7). Nevertheless, when superoxide is passing
near deprotonated NY34 (from 7 to 4 A) a barrier of about 30 kcal/
mol appears (about 15 kcal/mol larger than that of the protonated
NY34 case, and about 23 kcal/mol larger than that of the WT en-
zyme). This finding is consistent as there are multiple effects to
consider: the electrostatic repulsion between the superoxide and
both the negatively charged nitro group and the phenolate moiety.

These results clearly indicate that nitration of Y34 blocks the
accessibility of superoxide, inactivating MnSOD. Moreover we have
shown that polar hydrogen of the tyrosine sidechain is critical for
the overall function of the protein.

Free energy profiles of Y34 mutant proteins

To further analyze the role of Y34 and understand how tyrosine
nitration significantly increases the barrier for superoxide access to
the active site, we computed now the corresponding profile for
Y34F and Y34V mutants. The obtained energy profiles are shown
in Fig. 7.

The barriers to reach the Mn are around 11 kcal/mol in Y34F
(4 kcal/mol higher compare to WT case) and 8 kcal/mol in Y34V
(slightly higher compared to the WT case). The higher barrier of
the Y34F protein, clearly shows that the Y34 phenol group stabi-
lizes the superoxide close to the Mn, thereby lowering the overall
barrier. The polar environment effect is further confirmed by the
Y34V mutant, which although smaller is also hydrophobic. When
Y34V is compared with Y34F MnSOD a 5 kcal/mol difference in
the barrier is observed, evidencing the presence of steric effects.
Indeed, analysis of the structures of both proteins when superoxide

12

10

Free Energy (kcal/mol)

-2 T T T 5 T i T Y T 4 T J T
4 5 6 7 8 9 10
Mn - - O (superoxide) distance (A)

Fig. 7. Free energy profile for O; migration along the diffusion pathway in Y34F
(dot) and Y34V (solid line); the distance from the Mn atom to one of the O in O; is
used as the driven coordinate.

V34

% F34

Fig. 8. A snapshot from Y34F and Y34V proteins, in which the difference in the
sterical effect causes by the aromatic ring of F34 is ilustrated.

is around 4-5 A from the Mn, (Fig. 8) clearly shows that the volume
of F34 aromatic rings produces higher steric effects compared to
the methyl groups of Val-34. Nevertheless, Y34V also displays a
slightly higher barrier compared to WT protein, since the higher
accessibility is compensated by the lack of Y-OH superoxide stabi-
lizing interactions.

General implications for tyrosine nitrated proteins

Knowing the functional outcome of a nitrated protein (i.e. loss,
none or gain of function) is a key issue for determining whether the
presence of a given nitrated protein is cause or consequence in the
pathogenesis of a variety of disease conditions. The results pre-
sented herein provide an explanation at the molecular level on
how Y34 nitration in human MnSOD leads to enzyme inactivation;
in addition, the data underscore the relevance of performing simi-
lar mechanistic studies to understand the effect of tyrosine nitra-
tion in other proteins. The use of computation methodologies
appears as an interesting and appealing alternative technique to
experimental measurements specially when obtaining high yields
of nitrated proteins at specific positions in vitro, and/or revealing
mechanistic aspects at the atomic level, turn to be difficult.

Conclusions

We have performed a detailed study of superoxide entrance to
wild type, nitrated and mutant (Y34F and Y34V) human MnSOD
using MSMD simulations, in order to determine the molecular ba-
sis of its inactivation by nitration. Our results show that the intro-
duction of the bulky negatively polarized substituent in Y34
produces an electrostatic and steric repulsion which is reflected
in a dramatic increase of the free energy profile for superoxide ac-
cess to the metal center, resulting in a blocked channel and inac-
tive enzyme. This barrier is even higher when taking into
account the deprotonated NY34 species, which becomes relevant
in the presence of the nitro group. Therefore, the overall barrier
of NY34 MnSOD results in a blocked channel and an inactive en-
zyme. These results, supported by the Y34F and Y34V results, pro-
vide strong evidence for the role of both nitration of Y34 as one
possible way to inactivate the protein, and the phenol group of
Y34 controlling the correct function of MnSOD.
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