MATERIALS

SCIENCE &
- E“GIHKRIIIG
ELSEVI Materials Science and Engineering A 423 (2006) 84-91
www.elsevier.com/locate/msea
QM/MM and classical molecular dynamics simulation of
histidine-tagged peptide immobilization on nickel surface
Zhenyu Yang, Ya-Pu Zhao *
State Key Laboratory of Nonlinear Mechanics (LNM), Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100080, People’s Republic of China
Received 8 July 2005; received in revised form 22 September 2005; accepted 15 October 2005
Abstract

The hybrid quantum mechanics (QM) and molecular mechanics (MM) method is employed to simulate the His-tagged peptide adsorption
to ionized region of nickel surface. Based on the previous experiments, the peptide interaction with one Ni ion is considered. In the QM/MM
calculation, the imidazoles on the side chain of the peptide and the metal ion with several neighboring water molecules are treated as QM
part calculated by “GAMESS”, and the rest atoms are treated as MM part calculated by “TINKER”. The integrated molecular orbital/molecular
mechanics IMOMM) method is used to deal with the QM part with the transitional metal. By using the QM/MM method, we optimize the structure
of the synthetic peptide chelating with a Ni ion. Different chelate structures are considered. The geometry parameters of the QM subsystem we
obtained by QM/MM calculation are consistent with the available experimental results. We also perform a classical molecular dynamics (MD)
simulation with the experimental parameters for the synthetic peptide adsorption on a neutral Ni(1 00) surface. We find that half of the His-tags
are almost parallel with the substrate, which enhance the binding strength. Peeling of the peptide from the Ni substrate is simulated in the aqueous
solvent and in vacuum, respectively. The critical peeling forces in the two environments are obtained. The results show that the imidazole rings are

attached to the substrate more tightly than other bases in this peptide.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

For the nanomechanical systems and the fabrication of
biosensors, the immobilization of biomolecules on substrates is a
potentially important prerequisite. For instance, self-assembled
monolayers (SAMs) are the ordered molecule assemblies that
are formed by adsorption to a solid surface. The strong
chemisorption of the head-group on the substrate combined with
the interactions between the molecules are believed to be at the
origin of the spontaneous self-assembly, ultimately leading to a
well-ordered film of defined composition. The head-group of a
peptide or protein plays a crucial role in the adhesion.

“His-tags” are used in nanomechanical systems and biosen-
sors due to their functional side chains. Noji et al. [1]
exploited the high affinity of polyhistidine-tagged [3-subunits for
Ni—nitrilotriacetate (NTA) to immobilize an F1-ATPase o383y
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subcomplex on a solid surface (Fig. 1). They found that the
polyhistidine tags were bound so tightly to the Ni-NTA HRP
Conjugate that o3 83y subcomplex were immobilized even under
the high torque produced by the rotating actin filaments. In order
to specifically attach, as well as precisely position and orient,
biological molecules on metal substrates, His-tags were used
by Montemagno et al. [2] to attach a biomolecular motor, F1-
ATPase, to metal substrates, and they have tested the binding
strength of a 6 x His-tagged synthetic peptide attached to Au-,
Cu- and Ni-coated coverslips.

The nitrogen atom in the imidazole of histidine has one pair of
electrons, which can be donated to a metal ion, especially tran-
sitional metal ion. This nitrogen atom that is directly bonded to
the metal ion/atom is called the donor atom, with a coordinate
covalent bond formed between the two atoms. A coordination
compound in which a heterocyclic ring is formed by a metal
bound to two atoms of the associated ligand can be defined as
chelate complexes. A visual sketch map for the chelation by R.J.
Lancashire is shown in Fig. 2 in which a lobster holds a metal ion
indicating a heterocyclic ring. Hochuli et al. [3] applied histidine
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Actin filament

Fig. 1. Immobilization of F1-ATPase o383y subcomplex on solid surface by
polyhistidine interaction with Ni-NTA [1].

Fig. 2. A visual sketch map of chelation.

in selective binding proteins when they discovered that proteins
containing isolated histidines lead to complexes that are less
stable than those arising from proteins having two consecutive
His-tags at one terminus (2 x His-tag). Indeed, a stretch of six
consecutive His tags (6 x His-tag) is now commonly appended
to the primary sequence of recombinant proteins, making it
possible to immobilize them on biosensors for biomolecular
interaction analysis [4]. His-tagged peptide has been chosen due
to its relevance in many biological processes and for its partic-
ular side chain. The imidazole ring shown in Fig. 3 is involved
in enzyme catalysis and in the binding of metal ions to proteins
as a result of its ability to gain or lose a proton at physiological
pH values.

C3HyN,

Fig. 3. The structure of imidazole ring and molecular formula.

In order to link biomolecules to solids, Nuzzo and Allara.
[5] bound thiols to gold involving covalent interaction. Demers
et al. [6] immobilized acrylamides on silanized surfaces. Agar-
wal et al. [7] demonstrated that polyhistidine-tagged peptides
and proteins, and free-base porphyrins coated on AFM probes,
can be chelated to ionized regions on a metallic Ni surface
by applying an electric potential to the AFM tip in the Dip-
pen nanolithography (DPN) process. In the DPN experiments,
when the probes coated with the His-tagged peptide and zero
potential on a Ni surface, no deposition was observed. After
the potential applied between the probe and substrate, Ni sur-
face changes to be ionized, then six His-tagged peptide/protein
attaches to the ionized Ni surface. So some immobilizations via
naturally occurring electrostatic attraction is unsuitable for some
device applications. The molecular forces of the complex bonds
of the Ni>*—~NTA/His-tag complex at a constant loading rate of
0.5 wm/s have been obtained by Schmitt et al. [8]. The coordina-
tion bond between a histidine tag and Ni-NTA has been studied
experimentally at mechanochemistry level [9]. All the experi-
ments validate that imidazole nitrogen donor atoms coordinate
with Ni ion and form strong bonds.

Besides the function in immobilization, histidine residues
have two different roles in metalloenzymes: it can coordinate the
metal ion through its imidazole nitrogen or, alternatively, upon
deprotonation of the pyrrole nitrogen, it may act as a bridging lig-
and between two metal centers. Protein tagged with six histidine
(Hise) residues can be purified by metal chelate chromatogra-
phy. Metal chelate chromatography is based on the complexing
of metal ions as Ni2*, Cu?* or Co?* immobilized by chelate
formation through imidazole ring of the amino acid histidine.

At the beginning of simulation for the bio-chemical systems,
quantum mechanics (QM) and molecular mechanics (MM) are
usually utilized separately. QM method has the advantage over
MM method that it includes the effects of charge transfer, polar-
ization and bond breaking and forming from the beginning. So
QM simulation is employed for the investigation of the chemi-
cal reaction, while MM simulation method is well suited for the
investigation of the transformation of the conformation in large
system. But the computation cost of QM method is so expensive.
While, combining both merits of QM and MM, MM method has
been coupled to QM method leading to hybrid QM/MM algo-
rithm [10], which models a very large system using MM and on
crucial section of the system with QM. This is designed to give
results that have very good speed where only one region needs
to be modeled quantum mechanically.

General Atomic and Molecular Electronic Structure System
(GAMESS) [11] is a general ab initio quantum chemistry pack-
age. It can compute self-consistent field (SCF) wavefunctions
ranging from restricted Hartree Fock (RHF), restricted open
shell Hartree Fock (ROHF), unrestricted Hartree Fock (UHF), to
generalized valence bond (GVB) and multi-configurational self-
consistent field (MCSCEF). Correlation corrections to these SCF
wavefunctions include density functional theory (DFT) approx-
imation, configuration interaction, etc. For automatic geome-
try optimization, analytic gradients are available. There is an
optional QM/MM add-on module available for GAMESS, based
on the classical molecular dynamics (MD) software TINKER
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Synthetic pepetide sequence:

Hisg * His, * His, *

Gly-Gly-Lys-Gly-Gly-Lys-Gly-Gly-His-His-His-His-His-His

Fig. 4. The synthetic peptide with 6 x His-tags. The blue atoms are nitrogen atoms, the white ones are hydrogen atoms, the red ones are oxygen atoms and the rest

are carbon atoms.

program [12]. GAMESS/TINKER can perform the Integrated
Molecular Orbital/Molecular Mechanics (IMOMM) scheme
[13], which spearheads the entry of hybrid QM/MM approaches
in computational transition metal chemistry. The validity of the
IMOMM method for accurate calculation of the transition metal
complexes has been affirmed [14].

This novel technique of combining a QM treatment of the
interested section with a MM treatment of the rest section has
givenrise to a large number of investigations due to the challeng-
ing technological applications in the field of biochemistry and
biocatalysis. Many researchers have made progresses in apply-
ing the combined QM/MM methods to chemical reaction and
catalysis in solution [15-18]. To the authors’ knowledge, no
work has been done in applying such methods to peptide/protein
chemisorption with Ni ion or Ni surface for immobilization.

This work focuses on the 6 x His-tagged synthetic peptide
[2] (Fig. 4) attachment to the ionized region in Ni substrate,
i.e. the peptide chelating with Ni ion [5], and only one Ni%*
ion is considered in this work. GAMESS and TINKER are
employed for the QM/MM calculation of the His-tagged pep-
tide chelating with Ni%* ion. The different geometries of the
possibly chelating are optimized. The binding energy of the
peptide with the Ni ion is obtained at HF(6-31G*)(namely,
an extended basis set with polarization basis functions)/MM
and B3LYP [19-21] (6-31G*)/MM level, respectively. And we
also implement classical MD to simulate this synthetic peptide
adsorption to Ni(100) surface in the aqueous solvent and in
vacuum, respectively. The critical peeling force of the peptide
peeled off from the Ni substrate is obtained.

2. QM/MM schemes
2.1. Governing equations

The basic strategy for the QM/MM method lies in the hybrid
potential in which a classical MM potential is combined with
a QM one [10]. The energy of the system, E, is calculated by
solving the Schrodinger equation with an effective Hamiltonian,
H,gr, for the mixed quantum mechanical and classical mechani-
cal system

Heeefr(r, Rom, Rvm) = E(Rom, Rmv)¥(r, Rom, Rvm) - (D)

where ¥ is the electronic wave function of the quantum system,
ris for the coordinates of the electrons, Rgum is the position of the
quantum mechanical nuclei, as well as Rypv is for the molecular
mechanical nuclei. The wave function, i, depends directly on
1, Rom and Rypwm.

The effective Hamiltonian for the mixed quantum and clas-
sical system is divided into three terms [22]

Her = Hom + Hvm + Homymm (2)

where Hqy is the contribution from complete QM section (QM
in Fig. 5), Hyw is from the pure MM section (MM in Fig. 5) and
Hgwmmw is the interaction between the QM and MM portions of
the system.Similarly, the total energy of the system calculated
by solving the Schrédinger equation can likewise be divided into
three component parts

Eeff = Eqm + Emm + EQMm/MM- 3)

While, the pure MM term can be removed from the integral
because it is independent of the electronic positions. So another
way to express the total energy of the system is as the expectation
value of Hegr [23]

Eett = (Y|Hom + Hom/mm|¥) + Emm 4

in which, Hqu is the Hamiltonian that can be obtained by either
semiempirical, Hartree Fock, or DFT, while Epy is an energy
got using a classical force field. Hom/mm is the key term which
represents the interaction of the MM atom “cores” with the elec-

& QM part

Fig. 5. An example of how to partition a molecule into QM and MM regions.
The figure shows a histidine, in which all the atoms in the imidazole ring are
taken as QM atoms, while the rest atoms are treated as MM atoms.
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tron cloud of the QM atoms, as well as the repulsion between the
MM and QM atomic cores, and the Lennard—Jones term cannot
be neglected. The form of Hommm [13] is:

M MZA
Hom/vm = — E q + qR
o iml S IRam|
R12 RS,
2 : min,AM min,AM
+ 48AM < Rlz - 2 R6 (5)
AM AM AM

where g is the atomic point charge on the MM atom, rijy iS
the QM electron to MM atom distance, Zy is the core charge of
QM atom A, Rayv is the QM atom A to MM atom M distance
and eam and Rpyinam are the Lennard-Jones parameters for
QM atoms A interacting with MM atom M. The critical term
that allows the QM region to “see” the MM environment is the
first term in the right side of Eq. (5) where the summation is
over all interactions between MM atoms and QM electrons. The
second term in Eq. (5) represents the core-electron interaction
between MM and QM atoms and is incorporated into the QM
Hamiltonian explicitly. The van der Waals interaction between
QM part and MM part is described by the third term in Eq.
(5). As the IMOMM method is taken, the introduction of new
parameters is avoided and the number of geometry variables is
reduced as much as possible.

2.2. Link atoms method

An important aspect of the formation of a hybrid potential is
how to handle covalent bonds between atoms that are described
with different potentials, and most notably, those bonds exist
at the interface of the QM and MM regions. Several methods
have been proposed to deal with this problem, ranging from the
simple link-atom method [10] to sophisticated hybrid-orbital
techniques [24], pseudo-bond approach [25] and some other
methods [26-29].

In many situations, it is necessary to split a molecule between
QM and MM regions, which means that there are covalent bonds
between QM and MM atoms. These cleavage bonds must be
treated in some way because the presence of broken bonds and
unpaired electrons at the boundary of the QM region dramati-
cally change the electronic structure of the QM subsystem. As

(b)

long as the QM and MM atoms are in different molecules, no
such problem arises.

Here, we introduce the classical link-atom method [10]. The
link atoms as shown in Fig. 5 are treated exactly like QM hydro-
gen atoms in the QM/MM scheme and they are invisible to the
MM atoms because no interactions between the link atoms and
the MM atoms are calculated. Define the link atoms for each
molecule containing both QM and MM atoms. Each bond that
crosses the boundary between the two regions must be defined.
The link-atom coordinates are determined to place along the
bonds between the QM and MM atoms. The exact distance does
not matter since the position of the link atoms is optimized in sub-
sequent calculations. The link atoms have no interactions with
the MM atoms and appear only in the QM portion of the calcu-
lations. They have no entries in any of the nonbond lists. For the
IMOMM scheme, the introduction of link atom is modified to
study organometallic reactions by subtracting the classical MM
interactions with the real QM system.

3. Simulation procedures

The experiment of Conti et al. [9] revealed that both tags
could make complex with Ni** in the different types with dif-
ferent stabilities. In our following work, two, four, six numbers
chelate structures are considered, respectively, to investigate the
structure and stability of them. Because one of our goals is to
investigate the interaction of the His-tags with Ni>* ion, we use a
two- partition scheme in the QM/MM calculation. The prepared
synthetic peptide—metal—solvent system is partitioned into a QM
subsystem and a MM subsystem.

The first part utilizes a smaller QM subsystem consisting
of the Ni ion and imidazoles of histidines. For two numbers
chelate structure, Ni%* jon and the imidazoles of His; and Hiss
are included into QM atoms together with four water molecules,
with a total of 33 QM atoms. For four numbers chelate structure,
NiZ* ion and the imidazoles of His; to His4 together with two
molecules are included into QM atoms, with a total of 45 QM
atoms. And for six numbers chelate structure, all the imidazole
of histidines and Ni>* ion are included without water molecules
considered quantumly, for a total of 55 QM atoms. The rest
structure consisting of remaining peptide and the solvent are
treated as MM part. All the QM part models are shown in Fig. 6.

Fig. 6. The QM models of the three chelate structures. The center atom is the Ni%* ion, the hydrogen atoms in the purple dashed circle are the link-atoms to bridge

the QM and MM.
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The boundary problem between the QM and MM subsystems is
treated using the IMOMM approach which can be implemented
directly in GAMESS/TINKER calculations.

With these prepared QM/MM systems, full geometry opti-
mizations and energy calculations are performed at the HF
(6-31G*)/MM level and B3LYP (6-31G*)/MM level calcula-
tions, leading to the optimized structure for the active region.
For the QM subsystem, the criteria used for geometry opti-
mizations follow GAMESS default. For the MM subsystem, the
convergence criterion used is that the root-mean-square (RMS)
energy gradient is less than 0.1 kcal mol~' A~ In the MM min-
imization, the Ni ion is fixed only. No cut-off for nonbonded
interactions is used in the QM/MM calculations. The force field
used in the QM/MM calculation is the MM3 all-atom force field
in TINKER for the protein and the TIP3P model for water.
For the initial setup, the peptide and Ni2* ion are surrounded
by a water box of 20 x 20 x 15 A containing TIP3P molecules.
For the subsequent calculations, a periodic boundary condition
(PBC) is employed for the water box. The images of QM section
involved in Figs. 3-6 are processed by MOLDEN software [30].

We also perform MD simulations for the synthetic pep-
tide adsorption on Ni(100) surface without ionized region.
The Lennard—Jones Parameters of Ni atoms are selected as
e=6030Kp deg., o= 2282 A [31]. The MD simulations are
done by employing the code CHARMM 28b1 [32]. During the
simulation, leapfrog algorithm [33] is used for integrating the
Newton’s equations of motion for each atom, with a time step
of 1fs. The periodic boundary condition using image conven-
tions is applied in calculating the nonbonded interactions. With
anonbond cut-off 12 A, the nonbonded pair list is updated every
10 steps, and the nonbonded interaction energies and forces are
smoothly shifted to zero at 10 A. The relative dielectric con-
stant 1.0 for electrostatic calculations is used. As the initial
configurations, peptide is placed on the surface of metal with
a mean distance about 6 A. Then the system is equilibrated for
200 ps at 300 K. The temperature is checked every 100 steps, and
adjusted by scaling velocities only if the average temperature of
the system is outside the range 300 + 10 K. Thus the average
temperature is maintained at 300 K. The size of the water box
is kept fixed during the simulation, making it effective under a
constant NVT system. To simulate the peeling process of peptide

from metal substrate, a dummy atom and the algorithm of con-
stant velocity dynamics are used in the simulation. The dummy
atom is linked with the end of the peptide far from the histidine
by the constraint function NOE and pulled in the designed direc-
tion at a constant velocity. The force constant we used for NOE
is K =8kcal/mol/A2. With the peeling direction perpendicular
to the substrate, pulling rates are selected as 0.1 and 0.01 A/ps
for in aqueous solvent and in vacuum, respectively. During the
peeling process, the metal substrate is fixed so that the peel-
ing of the peptide is realized. Similar peeling simulations have
been done to study ssDNA adhesion to graphite surface [34] and
structural stability of proteins [35].

4. Result and discussion

The binding energy AE is defined as:
AE = E(Ni** — peptide) — Eio(Ni*") — Eio(peptide), (6)

where E(Ni**—peptide) is the total energy of the Ni**—peptide
complexes, Ei(Ni?*) is the total energy for the Ni** ion and
Eoi(peptide) is the total energy of the 6 x his-tagged peptide.
The link-atom is introduced into both Etot(Niz‘”—peptide) and
Eioi(peptide) calculations, so it rarely affects the AE at the end.

The peptide—Ni** system is fully optimized with the energy
of the system approaching the lowest level. Otherwise, more
SCF iterations are needed for the bigger QM subsystem. All
the geometry parameters and the binding energy are listed in
Table 1.

When two histidines of the peptide chelate with the Ni
ion, the binding energy of the peptide interaction with Ni
ion is —231.626 KJ/mol for the HF(6-31G*)/MM calcula-
tion, while the binding energy is about 15KJ/mol lower
for the B3ALYP(6-31G*)/MM calculation. The HF calculation
scheme is a self-consistent iterative procedure to calculate the
Schrodinger equation of a many-electron system in a coulom-
bic potential of fixed nuclei. As a consequence to this, whilst
it calculates the exchange energy exactly, it does not calculate
the effect of electron correlation at all. While B3LYP schema is
a hybrid density functional theory (DFT), which gives approx-
imate solutions to both exchange and correlation energies. So
the B3LYP(6-31G*)/MM calculation gets even lower bind-

Table 1
Binding energy and structural data for the optimized chelate structures
AE D(N-Ni) D(C1-L) D(C1-C2) D(Ni-O) Z(N-Ni-N)
Two His-tags chelate with Ni%*
HF(6-31G*)/MM —231.626 2.056 1.081 1.347 1.962 86.43
B3LYP(6-31G*)/MM —247.913 2.065 1.083 1.350 1.969 89.62
Four His-tags chelate with Ni**
HF(6-31G*)/MM —314.077 2.083 1.072 1.341 1.973 93.38
B3LYP(6-31G*)/MM —326.062 2.090 1.075 1.342 1.976 93.40
Six His-tags chelate with Ni%*
HF(6-31G*)/MM —382.331 2.092 1.071 1.345 - 91.60
B3LYP(6-31G*)/MM —399.462 2.095 1.076 1.348 - 92.02
Experiment [37,38] - 2.112 - 1.355 2.065 93.50

D is the distance,  is the angle (donor atom—Ni2*—donor atom), and L represents the link atom. All distances are in Angstrom, and energy in KJ/mol.
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ing energy, which is surely more precise. The average bond
length between the donor atom N and the acceptor atom Ni
is 2.065 A in B3LYP(6-31G*)/MM calculation and 2.056 A for
HF(6-31G*)/MM calculation. The angle of /N-Ni—N is a little
bit smaller than 90°. The design of two His-tags on the peptide
tail chelating with Ni ion of Ni-NTA is widely used in immobi-
lizing a His-tagged bio-molecule on a substrate.

For four and six histidines chelating with Ni ion, the bind-
ing energies in corresponding calculations are about 80 and
150 KJ/mol, respectively, which are both lower than the binding
energy of two numbers chelation, and the average bond length
of N=Ni is increased to about 2.09 A. The calculated angles
/N-Ni-N are very close to 90°. It shows that the coordina-
tion bonds are close to orthogonal arrangement. The distance
between the link-atom and the carbon atom on the QM bound-
ary is initially set as 1 A and ranges from 1.071 to 1.083 A in
the calculations. This distance has no obvious variation, which
shows that the active region does not affect the boundary of QM
and MM largely, and vice versa. It shows that the link-atom
method is properly involved in these systems. The other geo-
metrical parameters are summarized in this table, too. The bond
length of N—Ni is coincident with the high resolution X-ray struc-
ture data [36,37]. From the results of the QM/MM calculation,
it is known that more energy is needed to break the six numbers
chelate structure than the others. The six numbers chelate struc-
ture results in the highest binding strength, which is regarded as
the most stable structure and enables the His-tagged peptide to
be immobilized on ionized nickel surface tightly.

In order to investigate the His-tagged peptide adsorption
on neutral Ni surface, we implement classical MD for the
adsorption in different environments. For our classical MD,
we perform one simulation for peeling the synthetic peptide
in aqueous solvent at a constant velocity (v = 0.01 A/ps) and
another simulation for the vacuum environment at a constant
velocity (v = 0.01 A/ps) ignoring the effect of water molecules.
Both the pulling directions are perpendicular to the substrate.
We obtain the curves of peeling force versus time for the two
simulations shown in Figs. 7 and 8. In the MD simulation, we
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Fig. 7. Peeling off force of the synthetic peptide adhering to Ni substrate in
aqueous solvent. To eliminate thermal noise, the pulling force is filtered with a
100 point FFT smoothing (red line).
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Fig. 8. . Peeling off force of the synthetic peptide adhering to Ni substrate in
the vacuum. At point A, the first imidazole is pulled off from the substrate and
Fm =2498 pN; At point B, the last imidazole is pulled oft from the substrate.

find that the peptide needs more time for adsorption on the Ni
substrate. When the peptide is peeled off from the substrate in
aqueous solvent, as shown schematically in Fig. 7, no consid-
erable force is found at the beginning, which means that the
several frontal amino acids, GLY and LYS do not adhere to the
substrate tightly enough. With the time goes on, the segment
with histidines begins to peel off from the substrate, and the
force begins to increase. The adhesion force between the pep-
tide and the substrate can be understood more clearly form Fig. 8.
The peaks are very obvious in the peeling curve. The maximal
force Fiy, =2498 pN appears when the Hisg is pulled off from the
substrate, and another 5 peaks follow in the subsequent peeling
whose values are in the range of about 1500-2000 pN, which
mean that the binding strength between imidazole of Hisg and
the substrate is the highest. These obvious peaks are affirmed to
be the sign of pulling off of the imidazoles from the substrate in
the peeling movie.

Fig. 9. The His-tagged peptide adhering to the Ni(100) surface with about
half of the imidazoles parallel with the substrate after 10 ns equilibrium. The
imidazole in red circle is viewed from side.
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T=4.000 ns

T=2.000 ns

T=1.000 ns

T=3.000 ns

Fig. 10. Peeling the synthetic peptide from the Ni substrate in vacuum at a constant velocity 0.01 A/ps.

When the synthetic peptide adheres to the substrate, the
ringed structure, imidazoles, always trend to become parallel
with the substrate by the energy approaching to equilibrium,
but not all of the imidazoles can be parallel with the substrate
at the end of 10ns equilibrium, which is shown in Fig. 9. The
average distance between the imidazole rings and the Ni sub-
strate is about 3.85 A in the aqueous environment and 3.25 A in
the vacuum. The structures of imidazole rings in parallel with
the substrate make the interaction area bigger, which leads to
stronger adhesion. Fig. 10 shows the process of peeling the syn-
thetic peptide off from the substrate in the vacuum. This image of
MD result was processed by VMD software [38]. These pictures
show that the imidazoles play a very important role in the adhe-
sion and result in the peaks in the curve of Fig. 8. Hisg is already
apart from the substrate at the time 7'=2.5 ns, which is pulled off
at the time 7=2.306 ns. During the peeling, the conformation
of the synthetic peptide changes as the amino acids are pulled
off from the substrate. During the time 7=3.0 to 7=3.5ns, the
Hisj that does not attach to the substrate before peeling, adheres
to the substrate and then is pulled off. The final base His; is
pulled off from the substrate at the time 7=4.569 ns. The ori-

entation of imidazole ring of His; changes from being parallel
with the substrate to being perpendicular to the substrate and left
the substrate at last.

5. Conclusions

The QM/MM simulation results show the 6 x His-tagged
peptide can form the most stable structure with high bind-
ing energy which is also affirmed experimentally [8]. And the
optimized structure data are obtained satisfactorily. The results
obtained for the peptide—Ni chelate complexes also show that the
present QM/MM approach is reasonable and effective. Such del-
icate properties as conformational changes and binding energy
are modeled in our QM/MM calculations.

It is shown that the QM/MM method can be used to probe
aspects of metal chelate complexes from both fundamental and
practical aspects. And by classical MD simulation, it can be
realized that half of imidazoles of the His-tags are almost parallel
with the substrate so as to enhance the binding strength.

Understanding how polymer molecules behave near metal
surfaces would greatly enhance our ability to control the essen-
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tial interfacial properties in a wide variety of problems, including
adhesion, wetting and nanowetting, biomolecular recognition,
and self-assembly. Such understanding is, however, difficult to
be obtained by experiment directly. Specifically, atomic-scale
energetics dominates at the interface, where chemisorption and
physisorption of different small parts of the polymer molecules
may occur. The QM/MM method is a powerful and effective
tool to investigate the polymer interaction with metals.
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