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Abstract

A study of the peptide sequence prediction based on the steered molecular dynamics (SMD) method is presented. Here, 2 22-residue peptide
sequences are selected. One is the neutral sequence and the other is the LNB sequence. Force-extension profiles are easily obtained from the
steered molecular dynamics simulation. For the N22 sequence, it is shown that the force curve is of saw-tooth pattern. There are 22 peaks in
the curves, and each peak in the curve denotes one residue in the sequence. For the LNB sequence, 3 force curves corresponding to the desorption
from 3 different attractive surfaces are shown. The residues L (hydrophilic), N (neutral), and B (hydrophobic) in the sequence can be read easily
from the peaks of the curves. End-to-end distance R2 is also discussed for the 2-peptide sequences. Finally, we calculate adsorbed energy curves
during the desorption process, and there are some steps in the curves, which are like the peaks in the force profiles. That is, from those steps in
the energy curves, the residue prediction for the peptide sequence can also be done accurately.
� 2007 Published by Elsevier Ltd.
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1. Introduction

Numerous functions of cells involve mechanical properties
of biopolymers. A wealth of information about the mechanical
properties of structural proteins has been revealed by single
molecule experiments, in which proteins are stretched by
mechanical forces [1e29]. Among such single molecule mea-
surement techniques are atomic force microscopy (AFM) [30],
laser optical tweezer (LOT) [31], biomembrane force probe
[32], and surface force apparatus experiments [33]. Steered
molecular dynamics (SMD) have also been used widely to
complement these observations and provide atomic level
descriptions of the underlying events [34e37]. SMD applies
external forces to manipulate bio-molecules in order to probe
mechanical functions, as well as accelerate processes that are
otherwise too slow to model.
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Unlike the SMD applications ranging from identification of
ligand binding pathways [36] to the explanation of elastic
properties of proteins [37], in this study we apply the SMD
method to predict the peptide sequence by pulling the peptide
chains from the attractive surface. As is known in biomedical
research and biotechnology, the development of fast and
accurate DNA sequencing methods is certain to be significant.
For instance, single molecules of DNA can be detected by
measuring the ionic current as a longitudinal electric field is
applied to pull DNA through a pore [38e40]. However, differ-
ent detection schemes such as optical [41] and capacitive [42]
have also been suggested. Single nucleotide resolution has
been achieved via transverse electronic transport recently
[43]. An alternative DNA sequencing method is single mole-
cule mechanical unzipping of double-stranded DNA. During
the unzipping process, the binding strengths between comple-
mentary base pairs can be accurately detected by force probe.
However, there are many fundamental limitations [44]. In this
paper, we mainly focus on the simple sequence such as HP
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sequence [45,46] and LNB sequence [47,48]. Here we predict
the peptide sequence using the SMD method. In fact, the merit
of SMD is that the force can be easily obtained during the
pulling process.

The SMD method is used to investigate the force-extension
profiles by pulling the peptide chains from the attractive sur-
face. To consider different interactions between the residue
and the attractive surface, we introduce 3 types of attractive
surfaces, i.e., hydrophilic, neutral and hydrophobic. Different
types of residues can be distinguished by recording the peak,
which depends strongly on the attractive surface. In combina-
tion of these force curves, the total peptide sequence can be
predicted. In the meantime, end-to-end distance during the
desorption process is also given. Adsorbed energy changes
during the desorption process for the peptide chain can also
predict the different residues in the sequence. Different types
of attractive surfaces, i.e., hydrophilic, neutral and hydrophobic
can be achieved in the experiments.

The organization of the paper is as follows. The details of
our model as well as the simulation methods are described
in next section, following is the results and discussion. The
last section is conclusion of our work.

2. Model and methods

2.1. The potential

A modification of the SkolnickeHoneycutteThirumalai
model [47e49] is adopted here. The model consists of a chain
of 22 residues. The residues can be of 3 types: hydrophilic (L),
neutral (N ) and hydrophobic (B). The residues are connected
to the adjacent one by a virtual bond of length s¼ 3:8 �A, which is
the average distance between consecutive Ca atoms in peptides.
We have studied 2 peptide models. One is LB9ðNLÞ2NBLB3LB,
from here on referred to as LNB sequence, the other is a sequence
of neutral residues (N22 sequence), which represents a simple
polyamino acid that has no structural preferences.

The potential energy of a given conformation of the
adsorbed peptide chains is given by

V ¼ VbondþVnonbonded þVbend þVdih þVsurface ð1Þ

Here Vbond represents the connectivity of the chain and as-
sumes that each bond is a stiff harmonic spring [49e51].
The harmonic potential is expressed as:

Vbond ¼
XN

i¼2

kbðj*uij � sÞ2=2 ð2Þ

Here
*ui ¼ *ri �*ri�1 is the bond vector, and we assume that

the spring constant kb¼ 100 kcal/mol Å2 [49].
The nonbonded potential between sequence-distant resi-

dues that are not covalently bonded is represented as a sum
of pairwise potentials [49,50]:

Vnonbonded ¼
X
ji�jj�3

Vij

���*rj �*ri

��� ð3Þ
The form of potential Vij depends on the types of residues i
and j. The nonbonded interaction between any BeB pair is
given by a LennardeJones potential [49,50]:

VBB ¼ 4
h
ðs=rÞ12�ðs=rÞ6

i
ð4Þ

r is the distance between the specific residue. While the inter-
action between LeB and LeL pairs is repulsive and long
ranged:

VLB;LL ¼
8

3

h
ðs=rÞ12þðs=rÞ6

i
ð5Þ

The nonbonded interaction between an N residue with any
other bead takes the form:

VNB;NL;NN ¼ 4ðs=rÞ12 ð6Þ
The bond angle among 3 successive residues is cons-

trained by a harmonic potential, and the bending potential is
written as:

Vbend ¼
XN�1

i¼2

kqðqi� q0Þ2=2 ð7Þ

Where q0 ¼ 105� is the equilibrium bending angle, qi is the
angle between vectors

*
ui and

*
uiþ1. And kq¼ 20 kcal/

(mol rad2).
The dihedral angle potential, involving four successive res-

idues, is represented by:

Vdih ¼
XN�2

i¼2

½Að1þ cos 4iÞ þBð1þ cos 34iÞ� ð8Þ

The dihedral angle 4i is formed between the vectors
*
di ¼*ui �

*
uiþ1 and

*
diþ1 ¼*uiþ1 �*uiþ2. The parameters A and B depend

on the residue type. If at most one of the residues among the
four residues which define a dihedral is N, A¼ B¼ 1.2 kcal/
mol. Otherwise A¼ 0 and B¼ 0.2 kcal/mol. However, for
N22 sequence, A¼ 0 and B¼ 1.2 kcal/mol.

In order to simulate the desorption process for the peptide
chain from the surface, we consider the attractive interactions
between the residue and the surface. The form is assumed as
3e9 potential [52], and for the N22 sequence, it is

Vsurface ¼
XN

i¼1

w
�
ðs=ziÞ9�ðs=ziÞ3

�
ð9Þ

Here w¼ 300 kcal/mol. For the LNB sequence, it is

Vsurface ¼
XN

i¼1

w1

�
ðs=ziÞ9�ðs=ziÞ3

�
þw2

�
ðs=ziÞ9�ðs=ziÞ3

�

þw3

�
ðs=ziÞ9�ðs=ziÞ3

�
ð10Þ

where, zi is the vertical distance of residue i measured from the
surface (i.e., z¼ 0), w1 is the factor of the potential between
the residue L and the attractive surface, w2 is the factor of
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the potential between the residue N and the attractive surface,
and w3 is the factor of the potential between the residue B and
the attractive surface. The aim that we choose 3 types of inter-
action between the peptide and the surface is to distinguish
different types of residues through pulling the adsorbed pep-
tide chains away from the attractive surface. Here we use 3
groups of parameters to show different surface interactions.
The first one is w1 ¼ 300; w2 ¼ 100; w3 ¼ 0 (hydrophilic),
the second one is w1 ¼ 0; w2 ¼ 100; w3 ¼ 300 (hydrophobic),
and the last one is w1 ¼ 0; w2 ¼ 300; w3 ¼ 0 (neutral). Here
w1, w2, and w3 are expressed in the unit of kcal/mol. The rea-
son why we adopt large value w1, w2, and w3 is that this paper
mainly discusses the peptide sequence prediction by pulling
the chain from the strongly adsorbed surface and it needs the
strongly adsorbed interactions between the peptides and the
surface. If the interaction between residues and the adsorbed
surface is weak, the peaks in the force profiles may not be ob-
vious. As the interaction between the peptide residues and the
surface is quite larger than the interior energy of the peptide
sequence, the interior structure of the sequence is not impor-
tant here. For example, when the LNB sequence is adsorbed
on the hydrophobic surface, the adsorbed energy is about 51
times larger than the interior energy of the peptide sequence.

2.2. Simulation of the dynamics

The SMD model of pulling the adsorbed peptide chains
away from the attractive surface is schematically represented
in Fig. 1. After the peptide sequence attains the equilibrium
states on the adsorbed surface, a linear spring (force probe)
is attached to one of the end residues. The stiffness of the
spring is k0¼ 945 pN/Å. And it moves at a constant speed
v¼ 0.05 Å/ps. The force probed by the spring is therefore
given by Hook’s law, i.e., f ¼ k0ðz0 � zÞ, where z and z0 are
the displacements of one of the end residues and the spring’s
opposite end point, respectively.

The motion of the residue is discussed by generating the
atomic coordinates as a function of time. At each time step,

z

z0

k0

V

X
Y

Z

surface

Fig. 1. A sketch of the desorption process for an adsorbed peptide chain away

from the attractive surface.
new positions and velocities of the residues are determined
by solving the equations of motion using the old positions.
However, the old velocities and the accelerations are always
under the restriction imposed by the law of energy conserva-
tion. In order to calculate new positions, velocities and acceler-
ations of the residues, we use the elemental Newton equation,

m
d2*ri

dt2
¼*Fi ¼�ViV þ*f ð11Þ

where m is the mass of a Ca atom,
*
ri denotes the position vec-

tor of residue i,
*
Fi is the force on residue i due to interactions

with all other residues, V is the total potential energy as dis-
cussed above, and

*
f is a force probed by the spring. In the

meantime, we choose the method originally proposed by Bee-
man [53].

*
riðtþDtÞ ¼*riðtÞ þ*viðtÞDtþ 4

*FiðtÞ �*Fiðt�DtÞ
6m

Dt2 ð12Þ

and

*
viðtþDtÞ¼*viðtÞþ

2
*
FiðtþDtÞþ5

*
FiðtÞ�*Fiðt�DtÞ

6m
Dt ð13Þ

where
*
vi denotes the velocity of residue i and Dt denotes the

basic time step of the motion. In this work, a time step is
0.001 ps. Therefore, by pulling the chain away from the attrac-
tive surface at a constant speed, using the simulation method
above, we can obtain the force-extension curves of the system.
And how the chain size and energy change during the desorp-
tion process can also be discussed.

3. Results and discussion

3.1. Force-extension profiles

Fig. 2 gives four representative conformations for N22 pep-
tide chain during the desorption process with z¼ 0, z¼ 20 Å,
z¼ 60 Å and z¼ 100 Å. Here the force is acted on one of
the end residues. For z¼ 0, it means that no force is acted
on the chain. Because of the interaction between the residue
and the surface, the chain is adsorbed on the surface com-
pletely at this time. The second figure represents that the ver-
tical distance between one of the end residues and the surface
is 20 Å. In this conformation, a small part of peptide chain
has been pulled away from the surface, and the remainder is
still adsorbed on the surface. When z¼ 60 Å, opposite to
z¼ 20 Å, a large part of peptide chain has been pulled away
from the surface. When z¼ 100 Å, the chain has been pulled
away from the surface completely, there have been no interac-
tions between the peptide chain and the surface, and the
peptide chain becomes a free chain.

Using the SMD method, we study the desorption process
for the peptide chain away from the surface. This was done
first by obtaining the force-extension curves for the 2 se-
quences, i.e., N22 and LNB sequences. Fig. 3(a) is the force
profiles for the pull-off of N22 sequence. The inset shows
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Fig. 2. Four representative conformations (z¼ 0, z¼ 20 Å, z¼ 60 Å, z¼ 100 Å) during the desorption process for the N22 peptide chain. The pulling rate is

0.05 Å/ps and the unit of axis is Å.
that the chain is to be pulled only one time. In order to
improve the results more exactly, we have pulled the chain
50 times. The differences between these 50 pulling simula-
tions are that the initial conformations are different. Of course,
those initial conformations are all in the equilibrium states
without any force acting. The large figure is the average of
50 times. When one of the end residues is pulled away from
the surface with a constant rate of v¼ 0.05 Å/ps, we observe
that the force profile is of a saw-tooth pattern. It is important
to recognize that there are 22 peaks in the force profile. The
distance between 2 consecutive peaks is near to 3.8 Å, which
is equal to the bond length of peptide chain. It can be ex-
plained that the saw-tooth pattern shows the residue-surface
detachment. In the meantime, we can read the residue type
in the sequence from the peaks of the force profiles.

For LNB sequence, it is assumed that if we introduce 3 types
of the surfaces, i.e., hydrophilic (strong interaction with
residue L), hydrophobic (strong interaction with residue B),
and neutral (strong interaction with residue N ), the force-
extension profiles may be different. And from the peak
position, we can read the residues L, B and N. According to
this assumption, we introduce 3 groups of interaction factors,
i.e., w1 ¼ 300, w2 ¼ 100, w3 ¼ 0 (hydrophilic surface), w1 ¼ 0,
w2 ¼ 100, w3 ¼ 300 (hydrophobic surface), and w1 ¼ 0;w2 ¼
300;w3 ¼ 0 (neutral surface). Fig. 3(b) shows the force-
extension profile for pulling the LNB sequence away from the
hydrophilic surface. The pulling-up trace shows 5 peaks, which
means that the number of residue L is 5, and it is in agreement
with the given LNB sequence. Some other findings can be de-
duced from the distances between the peaks. The first peak
is at z1¼ 3.3 Å, it is near the first peak in Fig. 3(a). It shows
that the first residue in the sequence is L. The situation of
the second peak in the curve is located at z2¼ 46.6 Å. As
Dz ¼ z2 � z1 ¼ 43:3 Az11s, this means that there are 10 resi-
dues between the first residue L and the second one. By using the
same analyzing method, the interval between the second and
third L residues is calculated, Dz¼ z3� z2¼ (54.7� 46.6) Å¼
8.1 Å z 2s (only 1 residue between the 2 adjacent residues L).
The third residue L and the fourth residue L are apart from
Dz¼ z4� z3¼ (65.5� 54.7) Å¼ 10.8 Å z 3s (2 residues
exist between the 2 adjacent residues L). For the interval of
the last 2 peaks, it is Dz¼ z5� z4¼ (81.3� 65.5) Å¼ 15.8 Å z
4s (3 residues is in the middle of the 2 last residues L). It is in good
agreement with the given LNB sequence of LB9ðNLÞ2NBLB3LB
for residue L.

We have also studied the force profiles for pulling the chain
away from the hydrophobic and neutral surfaces. The results
are given in Fig. 3(c) and (d), respectively. There are 14 peaks
in Fig. 3(c) and 3 peaks in Fig. 3(d). The positions of the
peaks in the force profiles can be read clearly from the coor-
dinates. By the similar method as is stated in Fig. 3(b), the
orders of residue B and residue N can be deduced too. Here
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Fig. 3. Force f vs. z during the desorption process for the peptide chains. The force acts on one of the end residues. (a) N22 peptide chain with w ¼ 300 kcal=mol;

(b) LNB peptide chain with w1 ¼ 300 kcal=mol; w2 ¼ 100 kcal=mol; w3 ¼ 0; (c) LNB peptide chain with w1 ¼ 0; w2 ¼ 100 kcal=mol; w3 ¼ 300 kcal=mol;

(d) LNB peptide chain with w1 ¼ 0; w2 ¼ 300 kcal=mol; w3 ¼ 0 (the large figure is the average of 50 times, while the small figure in the top right corner is

only one time); (e) the combination of figures (b), (c) and (d). Here the pulling rate is 0.05 Å/ps, and the unit of the horizontal axis is Å.
we combine Figs. 3(b), (c) and (d) to Fig. 3(e), and draw the
force curves with different lines for different attractive sur-
faces. The order of the residues L, N and B in the sequence
is very obvious in Fig. 3(e). The thick solid line represents
the curve for the hydrophilic surface, the common solid
line shows the curve for the hydrophobic surface, and the
dash line is for the neutral surface. As signed in the figure,
we can read the sequence from left to right clearly, and it
is LB9ðNLÞ2NBLB3LB, which is quite the same as given
already.
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Considering the actual situation of experiments, the AFM tip
does not always stick to one of the end residues. Here we discuss
the case that the force doesn’t pull the LNB peptide chain at one
of the end residue. In Fig. 4, we plot the force-extension curves
for the cases where the force acts on the sixth residue and on the
17th residue, respectively. Here the hydrophilic surface is only
considered. When the chain is pulled away from the surface, the
value of the force depends on the interactions between the res-
idues (or residue pairs) and the surface. In Fig. 4(a), since the
force acts on the sixth residue, it is difficult to predict the residue
from the first residue to the 11th one (i.e., 2� (6� 1)þ 1¼ 11).
However, for the later 11 residues (i.e., 22� 11¼ 11), the posi-
tion of hydrophilic in peptide sequence can be deduced by the
peaks in the figure. It is shown that the second peak is located
at z¼ 23.4 Å z 22.8 Å¼ 6s. This means that the 12th residue
is L. Then, it is found that the interval of the third peak and the
second one is Dz¼ z3� z2¼ (30.7� 23.4) Å¼ 7.3 Å z 2s

(1 residue is in the middle of the 2 residues L). The distance
of the fourth peak from the third peak is Dz¼ z4� z3¼
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Fig. 4. Force f vs. z during the desorption process for the LNB peptide chains

away from the attractive surface with w1 ¼ 300 kcal=mol; w2 ¼
100 kcal=mol; w3 ¼ 0. (a) The force acts on the sixth residue; (b) the force

acts on the 17th residue. The pulling rate is 0.05 Å/ps, and the unit of the hor-

izontal axis is Å.
(42.3� 30.7) Å¼ 11.6 Å z 3s (2 residues between the 2
residues L). For the last 2 peaks, it is Dz¼ z5� z4¼
(58.2� 42.3)Å¼ 15.9 Å z 4s (3 residues are in the last 2 res-
idues L). Thus it can be seen that the position of the residue L
in the later 11 residues can also be predicted accurately when
the chain is pulled from the hydrophilic surface. Similarly,
when the surface becomes hydrophobic or the neutral, the resi-
due B or N can also be deduced by the same method.

Since the former 11 residues are difficult to predict from
Fig. 4(a), the case that the force acts on the 17th residue is
also shown in Fig. 4(b). In Fig. 4(b), the later 11 residues are
hard to deduce in this desorption process. However, the former
11 residues can be predicted. From Fig. 4(b), we find that there
is only one peak, and the peak appears at z> 60.8 Å¼ 16s.
So it represents that there is only one residue L in the former
11 residues, and this residue L is the first residue. The position
of residue B or N for the former 11 residues in the peptide chain
can be predicted by the force-extension curves for the hydro-
phobic or neutral surfaces, respectively. Consequently, the
former 11 residues can be read using the force curves when
the chain is pulled at the sixth residue, as well as the later
11th residues can be predicted when chain is pulled at the
17th residue.

3.2. End-to-end distance and adsorbed energy

Fig. 5 illustrates the end-to-end distance R2 during the
desorption process from the attractive surface. Fig. 5(a) shows
R2 during the desorption process for N22 sequence. It is
observed that the value of R2 decreases first, then increases
to a maximum. At last, it drops to the value, which is smaller
than the initial value. In order to find out the difference of R2

or 3 surfaces (hydrophilic, neutral, hydrophobic), we plot the
curves of R2 during the desorption process for LNB peptide
chains from 3 different surfaces, Fig. 5(b). It is found that at
the beginning of the desorption, the value of R2 for the neutral
surface is the smallest, and for the hydrophobic surface it is
the largest one. With increasing z, that is, when the peptide
chain is pulled away from the hydrophilic and hydrophobic
surfaces, the 2 solid lines have the same trend, i.e., it first de-
creases, then increases, lastly drops to a little value. However,
the trend of R2 for the neutral surface is quite different. It
drops earlier than the other 2 curves. The reason may be
that there are only 3 residues N in the given LNB sequence,
and these 3 residues N are in the middle of the sequence.
When the surface is neutral, the interaction between the resi-
due N and the surface is strong, while there is no interaction
between residue L or B and the surface. This may be the reason
why the end-to-end distance is smaller in the process of pull-
ing chain from the neutral surface than the other 2 surfaces.
Although a beta-hairpin can be formed for the given sequence
in native state, our aim in this simulation is to predict the
sequence according to the force-extension profiles; therefore,
we adopt a strong attractive surface. In this case, the interior
interactions between residues are smaller than the adsorption
interactions, and the unique secondary structure such as
alpha-helix or beta-sheet may be ignored. For example,
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when the LNB sequence is adsorbed on the hydrophobic sur-
face, the adsorbed energy is about 51 times larger than the in-
terior energy of the peptide sequence.

In Fig. 6(a), the adsorbed energy Ua during the desorption
process for the N22 peptide chain is plotted. The adsorbed
energy Ua increases, and the curves contain 22 steps, which
corresponds to the 22 peaks in the force-extension profiles.
This step is reached when the residue is detached from the
attractive surface, and this means that the adsorbed energy
has an abrupt increase. Therefore, the steps can also be used
to predict the residue sequence as the same as the peaks in
force profiles. Fig. 6(b) shows the adsorbed energy during
the desorption process for the LNB peptide chains. The thick
solid line represents the curve for the hydrophilic surface,
and there are 5 steps in this curve. The common solid line
shows the curve for the hydrophobic surface, and there are
14 steps. The dash line is for the neutral surface, and only 3
steps are found. According to the curves of the adsorbed
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energy, we can also predict the residue sequence of peptide
chains.

4. Conclusion

In this paper, we performed the steered molecular dynamics
(SMD) method to study the pulling process of the adsorbed
peptide chains away from the attractive surface. We mainly
investigate the force-extension profiles for different peptide
sequences such as neutral sequence (N22 sequence) and LNB
sequence (LB9ðNLÞ2NBLB3LB). The profiles are of saw-tooth
patterns. For N22 sequence, we find 22 peaks in the force
curve. For LNB sequence, after considering 3 distinctive sur-
faces: hydrophilic, hydrophobic, and neutral, respectively,
we can predict the sequence by the combination of 3 force-
extension curves. On the other hand, we also discuss the
end-to-end distance and the adsorbed energy during the de-
sorption process. There are some steps in the energy curves.
The steps can predict the residue in the sequence as well as
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with w ¼ 300 kcal=mol; (b) LNB sequence with w1 ¼ 300 kcal=mol, w2 ¼
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and w1 ¼ 0, w2 ¼ 300 kcal=mol, w3 ¼ 0. The pulling rate is 0.05 Å/ps. The
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the peaks in the force curves. This work provides a feasible
idea to predict the sequence of LNB peptide chains.
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