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Abstract

Heavy metal toxicity has serious adverse effects on the environment. The metal sequestering characteristics
of a novel metal binding peptide (Glu-Cys);; Gly+linker+hexahistidine (EC;,:Hiss) was investigated to
determine if it can absorb Cu®" or Zn®" cations. Molecular dynamics simulations were carried out using a
model of 6 Cu®* or Zn** and other ions enclosed in a fully hydrated simulation box with the designed peptide.
Totally, 240 nano second (ns) simulations were done in three phases. Results showed that the selected linker
is able to separate two domains of this peptide and that the carboxyl oxygens of Glu residues of EC,; in the
designed peptide can absorb these ions. Sequestration of Cu®” or Zn*" ions by the designed peptide does not
change overall tertiary and secondary structures of peptide.
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INTRODUCTION

Zinc (Zn) is the second most abundant
transition metal in living organisms after iron
and is an essential element necessary for plants
(1), animals (2), and microorganisms (3). It is
found in nearly 100 specific enzymes (4) and
represented to all enzyme classes (1). Two
examples of zinc-dependent enzymes are
carbonic anhydrase and carboxy peptidase,
which are vital to the processes of carbon
dioxide regulation and digestion of proteins,
respectively (5). Zn ions are often coordinated
to the amino acid side chains of aspartic acid,
glutamic acid, cysteine and histidine residues
of proteins (6). In the brain, zinc is stored in
specific synaptic vesicle by glutamatergic
neurons and is able to modulate brain
excitability (7,8). As zinc also can be a
neurotoxin, this suggests that zinc homeostasis
plays an important role in normal functioning
of the brain and central nervous system (9).
Consumption of excess zinc can cause ataxia,
lethargy and copper deficiency (10). Zinc is
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normally found in small amounts in nature, but
it can be released into the environment unduly
through mining, metal processing activities
(galvanized steel production), as well as
burning coal and certain wastes. People living
near industries using zinc could be exposed to
higher levels of zinc by drinking water,
breathing air and touching soil that contains
the metal.

Copper is another essential element that is
required for plants and animals. Easy
interconversion of Cu(I) and Cu(II) has caused
copper proteins to have diverse roles in
biological electron transport and oxygen
transportation processes (11). Tyrosinase,
cytochrome C oxidase, and many superoxide
dismutases are some examples of copper-
containing enzymes present in animals
including humans and plants. Gram quantities
of copper salts taken can produce acute copper
toxicity in humans, possibly due to redox
cycling and the generation of reactive oxygen
species that damage DNA (12,13). From
another point of view, copper seems to be
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important for wus. Microorganisms take
essential metal ions, such as copper, from their
environment. Antimicrobial peptides (AMPs)
which are secreted by fungi, parasites, animals
and humans are essential components of the
first line of their defense mechanisms. One of
the proposed mechanisms of action of these
molecules is their ability to bind and sequester
metal ions, thus preventing their uptake by
microorganisms. This has been demonstrated
clearly for the human neutrophil proteins such
as calprotectin and lactoferrin (14,15). Based
on this, copper sequestering peptides can be
regarded as potential antimicrobial agents. In
addition, such peptides may be useful for the
treatment of diseases such as Wilson's disease
in which patients have high levels of copper in
the body (16).

Cysteine-rich peptides such as glutathione
(GSH), metallothioneins (MTs) and phyto-
chelatins can bind metal ions (such as zinc,
copper, lead, mercury and cadmium) and
sequester them in biologically inactive forms
(17). MT is a family of cysteine-rich, low
molecular weight (MW ranging from 500 to
14000 Da) proteins. They are localized to the
membrane of the Golgi apparatus. Phyto-
chelatins (PCs) are a family of short
cysteinerich metal-chelating peptides with a
structure of (yGlu-Cys),Gly (where, n varies
from 2-11 depending on the species and
conditions of exposure to metal ions). The PCs
are found in many plants and yeasts. PCs are
enzymatically synthesized from glutathione by
phytochelatin ~ synthase. Mechanisms of
phytochelatin biosynthesis are not understood
in sufficient details till now. Therefore, genetic
engineering of plants for phytoremediation is
not an easy technology (18). (Glu-Cys),Glyare
synthetic phytochelatins (ECs) with the
standard a-linkage in their structure. In spite of
phytochelatins, ECs can be easily synthesized
on the ribosomal machinery (18) or prepared
by peptide synthesizer(19).

Peptides are excellent materials for nano-
biotechnology because they are small, fold at
very fast rates nanosecond (ns) and can be
easily synthesized by chemical methods or
biological cloning (20).

Protein folding of fusion proteins and ion
exchange between protein surface and bulk
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can be studied using molecular dynamics
(MD) simulations. MD provides an atomic
detailed description of the ion-protein time
evolution (21).

Understanding the mechanism of synthetic
phytochelatins folding is an important step for
the rational design of chelating peptides. Also,
owing to the experimental difficulties in
studying the dynamics of small ions mobility
on the protein surfaces on the molecular scale,
ligand exchange reactions can only be studied
by MD simulations. When only a small
number of ions are present in the solution,
their dynamics can be studied directly by
monitoring the distance between each ion and
the protein (21). In this research, we decided to
study the folding and metal binding properties
of a novel synthetic phytochelatin by
theoretical methods prior to expressing this
peptide for in vitro evaluations. Thus, design
with this formula (Glu-Cys);Gly+linker+
hexahistidine(EC,;:Hisg) was synthesized. By
preparing EC;; conjugated to other moieties,
Baeand and coworker were able to design
Lpp-OmpA-EC;; to anchor the peptide to the
cell surface of certain microorganisms (17).

Our rational for the design of EC;;:Hiss was
to prepare a fusion peptide to sequester heavy
metals such as zinc and copper which exist in
high quantities in the soil. Its folding
mechanism and also its ability to chelate these
metals near the protein surface were investigated
using theoretical methods. More specifically, a
gene encoding of this peptide was also
constructed.

MATERIALS AND METHODS

MODELLER 9v2 was used for homology
modeling of EC;; sequence [(Glu-Cys);Gly]
three-dimensional  structure (22). Model
templates were EC; sequence alignments with
other sequence (using BLAST site, copper
thionein (PDB code: 1RJU) [Max score;
23.5%, Total score; 60.9%, Query coverage;
100%, E value: 7.2%] and elapid snake venom
metalloproteases (PDB code: 3K7L) [Max
score; 22.7%, Total score; 43.7%, Query
coverage; 100%, E value: 11%]. Of the 100
models generated with MODELLER, the one
corresponding to the lowest value of the



probability density function (pdf) and the
fewest restraints violations was selected for
further analysis. After making a model for
EC;; sequence, its C-terminal was linked to
the N-terminal of a linker sequence. Crystal
structure of the linker (PDB code: 1ej6C 2)
with sequence “RGRWMARLARM” was
taken from linker library (www.ibi.vu.nl) (23).
This linker with a rigid-helical structure
belongs to the C chain of a viral protein
containing zinc.

The C-terminal linker was then linked to a
hexahistidine sequence. This combination was

named EC;;:Hiss, containing totally 40
residues. The (Glu-Cys);; sequence is
negatively charged, so its attracted to

hexahistidine with positive charges. Thus EC
sequence in the putative fusion peptide would
be expected to have a medium size and
separated by a long linker sequence from the
hexahistidine moiety. EC;; sequence was
designed such that it could absorb ions, and
also the hexahistidine tail added to this
synthetic phytochelatin to facilitate extraction
of it from the solution. Since hexahistidine tail
may interfere with EC;; sequence, a helical
linker was inserted between EC;; sequence
and hexahistidine tail. Helical linkers are
thought to act as rigid spacers to prevent non-
native interaction between domains (24).

Phase |

MD simulation and molecular mechanic
(MM) minimization were performed using
GROMACS 4.5.3 package under a Gromos
force field (G43Al) (25-28). MD simulations
were carried out at the NPT ensemble and
periodic boundary conditions. Van der Waals
forces were treated by using a cut-off of 12 A.
The electrostatic interactions were calculated
by the Particle-Mesh Ewald method with a 14
A cut-off (29).

EC,;:His¢ was solvated by a layer of water
molecules with a thickness of at least 1.2 nm
in all directions. Common value for this
parameter is 0.5-1 nm. However, in order to
have enough water molecules and an
appropriate ionic strength a value of 1.2 nm
was used.

The size of simulation box was 5.0 x 7.6 x
5.8 nm and the protein was solvated by 7031
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spc216 water molecules. The frequency to
update the neighbor list was 10. The default
protonation state of Gromacs package was
used except histidines with positively charged
residues helping extract the molecules from
other compounds in experimental processes.
As all 11 Glu were deprotonated (negative)
and there exist six positively charged
histidines in EC;; sequence and four positively
charged arginines in the linker, the total charge
of EC:Hisg reached to “-1”, and the ionic
strength for the simulation box was set at 140
mM. The reason for choosing this ionic
strength for this study was that this ionic
strength is closed to biological ionic strength
(30, 31). This makes folding study and ion
absorption in a simulated biological system
possible. The system was then neutralized by
adding 18 Na" and 17 CI' ions to the
simulation box.

MD simulation was accomplished in four
steps. In the first step, the entire system was
minimized using the steepest descent followed
by conjugate gradients algorithms. In the
second step, the solvent and Na" and CI" ions
were allowed to evolve. This was done
through minimization and molecular dynamics
in the NVT ensemble for 500 ps and in the
NPT ensemble for 1000 ps in which initial
configuration of the structure of EC;;:Hiss was
kept fixed. In the third step, in order to obtain
equilibrium geometry at 300 K and 1 atm, the
system was heated at a weak temperature
coupling (t = 0.1 ps) and pressure coupling (t
= 0.5 ps). The Berendsen algorithm was used
for thermostat and barostat during the
equilibration phase (32). The LINCS algorithm
was applied to constrain the lengths of
hydrogen-containing  bonds  (33).  The
temperature of the system was then increased
from 0 K to 300 K and the velocities at each
step were reassigned according to the
Maxwell-Boltzmann  distribution at that
temperature and equilibrated for 300 ps. In the
final step, 80 ns MD simulation was performed
at 300 K with a 2 femto second (fs) time step
and therefore a folded structure was obtained.
The thermostat and barostat for production
phase were Nosé-Hoover thermostat and
Parrinello-Rahmanbarostat (32).

After running of 80-ns MD simulation, the
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overall stereochemical quality of the final
developed model for native EC;:Hiss
model was assessed by the program
PROCHECK (34).

G-factor of the developed model was
calculated using PROCHECK. Environment
profile of the model was further checked with
Verity-3D (Structure Evaluation Server) (35).

The secondary structural elements of the
protein were calculated by do_dssp, which
utilizes the DSSP program utility during MD
simulation (36).

Principal component analysis (PCA) was
performed wusing g covar and g anaeig
modules of the GROMACS 4.5.3 package.

Phasel

The native EC:His¢ obtained from phase I,
was centered in a box of water. The dimension
of the box was 6.6 x 5.4 x 5.8 nm. Almost
6900 spc216 water molecules, 6 Zn>"(in an
aqueous environment, hydrated Zn ,e.g
[Zn(H,0)s]*" and dehydrated Zn*" ions may be
present which cannot be ignored) and 11 CI
ions were added randomly to the box. In this
case, the ionic strength remained constant (140
mM). Then, eighty ns MD simulation was
performed while keeping all other parameters
fixed.

Phase I1I

In this phase the native EC;;:His¢ obtained
from phase I was centered in a box of water
with the size of 5.8 x 5.4 x 6.6 nm with almost
6900 spc216 water molecules. 6 Cu”" and 11
CI" were randomly put in the box. These ions
keep the ionic strength constant (140
mM).Then again 80-ns MD simulation was
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run with all parameters kept the same as
before.

RESULTS

There were two reasons for selecting this
peptide; the medium size desired for the final
fusion peptide and the experimental facilities
which make the construction of EC;;:Hise gene
possible. In order to reach the native structure
of EC;;:Hisg, MD simulations were performed.
This method can give a description of full
protein flexibility as it interacts with ions. It
also applies to the laws of classical mechanics
to compute the motion of particles in a
molecular system. In this study, MD
simulation was performed in three different
phases.

In the following section, we investigate
folding and ion absorption ability of EC;;:Hise
peptide.

Phasel

In phase I, the native structure of EC,:Hisg
was obtained after 80 ns by MD simulation.
The root mean square deviation (RMSD) was
calculated for protein backbone atoms using
starting structure as a reference (Fig. 1).
Variation in total energy versus time for 80 ns
MD simulations was 0.0003 and the kinetics
and potential energy fluctuated in equal and
opposite direction for MD simulation in this
phase (Fig. 2).

Table 1 shows protein backbone RMSD,
radius of gyration (Rg), temperature, potential
energy and secondary structure elements at the
last 60 ns MD simulations for EC;:Hise in the
presence of Na' and Cl ions.
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Fig. 1. Root mean square deviation (RMSD) of protein backbone during 80 ns MD simulation in phase
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Fig. 2. The kinetics and potential energies during 80 ns MD simulations in phase I.

Table 1. Results of the last 60 ns of 80 ns MD simulation for EC;:Hiss in phases I,II and III.

Protein

Rg Temperature Potential Total energy Helix
backbone K KJ/mol KJ/mol
RMSD (am) (nm) (K) (KJ/mol) (KJ/mol)
Phase | 0.92 £0.01 0.91 £0.01 300 £2.11 -313810+ 574 -259879 + 700 7.06 +0.67
Phase 11 0.35+0.08 0.93 £0.02 29998 +2.11 -312016 + 568 -258693 + 694 10+1.57
Phase 111 0.21 £0.09 0.91+£0.02 299.95+2.12 -310794 + 574 -257372 £703 7+04

Table 2. Minimum distances between carboxyl oxygen of glutamic acid residues of EC;; with ions and diffusion
coefficients of ions in all phases during the last 60ns of MD simulation.

Phase 1 Phase 11 Phase I11
Distances Diffus-ion Distances Diffus-ion Distance Diffus-ion
(nm) coefglclenzts (nm) coefglclenzts (nm) coefglclenzts
x 10 cm?/s x 10 cm?/s x 10 cm?/s
Zn*" - - 0.43+0.14 0.76 +0.09 - -
Cu** - - - - 0.51+0.28 1.01+0.22
cr 0.88 +£0.25 2.19+1.05 0.93+0.3 2.35+1.08 0.87+0.32 1.58 +£0.18
Na® 0.56 +£0.21 2.35+0.52 - - - -

The RMSDs of Na" and CI at the last 60 ns
of simulation in this phase were 3.46 + 0.23 nm
and 3.43 + 0.25 nm, respectively. Minimum
distance between Na" and CI ions with peptide
atoms at the last 60 ns in this phase was 0.49 +
0.16 nm and 0.52 £ 0.23 nm, respectively.

In order to show whether the linker was able
to separate two moieties of EC,;:His¢ from each
other, the distance between the center of mass of
ECy; sequence and the center of mass of
hexahistidine sequence was calculated (Fig. 3).
Results showed that this distance reached to 1.12
+ 0.03 nm after 12 ns and then remained stable
throughout the simulation.

Radial distribution function (RDF) or pair
correlation function (r), describes how the
atomic density varies as a function of the
distance from one particular atom. The radial
distribution function is a useful tool to describe
the structure of a system, particularly of liquids.
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Fig. 4 shows the radial distribution functions of
Na' or CI to oxygen of Glus of EC,;. This figure
shows that at short distances (less than 0.4 nm)
the RDF for Na' reaches the maximum level.

Table 2 shows the minimum distance
between the carboxyl oxygen of glutamic acid
residues and Na" or CI" in phase I at the last 60
(out of 80) ns MD simulation.

The calculated diffusion coefficients of the
ions are reported in Table 2. These values are
compatible with the experimental results (2.03 X
10° and 1.33 x 10™ cm?s for the Cl" and Na*
ions respectively) (40).

Ramachandran plot for native EC;;:Hisg
model after 80 ns MD simulation was drawn and
provided along with the plot statistics in Fig.5.
As it is seen, only two residues (Glu 5 and Glu
11) or about five percent of the residues are
lying in the disallowed regions of the
Ramachandran plot.
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Fig. 3. Distance between center of mass of EC,; sequence from center of mass hexahistidine sequence during 80 ns MD
simulation.
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Fig. 5. Ramachandran plot and plot statistics of native EC;,:Hiss model.
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The G-factor value gives a measure of how
far from the normal regions of the plot each
residue lies. Low G-factors indicate residues in
unlikely conformations. A typical G-factor is -1
and the overall G-factor in this phase was -1.11.
Fig.6 shows the G-factors of some properties of
the final model. The first four eigenvalues in this
phase were, respectively, 1.97, 0.59, 0.29 and
0.12. The other eigenvalues were trivial.
Projections onto eigenvectors are overall
coordinates that give information on how the
system moves in the directions described by the
eigenvectors (24). Projection of Ca motions of

Design of a novel metal binding peptide

EC;1:His¢ during the first three principal
components (PC) for 80 ns in this phase is
shown in Fig.7.

The cosine content was introduced as a
measure of the closeness of the PC to a cosine
shape, which appeared to be a good indicator
for predicting whether or not a trajectory has
sampled a free-energy landscape sufficiently
for convergence (41). Cosine content of the
first three PC at last 40 ns of this phase was,
respectively, 0.15, 0.001, and 0.002 which is a
good indicator of sampling.

Avnve
Phi-psi ] -.58
Chil-chiZ :l:ﬂ 1 h&— -.63
Chil onl l ] -.08
Chi3 & chid -.55
mega = [ h IZﬂZI'ZhZ -1.22
Dihedrals I N 5 I I ) ) I ) Y o |
MC bonds .-l.lﬁ
MMC angles -2.29
Mainchain [TT T T T M -1.52
Orverall 5 T A 0 O R R
5 10 15 20 25 30 a5 40

Fig. 6. G-factors of some properties of final model in phase I.
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Fig. 7. Projection of Ca motions of EC;:Hiss during 80 ns MD simulation onto its first 3 principal components in phase I.
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Fig. 8. Projections of EC,:Hiss structures found in 80 ns MD simulation on to the 1-2 eigenvector plane in Phase I.
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Fig. 9. Minimum distance between Zn”>" ions and sulfur atoms of cysteines during 80 ns MD simulation in phase II.
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Fig.8 shows a two-dimensional plot of PCI1-
PC2 in phase I. Three states and a transition
state (TS) during folding of EC;;:Hiss can be
observed in this figure.

Phasell

To investigate the interaction between Zn>"
and EC,:His¢, the final structure obtained
from phase I was used as the starting geometry
for an 80 ns simulation in the presence of 6
Zn*"and 11 CI ions. The variations in the total
energy versus time for 80 ns MD simulations
was about 0.00002 and the kinetics and
potential energy fluctuated in equal and
opposite direction for MD simulation in this
phase. Table 1 shows the protein backbone
RMSD, Rg, temperature, potential energy and
secondary structure elements at the last 60 (out
of 80) ns MD simulation in this phase.

Also the RMSDs of Zn*" and CI” at the last
60 ns of simulation in this phase were 2.44 +
0.39 nm and 3.07+0.3 nm, respectively. The
minimum distance between Zn”" ions and the
sulfur atoms of cysteine residues in phase II
and at the last 60 ns of simulation was

35 A

Zn** or Cu** toonygen radial distribution
functions
1
(=]
|
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0.65 £ 0.18 nm.

Fig.9 shows the minimum distance between
Zn*" jons and the sulfur atoms of cysteine
residues in phase II. Table 2 shows the
minimum distance between the carboxyl
oxygen of glutamic acid residues and Zn*" and
CI in phase II at the last 60 (out of 80) ns MD
simulation.

In addition, the minimum distance between
the ECy; sequence ([Glu-Cys];Gly) and Zn*"
ions in the last 60 (out of 80) ns MD
simulation was 042 + 0.13 nm. Fig. 10
presents the simulation time versus the
minimal distances between the ions and the
carboxyl oxygens of glutamic acid residues of
ECy; as a histogram.

Also, the minimum distance between the
hexahistidine sequence and Zn" ions in the last
60 (out of 80) ns MD simulation was 1.17 + 0.32
nm. Also minimum distance between the linker
sequence (RGRWMARLARM) and Zn*" ions in
this phase was 0.92 + 0.24 nm. Fig. 11 shows
Zn** oxygen radial distribution function. The
calculated diffusion coefficients of Zn** and CI°
ions are also reported in Table 2.

4 RDF Zn2+

| RDF Cul+

Distance (nm)

Fig. 11. Zn*" or Cu®" to oxygen (of Glus of EC;;) radial distribution functionsin phases II and III.

Distance (nm)

Time (ns)

Fig. 12. Minimum distances between Cu®" ions and sulfur of cysteine residues during 80 ns MD simulation in phase III.
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Phasell|

In phase III, in order to investigate the
interaction between Cu®>" and EC;1:Hise, the
final structure obtained from the phase I was
used for an 80 ns simulation in the presence of
6 Cu®* and 11 CI.

The variations in total energy versus time
for 80 ns of the MD simulations were 9 x 10”
and the kinetics and potential energy
fluctuated in equal and opposite direction for
MD simulation of EC;:Hiss with Cu*".
Table 1 shows the protein backbone RMSD,
Rg, temperature, potential energy and helix
elements at the last 60 (out of 80) ns MD
simulation.

Also RMSDs of Cu*” and CI at the last
sixty ns of simulation in this phase were 2.72 +
0.42 nm and 3.02 £+ 0.29 nm, respectively.

Fig.12 shows the minimum distance
between Cu”" ions and the sulfur atoms of
cysteine residues during 80 ns MD simulation
in phase III. The average of this value at the
last 60 ns of simulation was 0.83 + 0.27 nm.

Table 2 shows the minimum distances
between the carboxyl oxygen of glutamic acid
residues and Cu®" and CI ions in phase III at
the last 60 (out of) 80 ns MD simulation. The
calculated diffusion coefficients of the Cu®"
and CI  in this phase are also reported in Table
2. Furthermore, the minimum distance
between EC;; sequence and Cu®" ions in the
last 60 (out of 80) ns MD simulation was 0.5 +
0.26 nm which is similar to the results
obtained for Zn*". Also, the minimum distance
between the hexahistidine sequence and Cu®"
ions in the last 60 (out of 80) ns MD
simulation was 1.12 = 0.37 nm. Minimum
distance between linker sequence and Cu®’
ions at the last 60 ns in this phase was 0.92 +
0.26 nm.

Fig. 11 shows Cu’" to oxygen radial
distribution functions in phase III. This figure
shows high probability of finding of Cu®" at a
distance about 0.4 nm from glutamic acid
oxygens. The calculated diffusion coefficients
of the Cu?" and CI are reported in Table 2.

DISCUSSION

Phase|
The large backbone RMSD relative to
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starting structure (0.92 nm) shows large
conformational changes of the peptide relative
to starting structure. In addition, small changes
(small standard deviation) of the backbone
RMSD during the last 60 ns and also small
changes in helix structure showed that the
length of MD simulation was adequate for
equilibration step and that simulation was
stable under simulation condition (Fig. 1 and
Table 1). Small variations in total energy
versus time show that law of energy
conservation is fulfilled in MD simulations
(Fig. 2) (42). Small standard deviation of the
RMSDs of Na" and CI at the last 60 ns of
simulation indicates that ions reached to stable
positions during the last 60 ns MD simulation.
Minimum distance between Na" and CI ions
with peptide atoms is consistent with the
results of Friedman's study that showed in the
case of S6 ribosomal protein, Na' ion comes to
0.43 nm from protein surface (21). This proves
that protein can attract Na" and CI” ions.

The distance between the center of mass of
EC;; sequence and the center of mass of
hexahistidine sequence demonstrates that the
linker sequence is able to separate two
moieties from each other (Fig. 3). The radial
distribution functions (RDF) of Na" or CI to
oxygen of Glus of ECy; indicates that carboxyl
oxygen of glutamic acid residues of EC;; can
attract Na' ions at 0.4 nm distance. When
separation distance increases, the probability
of finding CI ions and oxygen atoms at this
distance increases. At long distances (e.g. 2.5
nm) RDF approaches to determine value,
indicates that no long-rang order is present, so
oxygen atoms cannot absorb CI. This is due to
the strong repulsive forces between CI ions
and oxygen atoms. (Fig. 4).The minimum
distance between the carboxyl oxygen of
glutamic acid residues and Na" or CI” in phase
I also show that while carboxyl oxygens of
EC,; are repelled CI ions will attract Na' ions
(Table 2). Ramachandran plot for native
ECi:Hisg model after 80 ns MD simulation
shows that the generated model is correct and
can be used in the next phases (Fig. 5). The
value of G-factor means that the produced
model is acceptable (Fig. 6).

The final step of testing of the model was
the packing quality of each residue as



evaluated by the Verify-3D method, which
represents the profile achieved with respect to
the residues. The compatibility score above
zero in the Verify-3D graph in this phase (data
not shown) is corresponded to acceptable side-
chain environments. This suggests that the
model has an overall self-consistency in terms
of sequence-structure compatibility. The small
values of all eigenvalues except the first two
eigenvalues in this phase means that the first
and the second PC are the most important
indicators of the atomic fluctuations for this
peptide. Cosine-shaped of the first three
principal components in the first 20 ns can be
interpreted as transition of the protein from
one state to another during its folding. After a
total of 20 ns, system reaches equilibrium and
slower fluctuations accrue (Fig. 7). The small
cosine content of the first three PC at last 40 ns
of this phase was a good indicator of sampling.

Phasell

Small variations in total energy versus time
show that the law of energy conservation is
fulfilled in this phase. A comparison of helix
structure between this phase and phase I show
that in the presence of Zn*" jons, no
considerable changes in helix of the peptide
occur. A small standard deviation of RMSDs
of Zn*" and CI at the last 60 ns of simulation
in this phase indicates that Zn>" and CI
reached a stable state during the last 60 ns of
MD simulation. The minimum distance
between Zn’" ions and the sulfur atoms of
cysteine residues is about three times the
length of Zn-S covalent bond in ZnS4 complex
(0.27 nm) (43, 44). However, since we have to
protonate cysteines, Zn>" ions are not able to
come closer to sulfur atoms. Fig. 9 shows that
the mercapto group of cysteine residues can
absorb Zn”" ions. In the detained state, the ions
did not lose their freedom of motion; they
were able to shuttle between nearby attractor
sites, with a restriction that lowered their
probability of moving far from the protein.
This restriction is related to the electrostatic
potential. The results of Table 2 also show that
while carboxyl oxygens of EC;; are repelled
Cl' ions will attract Zn** ions. They even
attract Zn”>" more powerful than the mercapto
group of cysteine residues. This is probably
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because carboxyl oxygen of glutamic acid
residues has more negative charges than
mercapto groups of cysteine residues. The
minimum distance between the EC;; sequence
and Zn”" ions indicates that ECy; sequence can
sequester Zn*" ions.

Fig. 10 shows that Zn*" rapidly shuttles
between various carboxyl oxygens of ECi;
attractor site and is confined to the vicinity of
the ion attractors for a long duration (up to
several hundreds of ps). This proves that the
local electrostatic field strongly based on their
Brownian motions. These values are consistent
with the tendency of the ions to be retained
near the protein, either at a Van Der Waals
contact distance or separated by a single or
multiple solvation layers (21). Then the
protein was able to detain ions to its immediate
vicinity, 0.6 nm or less from its surface, for
time frames as long as hundreds of
picoseconds. The minimum distance between
the hexahistidine sequence and Zn®" ions
indicates that hexahistidine sequence cannot
sequester Zn”". Minimum distance between
the linker sequence and Zn”" ions shows that
the linker cannot absorb Zn>" ions. Radial
distribution function of Zn** oxygen shows a
high probability of finding Zn>" at a distance
about 0.4 nm of carboxyl oxygen of glutamic
acid residues (Fig. 11).

Phaselll

Small variations in total energy versus time
and small standard deviation of RMSD in this
phase indicated the simulation was correct. A
comparison of helix structure between this
phase and phase I show that in the presence of
Cu”" ions, helix structure of the peptide did not
change (Table 1). Small standard deviation
Cu®" and CI" (0.42 nm and 0.29 nm) indicates
that ions reached a stable state after 20 ns MD
simulation. The minimum distance between
Cu®" ions and the sulfur atoms of cysteine
residues (0.83 £+ 0.27 nm) is about four times
the length of Cu-S covalent bond in CuS;
(0.219 nm) and CUS4 (0.231 nm) complexes
(45). This distance is longer than Cu-S bond
since this distance does not belong to a
covalent bond and also sulfur atoms are
protonated (Fig. 12).

The minimum distances

between the
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carboxyl oxygen of glutamic acid residues and
Cu” and CI ions results reveal that while
carboxyl oxygens of ECy; are repelled CI ions
will attract Cu®" ions (Table 2). Also carboxyl
oxygens can almost attract Cu®" ions more
powerful than the mercapto group of cysteines.
This is due to their more negative charges than
those of the sulfur atom in mercapto groups of
cysteine.

The minimum distance between EC;;
sequence and Cu** ions proves that ECi;
sequence can also sequester Cu®’ ions.
Minimum distance between the hexahistidine
sequence and Cu?" ions (1.12 £ 0.37 nm)
illustrate that hexahistidine sequence cannot
sequester Cu”" ions. This finding confirms the
experimental works (16). Minimum distance
between linker sequence and Cu®" ions (0.92+
0.26 nm) shows that the linker sequence are
not able to absorb Cu®" ions. The results of
Cu** to oxygen radial distribution function
shows that carboxyl oxygens can absorb Cu**
ions more powerful from Zn*" ions (Fig. 11).

A comparison between the radius of
gyration of phases II and III (Table 1)
indicates that sequestration of Cu®" or Zn*"
ions by the designed peptide does not change
the radius of gyration or overall tertiary
structure and secondary structure of the
peptide. The experimental results confirm this
finding. It has been shown that the addition of
Cu* from 1 to 50 pM causes only slight
changes in the circular dichroism spectrum of
an AMP, microplusin. This indicates that ion
binding does not significantly alter the protein
conformation (16). Ion concentration in this
study was more than 50 pM but during MD
simulation, conformational change in protein
might have occurred even though the final
structures were the same.

The overall flexibility of EC;;:Hiss was
calculated by the trace of the diagonalized
covariance matrix of the Co atoms positional
fluctuations in three phases. It was 3.56, 1.47
and 1.11 in phase I, II and III, respectively.
This indicates that EC;:Hise has a high degree
of flexibility in phase I, but low degree
flexibilities in phase II and III.

Baeand coworkers demonstrated that
synthetic phytochelatins ranging from 8-20
cysteines (ECg, EC;; and ECy) have cadmium
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binding capability on the host cells (17).
Experimental and molecular modeling studies
have shown that the metal-sulfur connectivity
and the overall structures of the metal binding
sites are very similar for Cd-MT and Zn-MT
(46,47). According to hard-soft metal ion
concept, hard acids react preferentially with
hard bases, and soft acids react preferentially
with soft bases. Zn *" is neither a hard nor soft
but an intermediate metal ion. However, Cd **
is a soft metal ion, and has a preference for
soft donor atoms for example sulfur atoms of
cysteine. This leads to the conclusion that
EC1:Hisg can also sequester cd* (48,49).

The number of random coil, bend, turn and
alpha helix structure of the designed peptide
with and without Zn*" and Cu®" during 80 ns
MD simulation were calculated (data not
shown). However, generally no considerable
changes occurred in the total secondary
structure in the presence of Zn>" or Cu®" ions
(Table 1).

CONCLUSION

Explicit solvent MD simulations were
carried out to design a peptide under different
environmental conditions. Its ability to fold
and absorb Zn*" and Cu®" ions was then
examined. These simulations revealed that the
linker sequence “RGRWMARLARM?” is able
to separate two domains of the designed
peptide so that there are no conflicts between
them. Furthermore, there exists a fast
exchange of the ions between the protein’s
surface and the bulk, indicating competition
between two forces: the electrostatic attraction
that favors the detainment and the entropic
drive that prefers the free state of the ion.
Throughout most of the simulation time, the
ion diffuses in a Brownian motion in the bulk,
but once an ion is trapped by the protein’s
Coulomb cage, it is drawn to the nearest
attractor site. The obtained results show the
dynamics of ions near the designed peptide in
which the peptide can detain Zn*" and Cu®" to
its immediate vicinity of EC;; residues. In
spite of our expectations, the results confirm
that Zn*" and Cu®" can be absorbed by the
carboxyl oxygen of glutamic acids better than
mercapto group of cysteine residues. The



linker sequence and hexahistidine moieties are
not capable to absorb Zn®" and Cu®*" ions.
Because of the similarity of Zn>" and Cd*", the
absorption of Cd** by the designed peptide is
also expected. When an ion is delayed near the
protein for such a long period of time, its
motion must be biased by the presence of the
protein. Since EC,:Hise is able to absorb ions;
it can be used as a nano bio filter attached to a
polymer (or bed) to sequester Zn>* or Cu®" and
other ions. Also, this fusion peptide as an
antimicrobial agent appears to be a good
candidate for further studies. It can also be
used to treat heavy metal toxicity. The
obtained results were consistent with other
studies where residues that are up to 1.0-1.5
nm apart from each other could form proton
attractive domains and share the proton among
them at a very fast rate (21).
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