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Prediction of enzyme-inhibitor interactions in Avicennia marina Cu-Zn
superoxide dismutase: implications of functionally significant residues in the
metal binding sites
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Abstract: 3D homology model of Cu-Zn superoxide dismutase from Avicennia marina (AMSOD) was constructed using the structural
coordinates of Spinach SOD (SSOD). Structural features of the model were outlined and correlated with respective functional aspects.
Despite the similar overall fold, the homology model of AMSOD showed some distinct structural changes as compared to the template,
SSOD. AMSOD was also modeled with specific inhibitors; azide, phosphate, thiocyanide and nitrite. Despite sequence variations, the
inhibitor-enzyme interactions were quite similar. We also report some changes in the structure of AMSOD after mutation (P108D and

H109Y) at the crucial sites.
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INTRODUCTION

Plants in the environment are exposed to a range
of abiotic stresses like osmotic, salinity, temperature
and heavy metal toxicity which affect their growth
and other physiological processes’. The metallo-
enzyme, superoxide dismutase (SOD) plays a vital
role in protecting aerobic organisms against
oxidative damage and catalyzes the dismutation of
superoxide radicals to H,O, and molecular oxygen.
These reactions are catalyzed by superoxide
dismutases (SODs) that are divided into four groups
according to their metal cofactor requirements.
These are copper/zinc (Cu, Zn-SOD), manganese
(MnSOD), iron (FeSOD) and NiSODs which are
located in different compartments of the cell.
NiSODs are present in prokaryotes®. In plants, under
abiotic stress or even under optimal conditions, free
radical reactions take place where active oxygen
species (AOS) like superoxide, hydroxyl, alkoxyl
radicals and hydrogen peroxide are produced as
metabolic  by-products in different subcellular
compartments®>. Cu, Zn-SOD is the most abundant
enzyme and has been localized in the cytosol,
peroxisome, chloroplast, and apoplast*>. The
enzymatic mechanism proposed for Cu, Zn-SOD is
the reduction of oxidized Cu(ll) form of the enzyme
by superoxide releasing dioxygen, alternating with
oxidation of the reduced Cu(l) form by another
superoxide anion and two protons, generating
hydrogen peroxide®.

Mangroves are salt tolerant plants and show
increased SOD activities when transferred from fresh
water to high salinity’. Residue His63 and the Cu ion
are essential for the dismutase reaction, while Zn
appears to be essential for the dissociation of the
hydrogen peroxide formed and for the pH stability of
the reaction. The crystalloghraphic  structure of

Cu,Zn-SODs from human, spinach, yeast and E.coli
have a flattened antiparallel p-barrel, composed of
eight strands arranged in the Greek-key topological
order. Thermochemical stability of SOD might be
attributed to this eight-stranded pB-barrel motif.
Other factors include hydrophobic interactions
(associated with dimerization that contributes to
stability through the reduction of its mobility),
coordinate covalent bonds, and an intra-subunit
disulfide bond between highly conserved pair of
cysteines®. It has been demonstrated that binding of
small anions (azide, thiocyanate) at the catalytic site
competitively inhibit the enzyme. This provides
insight about the binding of superoxide anion to the
copper ion at the catalytic site of Cu, Zn-SODs’.

In the present study we constructed the 3D
homology model of Avicennia marina superoxide
dismutase (AMSOD) bound with Cu and Zn ions
present at the catalytic site. AMSOD was also
modeled with specific inhibitors, azide, phosphate,
thiocyanide and nitrite. The structural information
obtained from the model was compared with those of
the reported crystal structures. We have also done
some mutational studies at the crucial sites in the
structure and predicted the changes that follow.

MATERIALS AND METHODS

Sequence analysis

Primary amino acid sequence of AMSOD was
retrieved from the SWISSPORT data bank'®. The
sequence was submitted to the BLAST server that
searched for the appropriate template using Gapped
BLAST and PSI-BLAST algorithms* against the
sequences in the protein data bank, PDB'. The
highest sequence homology was found to be 70%
with spinach Cu,Zn-SOD (Pdb id: 1srd)*.



Model building

The three-dimensional homology model of
AMSOD with Cu and Zn ions was built using the
structural coordinates of spinach Cu,Zn-SOD (Pdb
id: 1srd) ** by the protein structure modeling
program MODELLER9v3*". Separate homology
models of AMSOD with azide, thiocyanide, nitrate
and phosphate were built using the structural
coordinates of bovine superoxide dismutase bound
with azide (pdb id: 1sxz-B), bovine superoxide
dismutase bound with thiocyanide (pdb id: 1sxs-B) °,
bovine  superoxide dismutase bound  with
peroxynitrite (pdb id: 1sda-G)*® and yeast superoxide
dismutase exposed to nitric oxide and phosphate
(pdb id: 1f1g)'®* by MODELLER 9v3. The three
dimensional (3D) coordinates of the templates were
retrieved from PDB'. Protein structures were
visualized and analyzed with SPDV viewer 3.7 and
DS viewer®.
Model assessment

Assessment of the predicted homology models
was based on the analyses of geometry,
stereochemistry and energy distributions in the
model. The consistency of the predicted homology
models were assessed using the ENERGY command
of the MODELLER. Assessment was further
conducted by programs PROCHECK?® and ProSa*"
22 The variability among the models was compared
by the superpositions of the Ca. traces and backbones
of the models onto the templates from where the
RMSD values for positional differences between the
equivalent atoms could be determined. Hydrogen-
bonding, molecular surface accessibility, protein-
cofactor contacts and ion pairs were calculated by
the program WHATIF?,
Mutation prediction

Mutation prediction was carried out in the
predicted 3D homology model of AMSOD by using
SPDV viewer (3.7). Pro108 to Asp and His109 to
Tyr mutations were performed in the homology
model of nitrite bound AMSOD.

RESULTS AND DISCUSSION

Unbound AMSOD model

The homology model of unbound Cu, Zn-
superoxide dismutase from Avicennia marina
(AMSOD) was built using the 3D structural
coordinates of spinach superoxide dismutase (Pdb id:
1srd) as the template. AMSOD closely resembles the
structure of 1srd (Table 1). The position of the
functionally important residues in the structure is
retained in the model when compared with the other
Cu, Zn SODs and the overall packing of the flattened
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Greek-key nine-stranded beta-barrel is maintained
(Figure 1). The ProSA energy plot shows the local
model quality by plotting energies as a function of
amino acid sequence position. In case of the
homology models of AMSOD, ProSA analysis
revealed Z-scores which lie in the low energy
conformation states.

Figure 1: (a) The 3D Homology Model A. marina superoxide
dismutase showing the secondary structural features showing the
Cu and Zn ions (b) Superposition of superoxide dismutase from A.
marina (grey) and Spinach peroxidase (blue).

Table 1: Details of the homology models of Avicennia marina
superoxide dismutase

Procheck r.m.s.d.
Models Templates statistics (K)
95.6% residues
Spinach fall in the most
U&boodir;d cu,zn-SOD favored region 0.32A
(1srd) 4.4% in the
allowed regions
. . 91% residues
Azide Bovine .
Bound cu,zn- SOD ffall n thoe most 0.32A
Model (1sx2) avored 9% in the
allowed region
) ) Bovine 93.0‘_’/0 residues
Thiocyanide cu.zn- SOD fall in the most
Bound Y(lsxs) favored region 0.33A
Model 7.0% in the
allowed region
90.4% residues
Nitrite Bovine fall in the most
Bound cu,zn- SOD favored region 0.28A
Model (1sda) 9.6% in the
allowed region
92.1.0% residues
Phosphate Yeast fall in the most
Bound cu,zn -SOD favored region 0.38A
Model (1fig) 7.9% residues in the
allowed region

Active site geometry

The metal-binding site of Cu, Zn-SOD is highly
conserved. The active site is situated at the base of a
superficial channel formed by two loops extending
from the B-barrel. The Cu is coordinated with
nitrogen provided by side chains of histidines at
positions, 45, 47, 62 and 119 and exhibits a
compressed tetrahedral geometry. The interaction
between these active site residues in the form of




Jabeen et al.

hydrogen bonds and salt bridges is outlined in Table
2. The interaction is largely conserved with a few
alterations due to changes in the sequence or
orientation of the amino acids. Multiple sequence
alignment by CLUSTAL X shows that residues
Gly43, Gly60, Pro65, Gly81, Gly137 and Gly140 are
conserved in Cu, Zn-SODs and are responsible for
the maintenance of the active-site geometry. It has
been demonstrated that these residues are involved in
maintaining the structure of the active site of Cu, Zn-
SOD*. Cu which attracts the superoxide anion is
positioned closely from Arg143 in spinach and yeast
SOD® *, Similar observation was noted in AMSOD.
It has been demonstrated that Argl43 attracts
negatively charged species to the Cu active site
channel and with Thr137, sterically excludes large
nonsubstrate anions®®. Small anion inhibitors such as
cyanide, azide, and fluoride bind directly to the
copper ion, however they come into the active site
cavity and competitively inhibit the enzyme?.

Table 2: Interaction in the form of salt bridges and hydrogen

bonds between amino acid residues involved in coordination with
metal ions in A. marina superoxide dismutase (amsod)

Residues interacting Residues interacting
with Cu with Zn

His45 (NE2)-(0D2) Asp82(0D2)-(N)
Aspl123 Gly71
His45(0 and N)-(N and O) Asp82(0)-(NE)
Vall17 Arg78
His47 (ND1)-(0) His79(N)-(OD2)
Gly60 Asp82
His62(ND1)-(OD1) Asp123 (OD1)-(NE2)
Asp82 His70
His119(N)-(0) Asp123 (OD2)-(NE2)
Gly43 His70
His70(N)-(O)
Lys134

Zinc is coordinated by ND1 side chain of His62,
70, 79 and OD1 of Asp82, with an approximate
tetrahedral geometry. These histidines located in the
loop region are conserved in all SODs and are
involved in a salt bridge formation that stabilizes the
protein (Figure 2).

Figure 2: Coordination of catalytic residues with zinc. Salt bridge
interactions of catalytic residues are also shown.

The interaction between these active site
residues in the form of hydrogen bonds and salt
bridges is outlined in Table 2. Crystallographic and
spectroscopic studies demonstrate that His63 which
is conserved in all Cu,Zn-SODs act as a bridging
ligand between Cu and Zn ions in the cupric form of
the enzyme® °*3. It is likely, therefore that His63
bridge is also found in AMSOD.

Electrostatic loop

In AMSOD, the residues predicted to be
involved in the electrostatic substrate guidance and
orientation are present in the coil region between 8
and 9 B-sheets as in case of other Cu,Zn-SODs”’.
These residues are positioned at 132-144 and are
involved in the guidance of the substrate and in
narrowing the channel used in substrate
discrimination®®. Leu132 and Thr135 are present at
the rim of the active site channel in AMSOD. Main
chain oxygen of Leul32 forms hydrogen-bonding
network linking residues at Thrl35, Thrl36, and
Gly137 (Figure 4a). Main chain nitrogen of Leul32
is hydrogen bonded to His130 while in case of
SSOD such type of interaction was not found. It is
assumed that Leul32 along with Thrl35 may
provide a possible route to SOD inhibitors or
molecules of drug-like proportions to competitively
fill this gap if having structurally specific potential.
In addition, Gly128 and Gly129 are also conserved
in SODs.

It has been demonstrated that when these
residues are substituted by Asn and Arg respectively,
they persuade changes in the conformation and
charge distribution of the electrostatic loop that may
have consequences for substrate encounter and local
topography of the entrance to the catalytic site”. In
our predicted mutated model of Gly128 — Asn and
Gly129—Arg, Leul32 is hydrogen bonded to
His130 and Asn128 is hydrogen bonded to His130
(Figure 4b). Accessibilities of Asn128 and Argl29
were also increased from 8 to 19A and from 20.9 to
67.6A respectively. Mutated Arg is more exposed to
the surface of the protein as compared to original
glycine residue. It is therefore likely that it will cause
a change in the charge density of the protein surface
and hence the interaction with other molecules might
be affected.

Azide-bound model

The homology model of azide bound AMSOD
(AMSODAZ) is structurally related to previously
determined BSOD (1sxz) with RMSD of 0.32A. The
copper is coordinated with His43, His45, His60,
His117 and azide with mean coordination distance of
2.63A (Fig. 4). In AMSOD, the distances between



the His60 (NE2)-Cu, His60 (ND1)-Zn and His60
(NE2)-azide are 2.93A, 268A, and 2.57A
respectively. It has been demonstrated that His60 is
present at an axial ligand position and easily
dissociate from copper ion upon azide binding®®. In
AMSOD, His60 forms strong ionic bond with the
azide anion as in case of BSOD. It is also observed
that copper and distal nitrogen atom of azide are
present near the guanidinium nitrogen of Arg140.

clul31 o

Y=l Glul3l

b)
Figure 3: The Electrostatic Loop in A. marina superoxide
dismutase (a) Hydrogen bonding network between residues Leu
132, Thr135, Thr136 and Gly137. Also shown are the distance
between Cu-Leul32 and Cu-Thr135. (b) Predicted mutated model
of Gly128 — Asn and Gly129 — Arg: No change was predicted
in the hydrogen bonding pattern. Also shown are the distance
between Cu-Asn128 and Cu-Arg129.

Thiocyanide-bound model

The 3D homology model of thiocyanate bound
AMSOD (AMSODSCN) resembles that of
previously determined structure of BSOD® (1sxs)
with an RMSD of 0.33A. At the active site, copper is
coordinated with His62, Hisl19 and nitrogen of
thiocyanide as shown in Fig. 3b. The distance
between His62 and thiocyanide (N) with copper is
same while that between His119 and thiocyanide (N)
with copper is 3.4A and 2.63A respectively.

It is therefore predicted that His62 is having the
same coordination to copper and nitrogen of
thiocyanide but His119 coordinate weakly with the
thiocyanide because of the shift of 0.05A upon
binding while coordination with copper and zinc
remains the same.

Enzyme-inhibitor interactions in Avicennia marina

Figure 4: Metal binding sites in A. marina models bound with
inhibitors: Coordination of Cu ion with catalytic histidines in
Azide bound model. His117 is an axial ligand that otherwise does
not interact with Cu in the model without the inhibitor.

Phosphate-bound model

The 3D homology model of phosphate bound
AMSOD (AMSODPO4) is structurally similar to
previously determined structure of YSOD with the
RMSD of 0.38A. It has been demonstrated that the
positively charged amino acid residues present near
the catalytic site are partially neutralized by
interactions with anion at high ionic strength and
play a significant role in the interaction of the protein
with superoxide. These residues are responsible for
the electrostatic guidance of superoxide to the active
site®. It has been demonstrated that increasing ionic
strength of phosphate causes decrease in the BSOD
activity as well as its coordination for anion
binding®™. X-ray crystallographic study of BSOD
showed that Arg-141, Lys120 and Lys-134 are found
in the surrounding area of the catalytic site at a
distance of 5, 12, and 13A, respectively, away from
the copper ion®. A similar prediction was made in
the mutant 3D homology model of AMSOD; In
Prol22 to Arg mutation, NE of Argl22 is
coordinated to phosphate (O3, and O4) at distances
of 3.30 and 2.77A, respectively, while NH2 is
coordinated with O3 of phosphate with a distance of
2.41A while no coordination was observed in case of
Pro (Figure 5a-b). In case of YSOD, NH1 and NH2
of Arg43 are coordinated with O4 and O3 of
phosphate with distances of 2.91 and 2.65A
respectively. Arg142 which is conserved in all SODs
plays a key role in catalysis by providing an electric
gradient to attract the negatively charged O2
substrate. Cu-Zn has more affinity to phosphate as
compared to azide or cyanide as reduced binding
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affinity of the later was demonstrated in BSOD*.
The coordination of catalytic residues with Cu and
Zn remained the same (Figure 5¢).
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Figure 5: Phosphate bound models of AMSOD: (a) Original
model with weak coordination between Pro122 and phosphate; (b)
Mutant Arg122 shows stronger coordination with phosphate; (c)
Conserved coordination between Cu and Zn ions with catalytic
histidines and aspartic acid.

Nitrite-bound model

The homology model of nitrite bound AMSOD
mutant (AMSODNO) is structurally related to
previously determined BSOD (1sda) with RMSD of
0.28A. However, significant changes were observed
in the coordinating site of metals in the catalytic site.
It was observed that the difference in RMSD of the
original model of AMSOD and that of the
AMSODNO mutant is at the level of 0.83A between
backbone atoms. Experiments have shown that
Cu,Zn-SOD enhances tyrosine nitration of 4-
hydroxyphenylacetic acid®. Therefore kinetics of
tyrosine nitration in the presence of Cu,Zn-SOD
studies have shown that Cu,Zn-SOD is a better
effector for the PN-mediated nitration due to its
ability to bind PN tighter and the PN-Cu,Zn-SOD
complex can nitrate the peptide with a faster rate®.
To determine the effect of nitration on the activity of
AMSOD, we modeled mutants in which Pro108 and

His109 were mutated to Asp and Tyr respectively
(Figure 6a). In the mutated model, OD2 of Asp108
coordinates with O1, N, and O2 atoms of nitrite with
distances of 2.32A, 2.64A, and 2.45A, respectively,
(Figure 6b). Phenolic hydroxyl group of Tyr109 is
coordinated with N and O2 with distances of 3.05A
and 3.7A respectively. In AMSOD, Asp82 is found
as axial ligand; the side chain atoms, OD1 and OD2
are coordinated with Zn with distances of 2.58A and
2.82A respectively upon nitration. The remaining
interaction of active site residues with copper and
zinc is relatively similar.

Aspl08 Nitrite
Prol08 5 }

LY}

Figure 6: Nitrite bound models of AMSOD: (a) Original (grey)
and mutant (brown) models of AMSOD are superposed with an
RMSD of 0.8A; (b) Aspl08 and Tyr109 are seen coordinating
with nitrite.

CONCLUSION

Plant cells have to survive constantly in the
presence of various reactive oxygen radicals. They
have evolved a complex series of enzymatic and
non-enzymatic antioxidant protective mechanisms. It
is well-established that the metallo-enzyme,
superoxide dismutase (SOD) plays a vital role in
protecting aerobic organisms against oxidative



damage and catalyze the dismutation of superoxide
radicals to H,O, and molecular oxygen. Mangroves
that are salt-tolerant plants are better protected from
oxidative damage under salt stress. The present study
illustrates the prediction of structural aspects of
superoxide dismutase from Mangrove specie, A.
marina. The structural features of AMSOD were
correlated with the functional aspects of the enzyme
and thus its relation in coping with oxidative
damage. The present study also attempts at the
prediction of three-dimensional structures of
AMSOD along with the specific inhibitors, azide,
phosphate, thiocyanide and nitrite. Despite sequence
variations, the inhibitor-enzyme interactions were
quite similar. However, a few structural changes
were predicted. The distances between copper and
azide showed weak coordination. The copper is
coordinated with His43, His45, His60, His117 and
azide with mean coordination distance of 2.63A. In
case of thiocyanide, His62 is having the same
coordination to copper and nitrogen of thiocyanide
but His119 coordinate weakly with the thiocyanide.
Mutations at crucial sites and a few structural
changes were observed emphasizing the role of these
residues in enzyme function.
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