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Abstract

The proclivity of permethrin and its metabolites to affect the structure and activity of Cu/Zn Superoxide
dismutase (SOD) has been investigated by using intrinsic fluorescence and 8-ANS fluorescence
techniques. In silico Molecular docking investigations were carried out in order to assess the way of

interaction at molecular level between SOD and the considered ligands. Results show that both,

permethrin and its metabolites are able to induce conformational variation on SOD. Permethrin and 3-

phenoxybenzyl alcohol metabolite induce a blue shift toward the hydrophobic aminoacids Leu-101, Ile-

102, Leu-104, Ile-110 and Ile-111, with a significant peak increase. An opposite effect was shown by 3-
phenoxy benzaldehyde and 3-phenoxybenzoic acid with a progressive reduction of tyrosine fluorescence
emission, without any shift. Computational findings confirm that all the molecules considered have more

than one allosteric binding site but none of them interact with SOD at its catalytic Cu/Zn cleft. Moreover,

all the found binding poses are very close in binding energy thus demonstrating that there is not only a

preferred interaction site but most of them are important due to their relative energy in equilibrium with a

population strictly connected to the ligand concentration. In the obtained complexes, all the ligands are
involved in many hydrogen bonds through their polar oxygen moieties but due to the presence of a
common aromatic hydrophobic core, many hydrophobic interaction are due to the SOD nature rich in

apolar aminoacids. Furthermore, for each ligand it can be pointed out the presence of a high populated

docked structure with a specific interaction of permethrin and its metabolites with Tyr108, responsible of

changes in fluorescence emission.

INTRODUCTION

Permethrin (PERM) was the first synthetic pyrethroid photostable
enough to be used as pesticide in agriculture, in health
applications to treat tropical scabies, and on mosquito net as
antimalarial strategy on tropical areas [1,2]. Generally PERM,
both in its two isomeric forms cis and trans, as well as the other
members of pyrethroid family, is considered the insecticide with
the lowest mammalian toxicity because mammals have high level
of enzymes that detoxify pyrethroids and their dermal layer, thus
the fast metabolism rapidly produces pyrethroid metabolites.
Permethrin metabolites, formed by enzymatic cleavage due to
oxidases in the cis isomer and to esterase in the trans one, are 3-
phenoxybenzyl alcohol (3-PBA), 3-phenoxy benzaldehyde (3-
PBALD) and 3-phenoxybenzoic acid (3-PBACID) (Figure 1) [3-
5]. After cleavage, both isomers are hydrolysed by an esterase
and finally oxidized [6]. Following oral intake of permethrin, the

largest part of the urinary metabolites (93%) is excreted within 24

hours as glucurono-conjugated [7].
4s Some studies indicated that hydrolysed products of permethrin
are more cytotoxic than the parent compound, pointing out
carcinogenic effects and interactions with steroid hormone
system [8-12]. A noticeable pro-oxidant activity on several cells
(erythrocytes lymphocyte, neurons, etc.) and on various cellular
targets (DNA, protein and lipids) has been reported following
PERM treatment [13-21]. Particularly, a significant impairment
of enzymatic antioxidant system (i.e. superoxide dismutase,
catalase and glutathione peroxidase activities) resulted in animal
model exposed to PERM [11-16,18,20].
In particular, Superoxide dismutases are metalloenzymes that can
be classified depending to the metal selectivity (Cu-Zn, Fe, Ni,
Mn-SOD). They are present in both prokaryotic and eukaryotic
species and catalyze the formation of oxygen and hydrogen
peroxide from superoxide through a one-electron redox cycle
60 [22,23]. Metal ions act as an intermediary for electronic transfer
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between two superoxide anions. At first, the enzyme is reduced
by O,’, then it acts as reducing factor by transferring the electron
received just before to another O, and being ready for another
cycle. The importance of SOD on cellular protection against
aging and cancer has been demonstrated [24], as well as age-
related diseases as cataracts, neurodegenerative diseases and
atherosclerosis, are strictly related with low levels of SOD [20,
21]. Besides, Muller et al. verified that longevity of knock out
mouse is directly related with the activity of Mn-SOD and Cu-
Zn-SOD, while the inactivation of other antioxidant enzymes as
catalase and glutathione peroxidase did not affect their life span
[26].

Taking into account that the overall conformation influences
protein function, the aim of this study is to investigate the
interaction between the Cu/ZnSOD and PERM or its metabolites,
the 3-phenoxybenzyl alcohol (3-PBA), the 3-phenoxy
benzaldehyde (3-PBALD), and the 3-phenoxybenzoic acid (3-
PBACID) (Figure 1) using intrinsic and 8-ANS fluorescence.
Moreover the capability of PERM and its metabolites to affect the
SOD enzyme activity was measured.

Finally, a computational investigation by using molecular
docking protocols, was carried out in order to assess the
molecular basis of interaction between SOD and permethrin or its
metabolites.

Permethrin (PERM)
Log P: 3.32, pKa: --

AL

3-Phenoxy benzaldehyde
(3-PBALD)
Log. P: 3.32, pKa: --

o L

3-Phenoxybenzyl
alcohol (3-PBA),
Log P: 3.00, pKa: 15-16

o L

3-Phenoxybenzoic acid
(3-PBACID)
Log P: 3.13, pKa: 3.8

Figure 1. Chemical structure, lipophilicity (Log P) and acid dissociation
constant (pKa) values of permethrin (PERM) and its main metabolites.

Materials and methods
Materials

All reagents were of pure and analytical grade. 3-PBA, 3-
PBALD, 3-PBACID and 8-anilino-1-naphthalene sulfonic acid
(8-ANS) and Horse heart cytochrome-c (type IV) were purchased
from Sigma Chemical Co. Technical grade (75: 25, trans: cis;
94%  purity)  3-phenoxybenzyl-(1R,S)-cis,  trans-3-(2,2-
dichlorovinyl)-2,2-dimethylcyclopropanecarboxyl-ate ~ (PERM)
(NRDC 143) was generously donated by Dr. A. Stefanini of
ACTIVA, Milan, Italy.

Lipophilicity value calculations
PERM, 3-PBA, 3-PBALD and 3-PBACID lipophilicity,
expressed as Log P, were calculated by using CambridgeSoft
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ChemDraw Suite 2010.

Cu/Zn —SOD purification

Cu,Zn-SOD was isolated from bovine erythrocytes using a slight
modification of the method proposed by Mc-Cord and Fridovich
[27] Whole blood was collected in 3.8% tri-sodium citrate. The
red cells were separated by centrifugation at 3000 rpm and
suspended in equal volume of ice cold distilled water containing
0.1% Triton X-100 and stirred overnight in cold room. The lysed
cells were mixed in the cold room with 1/2 vol. chilled
chloroform/ethanol mixture (1:3) and stirred for at least 15 min.
The precipitate was removed by centrifugation at 2500 rpm. The
supernatant was collected and 50 ml/l of saturated lead acetate
(450 g/1) was added. The precipitate was removed by
centrifugation at 9000 rpm and homogenized with about 1.5 I of
0.33M KH,PO,, pH 6. The supernatant was dialyzed against 5
mM Tris-HCl buffer, pH 9, and then applied to a QAE-Sephadex
A-50 column equilibrated with the same buffer. Elution of Cu/Zn
SOD was performed with a linear pH gradient between 5 mM
Tris-HCI buffer, pH 9 and 20 mM sodium cacodylate/HCI, pH 5.
A single peak of a bluish-green protein was collected,
concentrated and applied to a Sephadex G-75 column equilibrated
with 0.1 M potassium phosphate buffer pH 7.4; Cu/Zn SOD was
eluted with the same buffer and separated from minor
contaminating proteins. The preparation showed a single band in
sodium dodecylsulphate-polyacrylamide gel electrophoresis.
Cu,Zn SOD activity was measured according to the method of
McCord and Fridovich [27] Polyacrylamide gel electrophoresis
and activity staining of gels were carried out as previously
described [28]. Protein concentration was measured by the
method of Lowry et al. [29]. Prussian Blue was precipitated
following the procedure previously described [30]. In this case, a
weighted amount of protein, wetted with 40 ul of supporting
electrolyte, was deposited directly on the surface of the electrode.
Horse heart cytochrome-c (type IV) was used without further
purification as reference.

Steady-state fluorescence measurements

Preliminary steady-state fluorescence emission spectra of PERM
and its metabolites in 10 mM Tris pH 7.4 were performed in
order to exclude any fluorescence in the range studied due to
pesticides. Spectra were corrected for scattering by subtracting
the baseline of proper buffer solution containing the substances
under study (without SOD).

PERM, 3-PBA, 3-PBALD and 3-PBACID were dissolved in
DMSO. A solution of 0.33 mg/ml SOD was incubated for 180
min at 37°C in 1 ml of 10 mM Tris pH 7.4 in the presence of
dimethylsulfoxide (10 pI DMSO) (control) or PERM or its
metabolites (10 pl) at the final concentration of 10, 30, 50 or 70
uM. Data were presented as percentage (%) of the maximum
absorbance peak (A) of the sample containing the compound with
respect to its control.

Measurements of intrinsic SOD steady-state fluorescence were
performed using a spectrofluorometer Hitachi 4500, at an
excitation wavelength of 277 nm. Emission spectra were recorded
from 290 to 370 nm every 30 min until 180 min of incubation.

In experiments with 8-ANS (1uM final concentration) the
excitation wavelength was 277 nm and the emission was recorded
from 370 to 510 nm [31] every 30 min until 180 min of
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incubation.

Cu/Zn-SOD activity

Samples incubated with PERM or its metabolites, as previously
described for fluorescence study, were used to evaluate the SOD
activity. The enzyme activity was measured
spectrophotometrically according to Misra and Fridovich [32].
Reaction mixture contained 0.05M carbonate buffer, 0.1M
EDTA, pH 10.2, 0.05M adrenaline and samples . The enzyme
activity was measured following the inhibition of the reaction of
adrenaline to adrenochrome by SOD at 480 nm. One unit of SOD
was defined as the amount of enzyme required for 50% inhibition
of the adrenaline—adrenochrome reaction. Results are expressed
as the capacity of SOD to inhibit the oxidation of adrenaline to
adenochrome. The % SOD inhibition was obtained as follows:
%SO0D Inhibition= 100- (AODg/ AODp)

where AODg and AODy, are the variation of sample and blank
absorbance in 1 min, respectively.

Computational Methods

Setting of the PDB structure of the ligands and of the Cu/Zn SOD
enzyme

The 3D structure of Cu/Zn SOD enzyme used in this study was
downloaded from RCSB Protein Data Bank and shown in Figure
2 [http://www.rcsb.org/pdb/home/home.do; pdb code 2SOD].
Before proceeding with further studies it has been minimized
following the computational procedure described in next section.
Then the ligands were built in and optimized using Macromodel
V9.1 program suite [33] using AMBER force field [34] and
Conjugate Gradient (PRCG) algorithm [35], till we get
convergence threshold to 0.05 A. The molecular systems’ charges
were previously calculated using AM1 hamiltonian [36-37]. Then
the starting ligand-receptor complexes to be used in further
docking simulations, were constructed positioning [38].
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Molecular docking protocol

AutoDock is an automatic docking software tool, designed to
predict how small molecules, such as substrates, bind to a
receptor of known 3D structures. A graphical user interface called
Auto Dock Tools (ADT) together with Autorogrid4 and
Autodock 4 were utilized to generate grids, calculate the dock
score and evaluate the conformers [39-40]. Thus, starting from
refined protein structure (as described in previous section), a
comparative protein-ligand docking analysis was performed for
ligands PERM and its metabolites,

Thus, the chosen set of ligands were docked into minimized SOD
with AutoDock Suite 4.2 [38]. At first, in order to assess the
correct position of the ligand own binding pocket and to assess
the presence of allosteric binding sites, we performed a full
flexible Blind Docking centred on the target macromolecule. Its
graphical front-end, AUTODOCKTOOLS [38], was used to add
polar hydrogen atoms and partial charges for proteins, ligand
charges were obtained at AM1 level and added manually. Atomic
solvation parameters and fragmental volumes for the proteins
were assigned using the ADDSOL tool (included in the program
package). Flexible torsions in the ligands were assigned with the
AUTOTORS module and all dihedral angles were allowed to
rotate freely. In general, these were all acyclic, non- terminal
single bonds (excluding amide bonds) in a given ligand molecule.
Affinity grid fields were generated using the auxiliary program
AUTOGRID.

The docking process was performed in two steps. In the first, the
docking procedure was applied to the whole protein target,
without imposing the binding site (Blind Docking) [41-42] .

In this step, the grid field was formed by a grid box of (126 X 126
X 126) A’ which includes the entire macromolecule, with
spacing of 0,375A cent modified modifiedred at the middle of the
protein.

This journal is © The Royal Society of Chemistry [year]
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Tyr-108

Figure 2: High pressure (0.57 Gpa) crystal structure of bovine copper, zinc superoxide dismutase at 2.0 Angstroms (pdb code 2S0D) [4] in its dimeric
form; Tyr-108 side chain is shown in tubes light brown, Cu and Zn ions are reported in sphere, brown and violet respectively. a-helix are shown in
orange, Bi-sheet in blue,B; in light blue, B3 in cyan, B4 in light green, Bs in dark green, B¢ in purple, B; in yellow and Bg in red.

5

The powerful genetic algorithm method implemented in the
program Auto Dock 4.2 was employed [40].
Particularly, the genetic algorithm-local search (GA-LS) hybrid
was used to perform an automated molecular docking. Default
10 parameters were used, except for the number of generations,
energy evaluations, and docking runs, which were set to 200,
25000000, 150 respectively.
In the second step (Refined Focused Docking), after cluster
analysis we started from the representative structure of each
15 corresponding low energy cluster to go further with a focused
docking to better positioning the ligand into its binding pocket
using a Lamarckian genetic algorithm GA [41] with a flexible
ligand and a rigid receptor, a population size of 300, 10,000,000
evaluations, and a maximum of 27,000 generations for 100 GA
20 runs. This time, the grid field was a (44 X 44 X 44) A? cube with
grid points separated by 0.34 A centred on the best scored
conformation obtained in the first step. Lennard Jones parameters
12 10 and 12_6 (supplied with the program package) were used
for modelling H-bonds and van der Waals interactions,
25 respectively.
The resulting docked conformations were clustered into families

of similar binding modes, with a root mean square deviation
(RMSD) clustering tolerance of both 0.5 and 2 A. In all cases the
lowest docking-energy conformations were included in the
largest cluster found (which usually contains 80-100% of total
conformations).  Otherwise, the lowest docking-energy
conformations were considered as the most stable orientations.
The docking energy represents the sum of the intermolecular
energy and the internal energy of the ligand while the free-
binding energy is the sum of the intermolecular energy and the
torsional free energy [43]. The VMD program was used for
graphical interpretation and representation of results. [44]. The
ligand-receptor binding interactions at the orthosteric binding
sites were analyzed with CHIMERA software [45].

The docked complexes binding energies were calculated by an
empirical free energy force field with a Lamarckian genetic
algorithm (LGA), which provides a fast prediction of
conformation and free energy. In addition, the force field of
AutoDock has been calibrated by using a database containing 188
various protein—ligand complexes and has exhibited a low
standard error in estimating the experimental binding free energy
which became lower if AM1 instead of Gasteiger-Marsili charges

This journal is © The Royal Society of Chemistry [year]
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are used [GM]. The representative structure of each low energy
cluster has been further minimized and stabilized by using full
atoms micro molecular dynamics simulations (1ns) in order to
better refine the obtained docked complexes [33-35].

s These calculated free binding energies can be related to the K;
through the known thermodynamic law AG = -RTInK;

Statistical analysis

All experiments are repeated at least three times and data are
10 expressed as mean + SD.

Data of Table 1 and Figure 4 are from one representative set of

tracings from at least three experiments.

The statistical analysis was performed using StatSoft Statistica

8.0 software by applying 1-way ANOVA followed by the
15 Student-Newman-Keuls test. A P value < 0.05 was considered

statistically significant.

Results

Steady state fluorescence of SOD’ tyrosines

Figure 3 (A-D) shows the changes of fluorescence emission peak
20 of SOD samples incubated with PERM and its metabolites versus

their control. The presence of 10uM PERM decreases the peak

W30 M 050 uMm B 70 pM

[ Oiopm

~100

A max vs Control (%)

0 30 60 % 120 150 180
min
C
[ O1oum W30 M 050 uM 70 yM

< 80

A max vs Control (¥

intensity, while an increase in the emission maxima is measured
in presence of 30, 50 and 70 uM PERM (P<0.05) (Figure 3A). A
dose dependent blue shift from about 312 to 303 nm is measured
25 as shown in Table 1. The change towards lower wavelengths
means that PERM induces a conformational change of SOD and
that tyrosine residues move near hydrophobic domains. Moreover
the decrease of peak intensity at low PERM concentration, could
be related to proton transfer from Tyr to near carbonyl or amino
30 groups before the folding process observed at higher
concentrations of PERM accordingly with the increase of the
peak values. This outcome remains unchanged for all incubation
times (data not shown). Figure 3B shows the fluorescence
emission spectra of SOD in the presence of 3-PBA. This
35 metabolite increases significantly in a dose dependent manner
from 10 uM to 50 pM the peak emission spectra (P<0.05). There
is a significant progressive blue shift from 317 nm to 300 nm
(Table 1). When samples were incubated for 180 min a similar
behaviour was observed for the peak values (data not shown).
40 These data are associated with the shift towards more apolar
environment and to the folding of the protein due to 3-PBA.

[ oo W30 M 0050 yM B70 uM

0 30 60 90 120 150 180
min

W30 M 050 uM 70 pM

A max vs Control (%)

0 30 60 90 120 150 180
min

Figure

45 3. Fluorescence emission spectra of SOD in the presence of 10, 30, 50 e 70 uM PERM (A), 3-PBA(B), 3-PBALD (C) and 3-PBACID (D) measured at 37°C,
and the changes of fluorescent emission peak of the SOD samples incubated at 37°C with 10, 30, 50 e 70 uM of PERM admits metabolites vs control

measured each 30 min for 3 h. P<0.05 *vs other concentrations.

50

The presence of 3-PBALD induces an opposite effect with a dose

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



Molecular BioSystems

dependent decrease of emission spectra of Tyr fluorescence
(Figure 3C); this effect disappears during the time, showing no
significant differences after 90 min of incubation. During the
experiment no shift in the maximum peak was observed until 50
1M, and the increase reported at 70 uM should be considered in
accordance with the plateau observed in the emission spectra
(Table I). These results indicate that 3-PBALD could lead to a
more unfolded protein in a domain with the same polarity.
However the presence of amino acid residues like Asp-25 could
10 also facilitate the proton transfer to this residue decreasing peak
intensity.
A similar folding can be observed in the presence of 3-PBACID
that induces a dose dependent weak decrease on the Tyr emission
spectra during all incubation time at low 3-PBACID
15 concentrations (Figure 3D) and a 3 nm shift was observed only in
the 30 uM sample (Table I). However in this case no proton
transfer can be suggested.
Since pH is an key factor that influences the structure and
function of enzymes, we verified that the addition of various
20 amounts of PERM or its metabolites to the sample containing
SOD, did not modify the pH of solutions where fluorescence
measurements were done. pH data remained constant in all
samples at each time (data not shown), indicating that the
observed changes cannot be due to any pH variations of buffer
25 where experiments were done

w

Table I . Maximum A emission in 0.33 mg/ml SOD samples measured in
50 mM Tris pH 7.4 at 37°C in the presence of DMSO ( control) and
different concentration of PERM or its metabolites after 30 min or

30 incubation.

sample DMSO | 10uM 30uM S50uM 70uM
PERM 312 312 309 305 303
3-PBA 317 308 304 303 300
-PBALD 317 316 317 312 326
3-PBACID | 315 315 312 315 316

8-ANS steady-state fluorescence
In order to have more information about the changes induced by

3s PERM and its metabolites on SOD structure, 8-ANS steady-state
fluorescence studies were performed. An increase of fluorescence
intensity in the region 370-510 nm indicates the interaction of 8-
ANS probe with hydrophobic regions of the protein.
Spectra at 0 and 180 min of incubation of SOD with PERM or its

40 metabolites show that only the metabolite 3-PBA induces an
increase of 8-ANS fluorescence emission after 180 min of
incubation (Figure 4B) . No changes were reported in the
presence of the PERM metabolites (data not shown).

a5 SOD activity
SOD activity was monitored after 180 min of incubation with
PERM or its metabolites. No significant changes were reported in
SOD activity (data not shown).

so Computational and docking results

At first in order to assess the way of interaction between SOD
and permethrin or its metabolites, we performed an initial
screening using the Blind Docking protocol (see Comp method
section). The ligands, i.e. permethrin (PERM), 3-PBA, 3-

ss PBACID and 3-PBALD, were treated separately. For each ligand
we pointed out four allosteric areas of interaction. The peculiar
feature is that each representative structure of the obtained
clusters has got very close binding energy. Anyway, as regular
computational protocol, we investigate further, proceeding with

e the described focused docking method and we finally localized
the exact poses and conformations for all the ligand considered.
As a results, it is well clear that all the molecules considered have
more than one allosteric binding site but none of them interacts
with SOD at the catalytic Cu,Zn cleft. This fact explains

os perfectly the experimental data activity which remains unchanged
in presence of all compounds.

70

75
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Fluorescence a.u.

a: DMSO + ANS

b: 10 uM 3-PBA + ANS
c: 30 uM 3-PBA + ANS
d: 50 uM 3-PBA + ANS
e: 70 uM 3-PBA + ANS

Fluorescence a.u.
4 d

2000}

a: DMSO + ANS

b: 10 uM 3PBA + ANS
c: 30 uM 3PBA + ANS
d: 50 uM 3PBA + ANS
e: 70 uM 3PBA + ANS

Figure 4. ANS fluorescence emission spectra of SOD incubated for 0 min (A) and 180 min (B) at 37°C with 10, 30, 50 e 70 uM of 3-PBA.

Moreover, all this binding poses are very close in binding energy
and these results led us to conclude that there is not only a

s preferred binding site but that most of them (those with energy
within 0.5-0.7 kcal/mol) are important due to their relative energy
in equilibrium with a population strictly connected the ligand
concentration. In particular, PERM interacts with SOD in seven
different zones spread through all the enzyme surface (Figure 5)

10 (Epindging between -7.04/ -5.33 Kcal/mol, in which five are within
0.6 kcal/mol).

Analyzing in details the interactions of ligands with SOD
aminoacids, it must be pointed out that in every populated pose,
PERM and its metabolites are all involved in many hydrogen

15 bonds through their polar oxygen moieties but due to the presence
of a common aromatic hydrophobic core and to the SOD nature
rich in apolar aminoacids, many hydrophobic interaction
contribute to the complex stabilization. More in details, we
focused on the specific binding interaction involved in the

20 allosteric site nearby the Tyr108 residues. This, in particular, is a
key point since experimental evidence of changes arise from the
fluorescent emission of the aromatic Tyr108 and they can be
connected to a shift in both conformation and position of this
aminoacid.

25 The same docking results have been obtained for 3-PBA and 3-
PBACID, pointing out seven energy accessible poses while for 3-
PBALD we found out only six binding sites for SOD association;
for all the PERM metabolites we can point out a very small
Energy ranges (AE) between sites thus corresponding to an

30 almost equal population (-5.67 /-4.71 Kcal/mol) (Table II).

In fact, for metabolites 3-PBALD and 3-PBACID, a decrease of

the emission fluorescence signal is registered, instead for PERM
and 3-PBA an increase of the same signal is observed. These
results can be put into direct relation with the Tyr108 side chain
position which is different for each molecule considered. As can
be seen in Figure 7, this tyrosine residue is positioned within the
enzyme in a highly hydrophobic region where residues Ile-101,
Ile-102, Leul04, Ile-110 and Ile-111 can be found. Despite this
fact, in the free enzyme, its side chain aromatic ring is not
involved in any intramolecular interaction but is instead free and
oriented externally (Figure 7). Thus, it is highly accessible both to
solvent and to the approaching ligands. As a result for each
compound considered we can point out a low energy cluster
corresponding to the ligand positioning in this allosteric site
which corresponds to cluster 6 for PERM, cluster 2 for 3-PBA,
cluster 2 for 3-PBALD and cluster 1 for 3-PBACID ; see Table
).

Observing deeply these binding regions, we can point out that
both 3-PBALD and 3-PBACID (downside in Figure 5, C and D)
interact with Tyr108 on the opposite orientation and side with
respect to PERM and 3-PBA (uppersite in Figure 5, A and B).
This can be ascribed to the presence of different preferred non-
bonding interactions of the two groups of compounds, which are
herein described in datails.

Considering first PERM and 3-PBA, we can point out that both
share common interactions: they are involved in hydrogen
bonding with Asn-63 (as acceptors) and hydrophobic interactions
with Phe-62 and, more worth of notice, with Tyr-108.

More in details, for PERM, the ligand makes two H-bonds with
e SOD: the first occurs between the its ether-aromatyic oxygen

93
S

o
a
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(acceptor) and amino group of Arg-113 residue ( in B;)(donor)
(d=2.619 A); the second, instead, occurs between chetonic
oxygen of permethrin (acceptor) and the amino group of Asn-63
(located between B, and Bs) (donor) (d= 1.961 A). Furthermore,
s two strong m-stacking interactions can be observed, the first face-
to-face with Phe-62 side chain (located between P, and fs),

second face-to-edge as expected with Tyr-108 residue.

For 3-PBA, we can point out the presence of three H-bonds with
SOD, two of them occur between hydrogen of alcoholic group of
10 3-PBA (as donor) and the first with carbonylic oxygen of His-61
residue (located between B, and Bs) (acceptor) (d= 1.925 A), the

second with amino group of Asn-63 residue (located between f3,
d= 2.523 A); the third involves ether-

and Bs) (as acceptor,

aromatic oxygen of the ligand (acceptor) and backbone N-H of

1s Asn-63 (donor) (d=2.055 A). Beside,
important hydrophobic

interactions;

more precisely,

3-PBA makes also

CH-n

interaction between the aromatic moiety of 3-PBA and the CH,

group of Asn-63, and two edge-to-face m-stacking interactions,

the first with Phe-62 side chain (located between B4 and Bs), the
20 second, once again, with Tyr-108 (located between B¢ and ;).

Table II. Binding affinity E, (Kcal/mol) for the energy minimized complexes SOD and PERM or its metabolites for each clustered pose cll-cl7. Clusters
in which the ligand is close to Tyr108 are highlighted in green.

Compound | E, cll Eycl2 Eycl3 Ey cl4 E; cl5 Eyclo | Eycl7
PERM -6.92 -7.03 -5.96 -6.95 -5.33 -7.04 | -6.46
3-PBA -5.35 -4.99 -5.1 -5.06 -5.09 -4.75 | 4.8
3-PBALD |-54 -4.84 -4.71 -5.01 -4.86 -4.74 | -
3-PBACID | -5.67 -5.05 -5.11 -5.18 -4.74 -4.77 | -4.73

“ Footnote text.
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Figure 5. 1A and 2A: SOD enzyme, in coral, and permethrin PERM in its allosteric sites of interaction. The interaction sites are highlighted representing
the ligand in van der Waals spheres colored differently and show how permethrin is able to encircle the enzyme. Only Energy accessible sites of
interactions are reported (AE within 0.7 kcal/mol). Zn and Cu ions, are represented as sphere in violet and yellow respectively; 1B and 2B: SOD enzyme,
s incoral, and 3-PBA its allosteric sites of interaction. The interaction sites are highlighted representing the ligand in van der Waals spheres colored
differently and show how the ligand is able to encircle the enzyme. Only Energy accessible sites of interactions are reported(AE within 0.7 kcal/mol).. Zn
and Cu ions, are reported as sphere in violet and yellow respectively; 1C and 2C: SOD enzyme, in coral, and for 3-PBALD its allosteric sites of interaction.
The interaction sites are highlighted representing the ligand in van der Waals spheres colored differently and show how the ligand is able to encircle
the enzyme (AE within 0.7 kcal/mol).. Only Energy accessible sites of interactions are reported. Zn and Cu ions, are reported in violet and yellow
10 respectively.; 1D and 2D: SOD enzyme, in coral, and 3-PBACID its allosteric sites of interaction. The interaction sites are highlighted representing the
ligand in van der Waals spheres colored differently and show how the ligand is able to encircle the enzyme. Only Energy accessible sites of interactions
are reported (AE within 0.7 kcal/mol). Zn and Cu ions, are reported in violet and yellow respectively
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Beside, considering the intermolecular interactions of the second
group, 3-PBACID and 3-PBALD in the correspondent cluster
close to Tyr108, we can immediately notice that both compounds
are less involved in hydrogen bonding interactions, while shares
only hydrophobic interaction, the first with LeulOl and the
second with the aromatic moiety of Tyrosine, but in the opposite
site with respect the PERM and 3-PBA orientation.

Analyzing more in details the ligands’ interactions (Fig.7), for 3-
PBACID, we observe the presence of H-bond, between its
carboxylic moiety and Thr-26 (located between 3, and f35) (2.019
A), and two hydrophobic interactions. The latter is a CH-n
interaction with Leu-101, and an edge-to-face n-stacking
interaction with Tyr-108 (notice that both these residues are
located between B¢ and B,). Finally, in 3-PBALD’s cluster, the
ligand, as already observed for 3-PBACID, makes one H-bond,
involving carboxylic oxygen of metabolite and the backbone N-H
moiety of Asp-25 (located between B, and Bs), (d= 1.905 A). Also
the hydrophobic interaction present are the same as for 3-
PBACID, resulting in a CH-x interaction with Leu-101, and an
edge-to face m-stacking interaction with Tyr-108 residue.

Figure 6: The SOD 3D structure is shown focusing onto the catalytic site
position (Zn ion in violet, Cu ion in coral) with respect to Tyr118. Its
aromatic side chain is visible in orange whilst in yellow the loop
backbone in which it can be found out together with the hydrophobic
residues Leul01, lle102, Leu104, Ile110 and lle111.

30
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From the overall data analysis, we can evince that PERM and 3-
PBA make a greater number of H-bonds compared to 3-PBACID
and 3-PBALD. This propensity induces the binding of the first
two compounds in a more polar region with respect the last two,
which are more deeply inserted into the “hydrophobic pocket”
(Fig.6) of SOD. Moreover, all of them are involved in n-stacking
interaction with Tyrl08 aromatic moiety, but while both
permethrin and 3-PBA (that are correlated to fluorescence
increase) strongly interact with Phe-62, Asn-63 residues (located
between B4 and Bs), 3-PBACID and 3-PBALD (that correlate to
fluorescence decrease) interact with Leu-101 and the nearby
apolar residues (located in another secondary domain between
region B¢ and ;). Thus, the overall protein conformational
changes induced from Tyr108-mediated-hydrophobic interactions
in different zones of the enzymatic domains (B, and Bs vs ¢ and
B7) is confirmed by ligand-SOD complex energy minimization
followed by atomistic Molecular dynamics simulation [33-35]
carried out by using AMBER force field [46] and including the
solvent water effect explicitly (TIP3P model) [47].

Discussion

Bovine superoxide dismutase is a Cu/Zn SOD type with a relative
molecular mass of 31200, composed by two dimers of 151
aminoacidic residues (Figure 2). The two identical active sites
containing the metal ions are located 3.4 nm apart [48-50].
Copper ion is situated at the bottom of a deep channel bound to
three histidines (His-44, His-46, and His-118) and its role is

s strictly related with the catalytic activity of the enzyme, while

zinc ion, important for enzyme stability, is completely buried and
bound to two histidines (His-69 and His-78) and to an aspartic
acid residue (Asp-81). These two metal ions share an imidazolate
ligand (His 61) [50-52]. Each dimer contains a tyrosine residue
localized in 108 position (Figure 6), strictly related with the
intrinsic fluorescence, while tryptophan is missing in both chains.
The absence of Trp and the presence of one Tyr in each subunit
makes this protein a good model for fluorescence studies in the
particular region around the aromatic amino acid [53,54].

s Tyrosine residues play a special role in several biochemical

processes such as the phosphorylation carried out by tyrosine
phosphorilase; besides conformational change of this amino acid
in an active site is often related to activity and kinetic alterations
of enzymes [55]. Conformational changes of the enzyme are
related to a variation in the fluorescence emission intensity of
aromatic amino acids in the protein. In this study we used Tyr-
108 as intrinsic probe to investigate the dynamics of bovine
Cu/Zn-SOD following incubation with permethrin and its
metabolites.

Results show that both, PERM and metabolites are capable to
induce conformational variation on SOD and those changes are
present during quite all the experimental time. Tyr fluorescence
intensity was decreased by 10uM PERM and in a dose dependent

This journal is © The Royal Society of Chemistry [year]
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manner in presence—of 3-PBALD and 3- PBACID. This data
could be related to different preferred non-bonding interactions
between these compounds and the protein surface residues which
are observed from in silico results (see computational results
section). The decrease of emission signal measured in samples
incubated with 3-PBALD and 3-PACID metabolites (Figure 3),
indicates a protein-unfolding process which can be relate not only
to m-stacking interaction with Tyr108 side-chain but also to H-
bonding with a backbone N-H in the B, - B; region and other
hydrophobic interaction in the B¢ - 3, region .

On the other hand a dose-dependent increase of fluorescence
emission intensity due to PERM and 3-PBA (Figure 3) could be
related to a protein folding process [56]. The wrapping, also
confirmed by the blue shift proclivity, is more evident in 3-PBA
than in permethrin although the first compound is less
hydrophilic than the second one (Table I). This SOD

30

conformational change could be related to the shift of the two
Tyr-108 to a more hydrophobic region of the molecule, where
more hydrophobic residues, such as Leu-101, Ile-102, Leu-104,
Ile-110 and Ile-111, are present [57]. This conformational change
is indeed mediated by PERM and 3-PBA strong hydrophobic
interactions in the B,;-Bs domain as results from docking analysis.
Moreover the conformational variation due to 3-PBA, is in
addition evidenced also by a moderate increase of 8-ANS
fluorescence emission due to interaction of the probe with protein
hydrophobic aminoacidic residues after 180 min of incubation
(Figure 3).

Thus, having observed the presence of important conformational
changes occurring in presence of all the considered compounds,
we went further in studying a possible change in enzyme activity
being the overall protein conformation related to it.

This journal is © The Royal Society of Chemistry [year]
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Permethrin yd 3-PBA

Figure 7: Tyr108-site Docked structures of SOD with PERM (cyan), 3-PBA (blu), 3-PBALD (violet) and 3-PBACID (yellow) ; in details are represented the
ligand binding interaction. Zn and Cu ions are represented as sphere in violet and brown respectively.

Indeed, SOD is characterized by catalytic efficiency and the two halves of the B-barrel core [59]. The Greek key eight-

s remarkable stability due to several factors as the prosthetic metal stranded fB-barrel is very important for the biological function of
ions [58], the intrasubunit disulfide bond [48], and the close 10 SOD and structural changes in ;, B4, B7 and g, might induce the
packing of the hydrophobic interface between the subunits and reduction or lose of activity of SOD (Thermal Dissociation and

This journal is © The Royal Society of Chemistry [year] [iournal], [year], [vol], 00-00 | 12
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Conformational Lock of Superoxide Dismutase). The upon cited,
His-44, His-46, and His-118, situated in the active site and very
important for the catalytic function, are located in B4 (His-44,
His-46) and B, (His-118), so spatial structure modifications of f,,
B, cause change of the active site that can lead to the reduction or
lose of activity. It has been reported that the intra-subunit
disulfide bond between Cys144 and Cys55 is very important for
maintaining the spatial structure and compactness of SOD [48]
and Cys-144 is located on g, for this reason spatial changes of 3
that affect the disulfide bond, cause the reduction of compactness
and stability of SOD.

Thus, in order to evaluate the eventual influence of the
conformational modification on enzyme function, we assessed the
SOD activity and no changes in its activity was measured. This
outcome is due to the spatial position of Tyr 108, whose
movement is not able to affect the accessibility of the catalityc
cleft related with the enzyme activity in the experimental
conditions used nor can PERM and its metabolites. In fact,
computational results confirm that all the molecules considered
have more than one allosteric binding site but none of them
interacts with SOD at the catalytic Cu/Zn cleft. Besides although
the Ile-111 is one of the residues involved in the contact areas
between the two subunits, and 3PBA and PERM induce a SOD
blue shift of Tyr 108 toward the Ile-111, no effect on enzyme
activity can be measured because this residue is not determinant
for catalytic activity of SOD. This fact explains perfectly the
experimental data on SOD activity which remains unchanged in
presence of all compounds.

Since human SOD is characterized by several similarities with
bovine SOD, structural information obtained on bovine SOD can
be extended also to human enzyme, because they do not depend
on the specific nature and on the position of the intrinsic
fluorescence probe (Tyr 108 in bovine SOD versus Trp 32 in
human SOD) [56]. This fluorescence technique together with
computational and docking results, could be very useful to
increase knowledge on protein dynamic events in presence of
different exogenous molecules [53,54].

Conclusions

PERM and its metabolites are able to interact with SOD in 6/7
allosteric sites very close in binding energy. PERM and 3-PBA
interact with Tyr 108 in a different region compared to 3-PBALD
and 3-PBACID, explaining the differences in fluorescence
measured.

Although these residues have not an influence on the catalytic site
activity, the conformational changes observed should be
considered insight of “in vivo” longer and constant exposition to
insecticides, where even other factors could contribute to affect
the conformation and consequently the SOD functionality.
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