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Abstract

Molecular dynamics (MD) simulations are performed to study the interaction of His-tagged peptide with three different metal surfaces
in explicit water. The equilibrium properties are analyzed by using pair correlation functions (PCF) to give an insight into the behavior of
the peptide adsorption to metal surfaces in water solvent. The intermolecular interactions between peptide residues and the metal
surfaces are evaluated. By pulling the peptide away from the peptide in the presence of solvent water, peeling forces are obtained and
reveal the binding strength of peptide adsorption on nickel, copper and gold. From the analysis of the dynamics properties of the peptide
interaction with the metal surfaces, it is shown that the affinity of peptide to Ni surface is the strongest, while on Cu and Au the affinity is
a little weaker. In MD simulations including metals, the His-tagged region interacts with the substrate to an extent greater than the other
regions. The work presented here reveals various interactions between His-tagged peptide and Ni/Cu/Au surfaces. The interesting
affinities and dynamical properties of the peptide are also derived. The results give predictions for the structure of His-tagged peptide
adsorbing on three different metal surfaces and show the different affinities between them, which assist the understanding of how

peptides behave on metal surfaces and of how designers select amino sequences in molecule devices design.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The adsorption of complex molecules on surfaces have
recently become the subject of intensive investigation
because of the molecules intrinsic properties and prospec-
tive applications (e.g. in molecular electronics). The
behavior of molecular adsorption on surfaces plays a vital
role in the field of nanotechnology, especially in the areas
such as nanodevices [1] and molecular recognition [2].
Many specific protein-surface interactions have been
observed in natural systems [3] or created using new
nano-engineering techniques [4]. There is the possibility of
emulating biology in the fabrication of materials, assem-
bling them from the bottom-up with a hierarchy of levels of
organization [5]. In the field of nanotechnology, protein-
surface interactions constitute the basis for the assembly of
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interfacial protein, such as sensors, activators and other
functional components at biological/electronic junction,
etc. [4]. Understanding how polymer molecules behave
near metal surfaces would greatly enhance our ability to
control the essential interfacial properties in a wide variety
of problem, including adhesion, wetting and nano-wetting,
biomolecular recognition and self-assembly.

Because of the interaction between protein and metal
surfaces is of considerable technological and fundamental
interests, much effort has been dived into the development
of protein adsorption experiments and simulations. In
general, molecular ordering on a surface is controlled by a
delicate balance between intermolecular forces and mole-
cule—substrate interactions. Under suitable conditions,
these interactions can be tuned by the appropriate choice
of substrate material and symmetry. Several studies [1-3,5]
have indicated that, upon molecular adsorption, surfaces
do not always behave as static templates, but may
rearrange dramatically to accommodate different molecular
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species. By means of high-resolution, fast-scanning tunnel-
ing microscopy (STM) [10], unprecedented new insight has
been recently achieved into a number of fundamental
processes related to the interaction of largish molecules
with surfaces such as molecular diffusion, bonding of
adsorbates on surfaces and molecular self-assembly. In
addition to the normal imaging mode, the STM tip can also
be employed to manipulate single atoms and molecules in a
bottom—up fashion, collectively or one by one at a time. In
this way, molecule-induced surface restructuring processes
can be revealed directly and nanostructures can be
engineered with atomic precision to study surface phenom-
ena of fundamental interest.

Recent studies and descriptions about protein-surface
interactions intensively focused on developing systems to
operate at the nanoscale with the advantage of the
functional properties of these novel proteins [4]. Sarikaya
et al. [3] have proved polypeptide sequences exhibiting
affinity to binding to various solid surfaces including Au,
Pt, Pd and so on. His-tagged peptide was used by
Montemagno et al. [6] to attach a biomolecular motor,
F1-ATPase, to metal substrates, and they have tested the
binding strength of a 6xHis-tagged synthetic peptide
attached to Ni-, Cu- and Au-coated coverslips. Many
researchers also have used a variety of informative
techniques [7,8] to perform kinetic measurements of
adsorbed protein as a function of time and equilibrium
adsorption isotherms. Wertz et al. [9] used total internal
reflectance fluorescence (TIRF) to infer the orientation and
spreading behavior of fibrinogen and lysozyme on hydro-
phobic and hydrophilic surfaces from kinetic measure-
ments. Schunack et al. [10] observed three different
conformations of the molecule on the flat surface terraces
at low temperature by STM.

Most simulations of the organic molecules—metal sur-
faces interactions are from the ab initio calculation and
density functional theory (DFT) [11-14], which developed
the potentials for the molecules between metals, but they
are limited in a rather small scale. By MD methods, Braun
et al. [15] simulated multi-peptides interacting with gold of
5ns. Similarly, Kantarci et al. [16] carried out explicit
solvent MD simulations on four different peptide se-
quences in the absence and presence of the metal surface
and analyzed the relationship between sequence, structure
and binding process for metal binding peptides.

To gain a better insight into the mechanism of peptide
recognition and binding, we carried out MD simulation on
His-tagged peptide adsorption on transitional metals:
nickel, copper and gold. Explicit solvent simulations are
carried out in the absence and presence of the metal surface
(100). We analyze the static properties and dynamics
properties. The interactions between His-tagged peptide
and water molecules, metal surfaces are discussed. As an
analysis of their interactions is presented, this paper
provides perception for the common characteristics in
static, dynamics properties of these sequences and an
analysis of their interactions.

2. Molecular dynamics implementation

The His-tagged peptide investigated here consists of
fourteen amino acid residues including six Glycines (Gly),
two Lysines (Lys) and six Histidines (His) tagged at the end
(Fig. 1). The His-tagged peptide investigated in the present
work has the following sequences: Gly-Gly-Lys-Gly-Gly-
Lys-Gly-Gly-His-His-His-His-His-His [4]. This His-tagged
peptide was tested on three different nanofabricated metal
surfaces (Ni, Cu, Au) for the binding strength. Qualitative
analysis shows that the affinity of the His-tagged peptide is
the strongest for the nickel-coated coverslips followed by
the unoxidized copper and gold substrates.

The transferable intermolecular potential 3-point
(TIP3P) model [17] is used to describe water—water and
solute-water interactions. TIP3P uses atom-centered point
charges to represent the electrostatic interactions. The
‘bond increment’ method for assigning charges is imple-
mented for this force field. Kohlmeyer et al. [18] show that
the effect of electronic polarizability has little influence on
the structure of water near a metal surface, so the influence
can thus be neglected. The Ni, Cu, Au (100) surfaces
composed of three layers are created manually based on
their known FCC crystal structures and the lattice
parameters are 3.543, 3.615 and 4.070 A, respectively.
The entire metal surfaces, composed of three layers, are
about 5A thick and approximately 30A x 30 A wide. The
metal atoms are fixed to speed up the computations.

For the peptide, the standard amino acid residue
topology and parameters [19] based on CHARMM all-
atom parameters [20] are used. The non-bonded interac-
tions are based on Lennard-Jones (L-J) 6-12 potential:

INERRVN
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where ¢ is the well depth, ¢ for the collision diameter, and
rj for the particle distance.

The L-J parameters of three metal atoms are given in
Table 1 [21]. Geometry average is taken by combination
rules which set L-J interaction parameters between metal
MD

atoms and amino acid atoms. simulations are

Fig. 1. The His-tagged peptide with sequences: Gly-Gly-Lys-Gly-Gly-
Lys-Gly-Gly-His-His-His-His-His-His. The His-tags are also showed in
CPK mode.
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Table 1
The Lennard-Jones parameters for the metals

Metals &/ky (deg.) 7 (A)
Nickel 6030 2.282
Copper 4750 2338
Gold 5123 2.637

performed using the CHARMM?28bl MD simulation
package [19]. All simulations are performed at constant
volume and temperature (7 =298 K) using a Berendsen
weak-coupling thermostat [22], with temperature coupling
constant 0.2ps. For solute-water and water—water non-
bonded interactions, a twin-range cutoff scheme with 10
and 14A cutoff radii was applied. The non-bonded
interactions in the range between theses radii are updated
every fifth time step, together with the pair list update. A
time step of 1 fs is used and bond lengths were constrained
by the SHAKE algorithm [23]. Each system is simulated
with periodic boundary conditions (PBC).

For all the simulations, the peptide is equilibrated in
water for a 1.2ns MD run and then manually placed next
to the metal surfaces. For the periodic box containing
surface, peptide, and water molecules, independent MD
simulations were performed after a brief energy minimiza-
tion to resolve undesirable close contacts among the
different components in the system. The resulting ortho-
gonal box dimensions including the surface, peptide, and
water molecules are 30A x 30A x 30A (Fig. 2(a)). The
number of residues in the His-tagged peptide is 192 and the
total number of atoms including water and metal surface
varies between 2338 and 2404.

With similar procedures, additional dynamic simulations
to pull the peptide away from the metal substrates after
2 ns equilibrium of peptide on the surfaces. In the pulling
simulations, the water boxes are enlarged to 30A x 30A x
90 A (Fig. 2(b)) involving about 11212 to 11298 atoms.
The peptide is pulled along the direction perpendicular to
the substrates. In order to simulate the process of peeling
peptide from metal surfaces, a dummy atom was linked to
one end of peptide with a constraint force constant
K = 8kcal/mol/A2. By fixing the metal surfaces and
pulling the dummy atom in the designated direction under
a constant pulling velocity, steered MD simulations were
performed to simulate an AFM experiment [24,25].
Analyses of trajectories are performed using the molecular
graphics software Visual Molecular Dynamics (VMD) [26].

Analysis of the trajectories is mainly concentrated on the
equilibrium properties. The intermolecular interactions
between the peptide and the metal surfaces are investigated
via pair correlation function (PCF). And we also
performed dynamic simulations to pull the peptide far
away from the metal surfaces to test the binding strength
directly. At the third part of the analysis of the results, we
calculate the root mean square displacement (RMSD) of
the peptide in the absence and presence of the metal

Fig. 2. Water boxes including the metal (1 00) surface and the His-tagged
peptide.

surfaces, respectively, which provide intrinsic information
to understand the behavior of peptide adsorption on the
metal surfaces.

3. Results and discussion
3.1. Adsorption energy
In the simulations, the His-tagged peptide interacts with

three metal surfaces in water at 298 K. Meanwhile, MD
simulations are implemented with the peptide in different
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possible configurations on the metal surfaces and calculate
the adsorption energy. So the configuration with the
maximal adsorption energy is chosen as the initial
simulation states. The peptide adsorbed on the metal
surfaces after equilibrium is shown in Fig. 3. About half of
imidazoles in the peptide can be observed to be parallel to
the substrate, with a trend to maximize the contact area,
which increase the adhesion energy and stabilizes the
peptide on the metal substrate.

The adsorption energy of Lys, His, Gly on the metal
surfaces is investigated, respectively. The adsorption energy
of single amion acid on surfaces, which is listed in Table 2,
confirmed that the amion acid of His is the primary
contribution to the peptide—metal surfaces interaction. And
the amino acids show the lowest adsorption energy on the
Ni (100) surface, which is about 10-20 kcal/mol lower than
that on the other two surfaces. In addition, the imidazole
ring of His plays an important role in the adsorption, so
the 6 x His-tag can consolidate the adsorption strength
dramatically.

3.2. Static properties

PCF [27] is used to analyze the intermolecular interac-
tions of the peptide in the absence and presence of metal
surfaces. The PCF G(r) can be expressed as [16]

{(p(r)) 1 o(rys
- INBZZ I;(V) ’ @

<pA)local
where p(r) is the density of type A particles at distance r
from particle B. The summation term shows the number of
ij pairs that are separated by a distance r. These pairs are
determined by taking spherical shells with volume V' (r) and
normalized with the average density (p);,.s in the whole
volume and the total number of B particles (N g). The PCF

G(r) =
<pA loca

Fig. 3. The His-tagged peptide adsorption on the metal surface.

Table 2
Simulated adsorption energies of amino acids interaction with metal
surfaces by MD

Gly His Lys
Ni (100) —54.41 —171.31 —141.48
Cu (100) —48.28 —155.64 —124.84
Au (100) —44.42 —145.77 —123.90

Energy values are given in kcal/mol.

G(r) is related to the probability of finding the center of a
particle in a given distance from the center of another
particle.

When the peptide is equilibrated alone in the water box,
the intermolecular interactions of the peptide chain with
surrounding water molecules are shown in Fig. 4. The
interactions between oxygen atoms of water molecules and
hydrogens of His-tagged peptide versus the interactions
between hydrogen atoms of water molecule and oxygen
atoms of peptide are shown in Fig. 4(a). Strong H-bond
between the oxygen of peptide and the hydrogen of water
molecules can be observed at the distance of about 1.8 A.
The interactions between the non-hydrogen atoms of His-
tagged peptide and water molecules are presented in
Fig. 4(b). The peak at the distance of about 2.0 A shows
that the oxygen atoms of the peptide have stronger affinity
to water molecules than the other atoms. Fig. 4(c)
represents the PCF between water molecules and the three
amino acid residues: Gly, Lys and His. The head group of
Gly is a amidogen which can form H-bond easily in the
water solvent, and this is demonstrated in PCF which
shows Gly has better affinity to the water molecules than
Lys and His.

The intermolecular interactions of the His-tagged pep-
tide chains with the water molecules in the presence of
metal surfaces are shown in Fig. 5. The polar atom N of the
amino acid Gly interacts with the water molecules at a
distance of about 2.5A, which is a weak hydrogen bond
and is shown in Fig. 5(a). The binding affinity of the C*
atom of amino acid Lys is so weak at the interaction
distance of about 4 A, which can be observed in Fig. 5(b).
The PCF between nitrogen atom (without hydrogen) and
the water molecules in the absence of three different metal
surfaces are given in Fig. 5(c), which shows that this
nitrogen with a lone pair electron does not have strong
affinity to the water molecules.

The intermolecular interactions of the His-tagged pep-
tide chains with the metal surfaces are presented in Fig. 6.
The side group of Gly is weak binder for all three metal
surfaces, which can be observed in Fig. 5(a). The distances
between the residue Gly and metal surfaces exceed 4 A. The
similar phenomena appear when Lys interacts with the
metals surface. The distances between the residues and the
surfaces are over 3.0 A (Fig. 6(b)). The —OH group in
strong binder lies relatively closer with the metal surface
[16], which can also be observed in Fig. 5(c). It can be
concluded that His is the stronger binder in this sequence
for the Ni, Cu, Au (100) surfaces. This is also demon-
strated by the behavior of the residues His in equilibrium
process, the imidazole rings trending to be parallel to the
substrate with the lowest adsorption energy on the metal
surfaces.

3.3. Dynamics properties (binding strength)

In order to investigate the dynamic properties of the
peptide near the metal surfaces, we perform MD simulation
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Fig. 5. PCF between residues of His-tagged peptide and water molecule in
presence of metal surfaces: (a) Gly between oxygen of H,O; (b) Lys
between oxygen of H,O; (c) His between oxygen of H,O.

to pull the peptide from the metal surfaces after the
adsorption equilibrium. Relaxation time is the key para-
meters of polymer solution dynamics, as it directly
correlates with the different modes of molecule motion
and hydrodynamic properties of the solution. Near the
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equilibrium, the motion of a macromolecule is best
described by the longest relaxation time [28]. For the MD
simulation of the dynamic properties, the time scales of
protein stretching and peeling are estimated to predict the
simulation time and the time scale of the peeling model is
based on quasi-static condition [29]. Compared with

adhesion energy and elasticity energy, both the work of
solvent viscosity and kinetic energy should be neglected.
The total energy of adhesion and elasticity E7, the work
of solvent viscosity E, and the kinetic energy Ej; can be
expressed, respectively, as [29]
, dL 1

1
Er = (E ke® + Ay)L, Ey=nL o Er=3 L,
(3)

where k is the stretch modulus of proteins, ¢ the strain, Ay
the adhesion energy per unit length, #, the solvent dynamic
viscosity coefficient, p the line density of proteins, L the
pulling length, and v the pulling velocity. To neglect the
work of solvent viscosity and kinetic energy means E7 > E,
and Er> Ej, so we can get two characteristic time 7, =
(2noL?/ke? + 2Ay) and 1t = L\/(2p/ke* + 2Ay). We esti-
mate that L~ Inm, k2 10°pN [30], Ay ~ 10’°pN, p ~
107" kg/m and 5, ~ 10~ Pas [31], assuming &~0.1, so the
time scale in peeling of proteins is estimated as
>Max(t,, 7%)~10""'s. In our simulation, the peeling
process is performed in about 1.2 ns, which is much larger
than 7. So the pulling process can be taken as a quasi-static
process.

For the MD simulation of pulling process, we perform
simulations of pulling the synthetic peptide in aqueous
solvent at a constant velocity (v = 0.04 A/ps). Similar
peeling simulations have been performed to investigate
ssDNA interacting with graphite surface [31] and structural
stability of proteins in the solution and on the surface [29].
Both the pulling directions are perpendicular to the metal
surfaces. We obtain the curves of pulling force vs. time for
the dynamics process shown in Fig. 7. The biggest peak
forces are about 7500, 6500 and 6000 pN for the His-tagged
peptide being pulled from Ni, Cu and Au surfaces,
respectively. These values are far more than the force to
break a H-bond, which may be due to the fact that the
peeling velocity is very fast and the viscosity of the water
molecules induces the resistance force. We have simulated

8000
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2000
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Fig. 7. Peel off force of the His-tagged peptide adhering to metal substrate
in the water solvent.
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the peeling processes in vacuum and found the forces
decrease a lot. It can be attributed to the H-bonds between
the peptide and water molecules. In the pulling process, the
H-bonds build a net-like structure which resists the pulling
in the reverse direction and increases the force to
implement the pulling process. But we compare the pulling
force with the same aqueous circumstances and para-
meters. So the water-mediated effects can be eliminated
when we investigate the difference of binding strength.

3.4. Root-mean-square displacement/deviation (RMSD)

Fitting is the procedure whereby two or more conforma-
tions of the same or different molecules are oriented in
space so that particular atoms or functional groups are
optimally superimposed upon each other. The objective of
the fitting procedure is to find the relative orientations of
the molecules in which this function is minimized. The
most common measure of the fit between two structures is
the RMSD between pairs of atoms.

Mean-square displacement provides a means to follow
the quantitative conformational changes upon binding.
The expression of RMSD is given by [32]

| X 1/2
Ad(1) = lN Z(dxz)—d,-(onzl : (4)
1

where N is the number of atoms over which the RMSD is
measured, d;(¢) and d;(0) are the coordinates of the atoms i
at time ¢ and at a reference time, respectively.

Analysis of RMSDs between coordinate sets of the
backbone atoms of the starting structures and correspond-
ing average structures calculated during MD simulations
also demonstrate the adsorption of the peptide on metal
surfaces. The average structures are calculated for the time
intervals:  0-300-600-900-1200ps. The corresponding
RMSDs for the His-tagged peptide in the solvent are
shown in Table 3. Fig. 8 shows the RMSDs of all-atom of
the His-tagged peptide during the processes of adsorption
to the metal surfaces. RMSDs of C* atoms of backbone in
the presence of metal surfaces are shown in Fig. 9. The
values for the peptide adsorption on nickel surface are the
smallest, which means the His-tagged peptide adsorption
on nickel surface is the most stable. It is clearly shown that
the conformational flexibility and possible rearrangements
are dependent on the adsorption. In other words, the
interactions between the peptide and the metal surfaces

Table 3
RMSD values between conformations of His-tagged peptide in a single
MD run with no metal surface

Frames (ps) RMSD (A)
1-300 1.352
300-600 0.926
600-900 1.622
900-1200 2.649
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Fig. 8. RMSDs of His-tagged peptide with metal surfaces.
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Fig. 9. RMSDs of C* atoms of backbone in the presence of metal surface.

limit the vibration of His-tagged peptide. It can be
understood from the viewpoint of thermodynamics. Con-
formational entropy plays the most important role in the
process of adsorption [33]. The binding of a ligand to a
protein or the adsorption of a peptide on a membrane
involves an entropy loss [34]. The adsorption of this
peptide on the metal surfaces also results in the loss of
entropy, because the motion is limited by the interaction,
including translational and rotational degrees of freedom.

4. Conclusion

Understanding the interaction between organic mole-
cules and metal surfaces is of crucial importance in
fundamental studies as well as in various applications such
as catalysis coatings, lubrication, corrosion inhibition,
molecular devices, and so on. MD simulations are
performed to investigate the adsorption behavior of His-
tagged peptide on three metal surfaces. We analyzed some
equilibrium and dynamics properties of His-tagged peptide
chain that should be important for selective surface
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binding. And we also compare the characteristics of the
three amino acids in the peptide sequence interacting with
Ni, Cu, Au surfaces, which shows that His is the strongest
binder among them.

The RMSD values demonstrate that in the presence of
metal surfaces the conformational rearrangements are
significantly constrained. It appears that the entropy loss
due to the binding with reduced flexibility is an important
aspect of binding, which thus should be compensated with
the affinity of the binding residues for the binding stability.
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