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ABSTRACT: Impairment of the Zn(II)-binding site of the
copper, zinc superoxide dismutase (CuZnSOD) protein is
involved in a number of hypotheses and explanations for the
still unknown toxic gain of function mutant varieties of
CuZnSOD that are associated with familial forms of

amyotrophic lateral sclerosis (ALS). In this work, computa- HIL

tional chemistry methods have been used for studying models ™ Al H46R

of the metal-binding site of the ALS-linked H46R mutant of o SRR _;1{' pa o <
CuZnSOD and of the wild-type variety of the enzyme. By Ty iy ' |
comparing the energy and electronic structure of these models, Wild-type H46R

a plausible explanation for the effect of the H46R mutation on
the zinc site is obtained. The computational study clarifies the
role of the D124 and D125 residues for keeping the structural integrity of the Zn(II)-binding site, which was known to exist but
its mechanism has not been explained. Earlier results suggest that the explanation for the impairment of the Zn(II)-site proposed
in this work may be useful for understanding the mechanism of action of the ALS-linked mutations in CuZnSOD in general.

Wild-type

&

1. INTRODUCTION disease based on CuZnSOD mutations have been widely
studied during the last few decades. This has been done in the
hope that the knowledge obtained from studies of SOD-linked
fALS is useful for understanding and treating SALS.>S

1.1. CuZnSOD. CuZnSOD is the main quencher of the
superoxide radical in mammals. The mammalian protein forms
a homodimer of 32 kDa, where each monomer contains an
active site. The active site contains a copper ion as the catalytic

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease affecting motor neurons. It produces a progressive
paralysis that ends in respiratory failure, causing the death of
the patient in about 2—5 years from the diagnosis. Among the
variants of ALS, it is possible to distinguish between the ones
where the patients have a family history of the disease and the
ones for which no familial link can be found. The former
variants are referred to as familial ALS, or fALS, which accounts center. The copper ion fluctuates between the Cu(I) and
for about 10% of the cases, and the latter one is known as Cu(Il) oxidation states along the catalytic cycle of the protein.
sporadic ALS or sALS. The pathogenesis of both forms is Close to the copper center in the active site, there is a zinc
poorly understood." Thus, no effective cure or treatment for center in each monomer. The Zn(Il) center, which is not
the disease is currently available. Riluzole, the only FDA- exposed to solvent according to the crystallographic structures,
approved drug for the treatment of the disease, extends the life has been shown to be important for the structural integrity of

of the patients by about two to three months.? the protein.” The zinc site also participates, at least indirectly, in
. : <
Alterations of the protein structure have been shown to be the catalytic process. o o
characteristic for ALS as they also are for other neuro- When a monomer of the protein is in the oxidized state, the
degenerative diseases. Mutations in the Cu, Zn superoxide Cu(Il) center is pentacoordinated with a distorted square-
dismutase (CuZnSOD), occurring practically along the whole pyramidal geometry. Its first four ligands are histidine residues:

sequence of this protein have been shown to produce different H46, H48, H63, and H120. The fifth ligand is a weakly bound

forms of fALS.>* Such mutations, considered together, account
for about 20% of all fALS cases, and thus, about 2% of all ALS Received: November 9, 2011
cases. CuZnSOD-linked fALS and animal models for the Published: April 30, 2012
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water molecule.” The zinc ion in the oxidized protein is
tetracoordinated with a distorted tetrahedral geometry. All the
ligands of Zn(II) are aminoacidic residues, consisting of one
deprotonated aspartic acid residue (D83) and three histidine
residues, H63, H71, and H80. The H63 residue is thus a ligand
to both Cu(II) and Zn(II). The H63 residue is negatively
charged and bonded with its €2 nitrogen to Cu(II) and with its
61 nitrogen to Zn(II). The doubly deprotonated histidine
forms what is called an imidazolate bridge between the two
metal centers. In addition, there is a secondary bridge, formed
by the deprotonated aspartic acid residue D124. D124 forms
hydrogen bonds to H46, which is one of the copper ligands,
and to H71, which is ligated to Zn(II)."® The metal site of the
oxidized form of CuZnSOD is shown schematically in Figure 1.
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Figure 1. Schematic view of the spacial arrangement of the metal-
binding site of the oxidized form of CuZnSOD, according to
crystallographic data.'® The D83 and D124 residues are shown from
the f-carbons. For histidines, f-carbons were omitted for simplicity.
Distances are given in Angstrﬁms.

The molecular structures of the reduced and oxidized protein
have a few differences. In the reduced state, the imidazolate
bridge is broken. The bridging residue, H63, is protonated at its
€2 nitrogen and bends away from the Cu(I) center, thus
becoming exclusively a Zn(II) ligand. The water ligand
disappears from the copper center. The secondary bridge is
intact in the reduced form, according to the crystallographic
structures.' !>

The post-translational modifications of CuZnSOD include
insertion of both metal atoms, and formation of a disulfide
bond between residues C57 and C146. The insertion of Zn(II)
is thought to occur earlier, while the formation of the disulfide
bond and the insertion of copper probably occur almost
simultaneously.">'* It has been shown that the copper
chaperone for SOD (CCS), which inserts the copper ion to
CuZnSOD, is also responsible for the formation of the disulfide
bond."* The process that inserts zinc in superoxide dismutase is
unelucidated. Because of the extremely low Zn(II) concen-
tration in cells," it is possible that an unknown factor could
participate in the process."> Considering the large amount of
different zinc proteins, it is unlikely that there would be a
specific factor for each of them.'® Considering all this, it has
been suggested that the metallothioneines (MT) are respon-
sible for delivering zinc to the Zn-containing proteins without
any direct interaction with the target proteins.'*"’

1.2. CuZnSOD and ALS. A large variety of mutations in
CuZnSOD, distributed along the whole sequence, are known to
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cause forms of fALS. Regarding the relationship between
CuZnSOD mutations and fALS, it is known that the reason for
the SOD-linked fALS is not a loss of the catalytic function of
the enzyme. This has been proven by various observations,
including that coexpression of wild-type (WT) CuZnSOD in
mice expressing a fALS-linked CuZnSOD mutants still develop
an ALS-like syndrome, whereas mice whose expression of
CuZnSOD have been ablated do not develop the syndrome. It
is thus said that the fALS syndrome produced by mutants of
CuZnSOD arises from a gain of a gathological function from
this protein due to the mutations,™'® whereas the function gain
of ALS-associated CuZnSOD mutants is currently unknown.

The generally accepted explanation for the toxicity of
CuZnSOD is the formation of toxic aggregates of the
enzyme."®'¥181% The aggregates can cause cellular insult in
different ways, including perturbation of the cytoskeleton and
the cellular endoplasmatic-reticle-associated degradation path-
way for misfolded proteins.'” One of the possible reasons for
the aggregation of CuZnSOD is the loss of the Zn(II) ion from
the protein. It is known that the Zn(1I) ion plays an important
role in the folding process, and that the loss of zinc is associated
with increased aggregation of CuZnSOD.**™>* Although the
zinc affinity in mutants with the aminoacidic substitution
occurring far away from the active site was controversial,”* it
was later suggested that such mutations could cause structural
distortions of the active site, facilitating structural damage that
would lead to loss of metal affinities.”*** It has also been
suggested that a distortion of the zinc loop (residues 50—83),
which can be caused by the detachment of only the histidine 71
ligand from the Zn(Il) center, can lead to aggregation of
CuZnSOD.***¢

1.3. Zinc and ALS. Alterations related to Zn(II) could be
the main cause of the syndrome caused by the CuZnSOD-
linked forms of fALS. By considering the variety of functions of
Zn(11),'® Smith and Lee (2007) proposed that alterations on
the labile zinc levels of the neurons or glia might affect all the
processes that have been linked to ALS. Therefore, they
suggested that dyshomeostasis of Zn(II) could be responsible
for ALS.”” This notion was supported by a study by Kim et al.
(2009),?® who found elevated levels of labile zinc in neurons of
animals expressing the fALS-linked G93A mutation, which
occurs far from the metal-binding site. In the study, they found
a correlation between the levels of labile zinc and the
progression of the disease. The lifespan of the mice was
found to be extended by intraperitoneal treatment with a cell-
permeant zinc chelator. Later, it was found by Lelie et al.
(2011) that G93A and two other mutants, G37R and H46R,
produce an increase of zinc in the white matter, which does not
occur for mice expressing WT human CuZnSOD.*

The Zn(II) binding to CuZnSOD and its alterations in fALS-
linked mutants are thus involved in different hypotheses that
could account for the pathogenesis of CuZnSOD-linked fALS
or even sALS. Therefore, it is important to investigate how zinc
binds to CuZnSOD and how protein mutations can affect the
Zn(Il) affinity. Quantum chemical calculations at the density-
functional theory (DFT) level have been previously employed
in studies on the metal-binding site of CuZnSOD.”***" The
aim of the earlier studies was to understand the physiological,
catalytic role of CuZnSOD, rather than the pathological
characteristics of the ALS-linked mutants.

In this work, the molecular structure of the CuZnSOD
binding site is studied using quantum-chemical methods. Metal-
binding site models consisting of about 97 atoms have been
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Figure 2. Comparison between the crystallographic structure of the metal-binding site of WT-CuZnSOD (blue) and the calculated one (red). The
water molecules coordinated to the copper are shown in cyan and magenta for the experimental and calculated structures, respectively.

generated using experimental crystallographic data. The ALS-
linked mutation effects on the electronic structure of the metal-
binding site have been studied at the DFT level. The energy
and charge distribution have been investigated for the oxidized
protein models with the copper ion formally in Cu(II) form.
The mutation effects on the molecular structure of the metal-
binding site was investigated by comparing calculations on the
WT and the fALS-linked mutant variety of CuZnSOD H46R.
The H46R mutant lacks enzymatic activity and has a greatly
impaired metal binding.®> The crystal structure shows that the
mutant can be isolated with Zn(II) content.®* The H46R
mutant is convenient for quantum mechanical studies because
the aminoacidic substitution occurs in the metal site, thus
making it is feasible to capture the effects of the mutation in a
reduced model.

2. COMPUTATIONAL DETAILS

2.1. General Computational Methods. The BP86 density
functional®*** with the dispersion correction developed by Grimme
in the 2006 version®® and the RI approximation®® were used in most
calculations. For comparison, some calculations were also })erformed
using other density functionals such as BLYP,***” Pw91,*® TPSS,*
mPWIPW,* and B3LYP.*”*™® For the calculations employing
hybrid functionals, the COSX approximation was used.** Grimme’s
dispersion correction was used for those functionals for which it was
available,®® and its use is indicated by appending “-D” to the acronym
of the density functional. The calculations were performed with the
def2-SVP and def2-TZVPP basis sets.*’ All calculations were
performed with the ORCA***’ program package using COSMO***’
to model the environmental effects. A dielectric constant of 4 was
used.*® The NBO set of tools and the NBO-based fopBO bond order
indicator were also employed.***

2.2. Reduced Models. The systems were built based on the
crystallo§raphic structure for the WT CuZnSOD with a resolution of
1.65 A'® A crystallographic structure for the H46R mutant form has
been reported,®” but we chose to use the wild-type structure also for
the mutants and add the mutation with a molecular editor. The aim of
this procedure was to investigate how the aminoacidic substitution
affects the native WT structure.

The reduced models were constructed by considering only the
metal ions and the aminoacidic residues directly bonded to them. The
secondary bridge, which is not a direct ligand of any of the metals but
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has been shown to be important for the zinc site integrity, was also
included.® The side chain of all residues were cut at the bond between
the o and f carbons. The a carbons were replaced by hydrogens.

Three reduced models were built based on the crystallographic
structure for the H46R mutant variety of CuZnSOD.>* They included
all residues bound to the metals in the WT structure, except for
residue H71. The D124 and D123 residues were also included in the
models. All residues except D124 and D125 were considered up to the
P-carbon. Part of the backbone of the D124 residue and the complete
D125 residue were included. The C,—N bond of D124 was cut and
the nitrogen atom was replaced with an hydrogen. The entire residue
L126 was replaced with an amine group.

2.3. Basis Sets. Because of the large size of the systems (90 atoms
for the smallest models), we used combinations of Karlsruhe of basis
sets. The employed basis sets are denoted I to IV.

I. Consists of def2-TZVPP for the metal atoms and def2-SVP for
the rest. It was used for geometry optimizations.

Consists of def2-TZVPP for metal atoms and all the atoms
directly involved in the studied interactions (i.e., metal—ligand
interactions and the two hydrogen bonds in the systems) and
def2-SVP for all other atoms. It was used in the NBO-related
analyses.

Consists of def2-TZVPP for all atoms except carbons, for which
def2-SVP was used. Basis set III was used in single-point energy
calculations.

Consists of def2-TZVPP for all atoms and was used to check
the basis-set convergence.

2.4. Geometry Optimizations. The molecular structure
optimizations were carried out with the basis set I. For the models
based on the WT-crystallographic structure, the position of the f-
carbon of each residue was kept fixed in the crystallographic position,
in order to mimic the spatial restraints imposed to the metal site by the
protein.

For the models based on the H46R mutant crystallographic
structure, the position of the f-carbons were also fixed, except for the
D124 and D125 residues. For D124, the position of the a-carbon was
kept fixed during the optimizations. For D125, the position of the
nitrogen atom of the amine replacing L126 was kept fixed.

IL

1L

Iv.

3. RESULTS AND DISCUSSION

3.1. Geometries. The molecular structures for the oxidized
models of the metal-binding sites of CuZnSOD were optimized
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at the BP86 level using the basis sets I. The initial structure was
based on the crystallographic structure determined by 1CBJ."°
The optimized structure for the model corresponding to the
WT protein remained very similar to the crystallographic
structure, utilized as a reference (Figure 2). The root-mean
square deviation (rmsd) between the two structures was 0.37 A.
The structural features of the crystallographic site'™* are
conserved in the optimized geometry, suggesting that the
optimized structures are appropriate for the subsequent
analyses of the energetics and the electronic structure of the
metal-binding site.

3.2. Energetics Analyses. From the structural data for the
mutant H46R,>? it is reasonable to assume that the loss of the
residue H71 from the zinc coordination sphere is related to the
loss of the metal itself from the site, probably as a first step to
the zinc loss. In the crystallographic structure, the loss of the
H71 ligand from the zinc site causes considerable structural
changes in the metal center. In the absence of H71, the zinc
atom is exposed to solvent and the zinc loop lacks a stable
structure.>” Thus, the aim of the present study is to understand
the reasons for the loss of H71 from zinc-binding site of the
mutant. In this section, we study the effect of the H46R
mutation of CuZnSOD on the energetics of the H71
dissociation.

To validate our computational approach, we calculated the
binding energy difference (AAEbinding) for the residue H71
between the WT-metal site and the H46R mutant metal site.
The AAEj;,4ing Was obtained using the following procedure: the
total energy was calculated using the optimized geometry of the
WT metal-site model (E(WT)). The residue H71 was removed
from the model, and the structure was reoptimized. The
E(WT,Incomplete) energy was calculated for the optimized
incomplete model. A similar procedure was used for the mutant
models, yielding E(H46R) and E(H46R,Incomplete). Finally,
the AAE,; 4, was obtained as

AAE,, . . = (E(WT) — E(WT, Incomplete))
binding p

— (E(H46R) — E(H46R, Incomplete))
(1)

A negative AAEy;,g;,, value indicates that H71 has a larger
binding energy for the WT-model than for the mutant. Since
the copper binding is impaired in the H46R mutant,>* we have
determined AAE;,g;,, for models with and without copper.

Crystallographic data suggests that the binding of H71 to the
Zn(II) site of CuZnSOD is perturbed in the H46R mutant as
compared to the WT form. H71 is not observed at the metal
site of the mutant crystallographic structure, but seems to
appear in all the crystallographic structures of the wild-type
form.'>""** If our model correctly reproduces the energetics of
the zinc site of CuZnSOD, negative AAEy;, 4, values should be
obtained.

The AAEy;,gn, values given in Figure 3 are all negative, in
agreement with the experimental data. For the models without
copper, largely the same energies are obtained with all basis
sets. Energies calculated using basis sets II and III, which were
used for analyses, show good agreement with the reference set
IV. For the structures containing copper, the AAE,;, 4, value is
more sensitive to the size of the basis set. The calculations using
basis set IV did not converge for the models containing copper.

The AAEygn, values for the residue H71 obtained with
basis set III are —10.0 kcal/mol and —11.6 kcal/mol for the
systems with and without copper, respectively. The negative
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Figure 3. The AAEy;,gp,, (in keal/mol) for H71 obatined between
models for WT and H46R CuZnSOD, using different basis sets.
Results for systems with (blue triangles and dash line) and without
copper (red circles and solid line) are shown.

AAEynging Values indicate that the H71 interaction with Zn(II)
is stronger for the WT form than for the H46R mutant. The
AAEyging Values were also calculated with a variety of other
density functionals. Single-point energy calculations using the
BP86-optimized structures were performed employing GGA,
meta-GGA, and hybrid functionals. Previous studies have
shown that the GGA and hybrid functionals employed here
provide accurate descriptions of Zn—ligand interactions and
hydrogen bonds (an hydrogen bond is present between H71
and D124).37%7 The energies were calculated not only for
structures with and without copper, but also for hybrid models
in which the WT structure contains copper and the H46R
mutant structure does not. The reduced affinity of the H46R
mutant CuZnSOD for copper makes the hybrid models
biologically relevant.

The AAEy,gq,, Values obtained with different density
functionals are listed in Table 1. All the energies are negative
and largely independent of the employed functional.

Table 1. The Obtained Difference in the Interaction Energy
for H71 between WT and H46R Mutant Structures
(AAE,;ging in kcal/mol)®

density AAEg dgine(non-  AAE; 4. (Cu—non-

functional AAEbinding(Cu) Cu u

BP86-D —10.0 -11.6 -8.7
B3LYP-D —10.7 —10.1

PWI1 7.4 -13.9 -9.5
BLYP-D —10.2 —-11.5 -85
TPSS-D —7.6 —13.1 -8.5
mPWIPW -7.6

“The values obtained using different density functionals are given for
structures containing Cu(II), without Cu(II) and with only the WT
form containing Cu(II), respectively. The missing values correspond
to calculations that did not converge.

The reliability of the calculated AAE;q,, values was
assessed using an experimental control. As such control, we
performed similar calculations for the histidine 80 (HS80),
which is a zinc ligand in both WT and H46R mutant
crystallographic structures of CuZnSOD.'”'"** Since the
coordination of H80 is not affected by the H46R mutation,
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the AAEj;, 4, Vvalues for H80 are expected to be small if the
computational methodology produces accurate energies. For
the copper-containing models, the models without Cu, and for
the models for which only the WT-structure contained copper,
calculations using the BP86 density functional very small
AAEy;,ging values of 1 kcal/mol, —1.3 kcal/mol and —1.9 keal/
mol, respectively. The small magnitude of the AAEy;,g,, values
for the control residue H80 is consistent with the crystallo-
graphic information and suggests that the employed DFT
calculations are accurate for these systems.

The reorganization contribution to AAE,;,4;,, was assessed
using a similar computation procedure as used for calculating
AAEy;ging but without allowing the structures to relax after
removal of H71. Thus, the values do not include the
reorganization contribution. For the more biologically relevant
noncopper and mixed systems, the results in Table 2 show that

Table 2. The Differences in the Interaction Energy
(AAE,;,ging in kecal/mol) for H71 between the WT and
H46R Mutant Structures”

calculation/ AAEy; g AAE; 4in, (Cu—

system AAE;,4ing(Cu) (kcal/ mol% non-Cu)
nonopt —4.7 1.1 4.6
steric 29.0 453 106.2

“The energies include values obtained without optimizing the
structures after H71 removal (non-opt) and the energy contributions
due to steric effects (steric).

the AAEy;,ging values in Table 1 are due to reorganization of the
metal site after removal of the H71 residue and not due to
destabilization of the metal site in the H46R mutant.

In the H46R mutant, the histidine is replaced by an arginine,
which is larger. The mutation might therefore lead to an
increase in the energy due to steric effects, which can be
assessed using the NBO program.>” The steric contributions to
the AAEyg,, values were obtained using the optimized
structures and basis set II, which was the largest feasible one in
the NBO calculations. The values for the steric contributions,
listed in Table 2, are large and positive, suggesting that the
reduced affinity of H71 to the metal in the H46R mutant is not
due to steric effects.

The present calculations show that the binding energy of the
H71 residue is less favorable in the H46R mutant than in the
WT form, in agreement with the crystallographic information.
Our studies of the nature of the reduced interaction energy for
H71 in the H46R mutant suggest that the smaller interaction
energy is due to stabilization of the metal site of the mutant in
the absence of the H71 residue. The stabilization decreases the
energy for the removal of the histidine 71.

3.3. Density Matrices Analyses. The experimental data
that link the H46R mutation of CuZnSOD to the reduced
affinity of the metal site for the residue H71 have been
reproduced by using energy analyses. Although the results
suggest reasons for the reduced affinity, studies of the electronic
structure of the systems are needed for obtaining a detailed
description of the impairment of the interaction of the H46R
metal site with the H71 residue. The analyses of the density
matrices for the WT and mutant metal sites of CuZnSOD are
used to estimate the partial charges of the metal ions and of the
residues of the mutant and WT metal sites, as well as for
determining bond orders for selected interactions. The analyses
were performed with the NBO program and basis set IL
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Because of the poor results obtained in the energetic analysis
from the copper-containing systems, the density matrix analyses
have been restricted to the systems without copper.

3.3.1. Natural Population Analyses. A schematic represen-
tation of the metal site of the WT-CuZnSOD was given in
Figure 1. A scheme for our model of the metal site of the H46R
mutant is shown in Figure 4. The residues are grouped in the
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Figure 4. Schematic view of the spatial arrangement of the model for
the metal-binding site of the H46R variety of CuZnSOD without the
copper ion. Hydrogens, as well as histidine -carbons, are omitted for
simplicity.

following categories: The “Zn-site”, which comprises the Zn(II)
ion and its ligands, H63, H71, H80, D83 and the “Cu-site”
which comprises the exclusive Cu ligands in the copper-
containing protein H46 or R46, H48, H120 and the water
molecule were found ligated to copper in the crystallographic
structure of the protein.'

The natural charges or partial charges obtained with the
natural population analysis (NPA) procedure for the WT and
HA46R models are shown in Table 3. In the molecular structures

Table 3. Natural Charges for the Copper-Free Models of the
WT-CuZnSOD and its H46R Mutant

residue or fragment wild-type (e) H46R (e)
Zn(11) 161 161
D124 —0.77 —0.78
H63 0.01 0.02
H71 0.04 —0.08
H80 0.05 0.08
D83 —0.85 —0.84
H48 —0.02 0.06
H/R46 0.01 0.82
H120 0.06 0.02
H,O —0.04 0.07
Zn-site 0.80 0.98
Cu-site —-0.02 0.79

of the WT and mutant proteins, the residue D124 donates
—0.22¢, mostly to the Zn-site. The most direct way for this
charge transfer to occur is via the D124—H71 interaction. The
formally negative charge of D124 is delocalized, which is
expected to result in a stabilization of the aspartate residue.
The natural charges for the WT and H46R models without
the H71 residue are given in Table 4. In the WT models, the
removal of the H71 residue, which is the link between D124
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Table 4. Natural Charges for the Copper-Free Models of the
WT-CuZnSOD and Its H46R Mutant, without the H71
Residue

residue or fragment wild-type (e) H46R (e)
Zn(1I) 1.58 1.59
D124 —0.88 —0.78
H63 0.04 0.05
H80 0.09 0.09
D83 —0.80 —-0.79
H48 0.02 0.06
H/R46 —0.08 0.76
H120 0.06 0.01
H,0 —0.04 0.02
Zn site 0.92 0.94
Cu site —0.05 0.84

and the zinc center, eliminates the charge transfer from D124
to the zinc site. Since the Cu site cannot accept charge, the
negative natural charge in the D124 residue increases. In the
H46R mutant models, the charge transfer from D124 to the
Zn(II) center is also eliminated by the removal of H71, but the
R46 residue is able to accept charge from D124. Because of this,
the natural charge on the D124 residue is not altered by the
removal of H71.

3.3.2. FopBO Analyses. The bond orders for the D124—H71
and D124—H/R46 interactions were determined by using the
first-order perturbation theory bond order indicator (fopBO).
The figures showing the results for this analyses are available as
Supporting Information. In the complete model, the
interactions between D124—H71 and D124—H46 are practi-
cally equivalent. Upon removal of H71, the D124—H71
interaction obviously disappears, and the bond order for the
D124—H46 interaction increases. However, the increase in the
bond order does not compensate the loss of the D124—H71
interaction. The orbital interactions for D124 are thus
weakened due to the removal of H71.

In the mutant model, D124 forms two hydrogen bonds to
the R46 residue, when H71 is removed. The bond order of
these hydrogen bonds almost completely compensate for the
loss of the DI124—H71 interactions. Thus, when H71 is
removed, the D124 residue is less destabilized in the H46R
mutant than in the WT model.

The fopBO and NBO analyses show that, for the H46R
mutant, the two hydrogen bonds stabilize the reaction product
of the dissociation reaction of the H71 residue. These results
agree with the calculated energies and partial charges.

3.4. The Metal Site in the H46R-CuZnSOD Crystallo-
graphic Structure. In the crystallographic structures the
D124 residue is farther away from R46 in the mutant than from
HA46 in the WT structure. In the mutant structure, the structural
element containing the residue D124 appears in a distorted
state. The residue D124 is complete in the crystallographic
structure, but the structural element to which it belongs lacks
from residues L126—G141.>* It is difficult to conclude, only
from the structure, whether the increased distance between
residues D124 and R46 causes the damage to the structure of
the subsequence L126—G141 or whether it is the other way
around. To explore both alternatives, the molecular structures
of the reduced models for the metal-binding site of the H46R
mutant were optimized at the DFT level using the mutant
crystallographic structure as starting geometry.
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One of the optimized protein models contained the D125
residue, as well as the backbone of D124 and D12S. The other
optimized protein model contained the same residues, but the
lateral chain of the residue D125 was removed to assess its
importance. Considering the distorted structure of the mutant-
binding site, the solvent effects were treated with COSMO
using a dielectric constant of 20, which is intermediate between
the dielectric constant for water (80) and that of 4 for the
inside of a folded CuZnSOD.*® The D124—R46 distances
obtained in calculations are compared to crystallographic data
in Table S.

Table 5. Distances (in A) for the O—N, and O-N,
Interactions between D124 and R46 in the Crystallographic
Structure for the H46R Mutant of CuZnSOD>* (Crystal), for
a BP86-Optimized Model (DFT), and for a BP86-Optimized
Model without the Lateral Chain of the D125 Residue
(DFT-D125)

structure oxygen £-nitrogen (A) 7-nitrogen (A)
crystal 0, 39 32
crystal 0, 5.8 44
DFT-D125 (o 2.7 3.4
DFT-D125 0, 4.9 4.9
DFT (ON 3.8 3.0
DFT 0, 2.8 3.5

The distances are generally shorter in the optimized
structures than in the crystallographic one. In the presence of
the D125 lateral chain, the D124—R46 distances are
comparable with the D124—H46(N,,) ones in the crystallo-
graphic structures for the WT protein.'"'® The similar
distances suggest that the interaction between the two residues
in H46R CuZnSOD is not less favorable than the one between
D124 and H46 in the WT protein. Thus, the weakening of the
D124—R46 interaction in the mutant crystallographic structure
appears to be due to the damaged secondary structure of the
sequence between the residues L126 and G141. The damage
could be produced by the detachment of H71 from the metal
site, since the structural element containing H71 and the one
containing the L126—G141 subsequence can be seen to be in
spatial contact.'>'"

Table S shows that the D124—R46 distances are longer for
the structures without the lateral chain of the residue D125,
suggesting that one role for this residue is to keep the structural
integrity of the zinc site. The negative charge of the D125
residue might also destabilize D124, rendering the removal of
H71 from the Zn(II) site less favorable. This suggestion for the
role of D125 is in agreement with experimental results showing
that mutations of D125 lead to an impaired binding of zinc and
copper ions.”

4. CONCLUSIONS

The results obtained in the present work suggest that the
reduction in the affinity of the residue H71 in the H46R mutant
of CuZnSOD is due to the stabilization of the D124 residue by
R46 when H71 is absent. The importance of the D124 residue
on the structural integrity of the zinc site is known from
mutation experiments that show that the damage appears in the
zinc site of the D124N and D124V mutants.® The exact role of
the residue D124 in the zinc site stability was, though,
unelucidated. The present results suggest that the role of D124
is to increase the metal site affinity for H71 by destabilizing the
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fragment that results from the dissociation of H71. In a recent
study, Molnar et al. (2009)°® found that a common
characteristic of all the 15 ALS-linked CuZnSOD mutants
they investigated is an increased mobility in the electrostatic
loop of the protein, which is the structural element containing
D124 and D125. Although the increased mobility was not
proven to affect D124 or D125 in all cases, it is reasonable to
assume that the arrangement of both residues have to be altered
if the structural integrity of the rest of the loop is compromised.
Thus, alterations in D124 and D125 like the ones described in
this work most likely are common to all ALS-linked CuZnSOD
mutations. Our results indicate that perturbations in the D124
residue and probably also in D125 can compromise the
integrity of the zinc site. The zinc release from CuZnSOD can
cause the effects commonly associated with fALS, including
CuZnSOD aggregation. There is evidence suggesting that
alterations of zinc homeostasis might be one of, or even the
main reason for, CuZnSOD-related fALS syndrome, at least for
some of the mutants.”®** A previous literature review pointed
out that a Zn(II)-homeostasis alteration might lead to all the
pathological features commonly associated with ALS.”
Although the D124-Zn hypothesis must be assessed using
other methodologies and by studying other fALS-linked
CuZnSOD mutants, the present study gives useful indications
for understanding the pathogenic process of CuZnSOD-related
fALS and possibly also of ALS in general.
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Figure 1: Bond orders for the D124—H71 and D124—H46
interactions for the reduced model of the copper-free metal site
of WT-CuZnSOD. Figure 2: Bond orders for the D124—H46
interaction for the reduced model of the copper-free metal site
of WT-CuZnSOD, without the H71 residue. Figure 3: Bond
orders for the D124—H71 and D124—R46 interactions for the
reduced model of the copper-free metal site of H46R-
CuZnSOD. Bond orders for the D124—R46 interaction for
the reduced model of the copper-free metal site of the H46R
mutant CuZnSOD, without the H71 residue. This material is
available free of charge via the Internet at http://pubs.acs.org.
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