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Abstract
Peptides with strong binding affinities for poly(methyl methacrylate) (PMMA) resin were designed by use of materials
informatics technology based on molecular dynamics simulation for the purpose of covering the resin surface with adhesive
peptides, which were expected to result in eco-friendly and biocompatible biomaterials. From the results of binding affinity
obtained with this molecular simulation, it was confirmed that experimental values could be predicted with errors <10%. By
analyzing the simulation data with the response-surface method, we found that three peptides (RWWRPWW, EWWRPWR,
and RWWRPWR), which consist of arginine (R), tryptophan (W), and proline (P), have strong binding affinity to the
PMMA resin. These amino acids were effective because arginine and tryptophan have strong binding affinities for
methoxycarbonyl groups and methyl groups, which are the main constituents of the PMMA resin, and proline stabilizes the
flat zigzag structures of the peptides in water. The strong binding affinities of the three peptides were confirmed by
experiments (surface plasmon resonance methods).

Introduction

As computer power has been greatly improved, various
simulations methods, such as quantum mechanics and
molecular dynamics simulations, have been used to design
materials. However, most simulation-based designs tend to
involve computational trial and error approaches. For
example, researchers often simulate many candidate mate-
rials and have to choose from among a large number of
materials to identify a material that satisfies the required
characteristics, so the efficiency is not very high. Therefore,
materials informatics (MI) technology has been developed
to find appropriate materials by combining molecular
dynamics simulation [1–10] and a response-surface method
[11–13]; the latter is often used for optimizing the sizes and
shapes of mechanical structures such as fan blades and

propellers in air conditioner condensers. In this technology,
the data from molecular simulations [1–10], which are now
accurate enough to express physical and chemical properties
of materials due to improvements in simulation technology,
are analyzed by use of a response-surface method (Kriging
method). This analysis of data makes it possible to express
an objective property as a function of dominant parameters
and allows one to find the materials that best maximize that
property. This MI technology is applicable to the design of
other functional molecules such as peptides, which are
promising biomaterials.

Recently, methods of medical treatment have been
diversified, and it has become more common in the bio-
medical field to put therapy biodevices and artificial organs
into the body or to use them as wearable devices in contact
with the skin [14]. However, if the materials used for bio-
devices and artificial organs are not biocompatible, pro-
blems such as inflammation of the body part in contact with
these materials will occur [15]. Therefore, studies have been
conducted to prevent problems such as inflammation by
attaching bio(macro)molecules to the surfaces of resin
(plastic) materials and inorganic materials used for biode-
vices and artificial organs because bio(macro)molecules are
often biocompatible and eco-friendly materials [16, 17].
Peptides that specifically attach to materials in a
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noncovalent manner are excellent candidates for this pur-
pose [18–20]. However, not all peptides have strong bind-
ing affinities for the materials, and this depends on the
species of the materials. Therefore, appropriate peptides
must be selected or designed for each material.

This paper describes the application of MI technology to
the efficient design of peptides (amino acid sequences) that
have strong binding affinities for polymeric materials. As a
proof of concept, we used an isotactic poly-
methylmethacrylate (PMMA) resin [21], which is relatively
inexpensive and does not deteriorate easily, and we tried to
efficiently design peptides with strong binding affinities for
the PMMA resin by analyzing data from computer mole-
cular simulations [22–27] with the response-surface method
(Kriging method). As a result of this design, it was found
that three peptides (RWWRPWW, EWWRPWR, and
RWWRPWR), which consist of arginine (R), tryptophan
(W), and proline (P), have strong binding affinities for the
PMMA resin. Because the strong binding affinity of each
peptide was confirmed by experiments (surface plasmon
resonance (SPR) methods), MI technology is considered
effective for designing peptides with strong binding affi-
nities for resins. It is expected that this technology will be
applied not only to the design of other biomaterials, such as
proteins and nucleic acids, but also to the design of eco-
friendly materials, such as biodegradable plastics and
rubbers.

Methods

Method of molecular dynamics simulations

In the simulations, the position ri and velocity dri /dt of each
atom can be obtained by solving Newton’s equation of motion

mid
2ri=dt2 ¼ �∂P=∂ri ð1Þ

where mi and ri are the atomic mass and atomic position of
the i-th atom, respectively, and P is the potential energy. By
using the polymer consistent force field (PCFF) [3–6], this
potential energy P is expressed as the sum of bonded
interactions and nonbonded interactions in the following
equation:

P ¼ PR þ Pθ þ Pφ þ Pω þ Pcross þ Pvdw þ Pel ð2Þ
Here, bond stretching (PR), bond angle bending (Pθ),

angle torsion (Pφ), inversion (Pω), and cross terms (Pcross)
are bonded interactions. Cross terms (Pcross) include
stretch–stretch, stretch–bend–stretch, bend–bend,
torsion–stretch, torsion–bend–bend, bend–torsion–bend,
and stretch–torsion–stretch interactions. On the other hand,

van der Waals (Pvdw) terms and electrostatic (Pel) terms are
nonbonded interactions. Each term of the PCFF potential
energy equation was obtained by using a force-matching
method [1, 2] with atomic forces calculated from quantum
mechanics [16, 17]. By solving Newton’s equation of
motion with the PCFF potential by use of the
Verlet algorithm [28], we calculated the atomic positions
and velocities in peptides and resins. Calculations were
conducted in isothermal–isobaric ensembles (NPT), and the
Nose–Hoover method [29, 30] with a damping parameter of
100 fs and the Parinello–Rahman method [31] with a
damping parameter of 1000 fs were used to keep the target
temperature and pressure at 25 °C and 0.1013MPa. After
obtaining calculated results with our inhouse software, we
confirmed that the same results were obtained by using the
Forcite module with the PCFF potential in Materials Studio
from Dassault System̀es.

Model for analyzing binding affinity between resin
and peptide

Before explaining a simulation model used for calculating the
binding affinity, a model of the resin (isotactic PMMA resin)
is explained. To obtain the most likely surface structure, two
hundred molecules of isotactic PMMA with a molecular
weight of 35,500 were initially placed in a 100 nm cubic
simulation cell with positions and orientations set at random,
as shown in Fig. 1a. Although the simulation cell contained
water, water molecules are not shown in the figures in this
paper so the atoms and molecules of interest are not hidden
by the water molecules. As a result of the molecular
dynamics simulation described before, a PMMA molecular
cluster was obtained, as shown in Fig. 1b. The surface of the
PMMA cluster shown in Fig. 1b has two surface structures.
One is a simple crystalline structure, for which the top and
side views are shown in Fig. 1c, d, and the other is a com-
plicated structure comprising grain boundaries and amor-
phous structures. As shown in Fig. 1b, more than half of the
surface has a simple structure. By changing the initial posi-
tions and orientations, it was confirmed that surface struc-
tures similar to Fig. 1b were obtained. Accordingly, the
simple surface structure shown in Fig. 1c, d was the most
likely PMMA surface structure. For this reason, a crystalline
PMMA particle (Fig. 1e) with the same structure as that in
Fig. 1c, d was employed as a PMMA model. Because of the
limitation of computer power, the size of the PMMA particle
was set at 5 nm. By relaxing this particle model at 25 °C with
the molecular dynamics simulation, the simple and stable
crystal structure shown in Fig. 1c, d was observed for the
particle model. This crystal structure was divided into two
kinds of regions, which are shown in Fig. 1c. In one region,
methoxycarbonyl groups (–COOCH3) were lined up face to
face. In the other region, methyl groups (–CH3 groups) were
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lined up face to face. The periodicity spacing in the y
direction, which is the average distance between the methyl
regions (–CH3 regions), was 1.54 nm, as shown in Fig. 1c, d.

The periodicity spacing in the z direction, which is the
average distance between the main chains in the depth
direction, was 0.672 nm, as shown in Fig. 1d. The periodicity
spacing of this crystal structure in the x direction (the main
chain direction), which is the average distance between
methoxycarbonyl groups (–COOCH3 groups), was 0.264 nm,
as shown in Fig. 1c.

A simulation model for evaluating binding affinities
between isotactic PMMA resin and peptides is also shown in
Fig. 1e. An example of the peptide model is shown in Fig. 2.
In the figures in this paper, the hydrogen atoms of the
peptides are not shown to make the atomic configuration
easier to see. Amino acids included as side chains in the
peptide were located according to experimental results [21].
The number of amino acids was set at seven, which is the
same number as that used in a previous paper [21]. In this
figure, according to the rule used in this field, the N-terminus
with the amino group (–NH2 group) of a peptide is shown on
the left, and the C-terminus with a carboxyl group (–COOH
group) or –CONH2 group of a peptide is shown on the right.

In this study, the C-terminus was set to be the –CONH2

group according to the experimental structure on the phage
display. The N-terminal NH2 group was designated as NH3

+,
reflecting protonation at neutral pH.

Binding affinity calculation by molecular dynamics
simulation

To design peptides with strong binding affinities to the resin
(that is, to find a sequence of amino acids with appropriate

Fig. 1 a Initial model of two hundred molecules of PMMA with a
molecular weight of 35,500, b example of a PMMA molecule cluster
obtained with clustering simulation (only the outermost part of the
cluster is shown), c top view of the simple structure of the PMMA
surface, d side views of the simple structure of the PMMA surface, and
e outermost part of the 5 nm PMMA nanoparticle model and asso-
ciation/dissociation of the peptide

Fig. 2 Example of a peptide model with seven amino acids
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side chains) by using the simulation model in the previous
section, it was necessary to evaluate the binding affinity in
the simulations. In this study, the binding affinity was
evaluated by calculating the binding free energy, which was
obtained from the standard free energy change per mole
between the associated state and the dissociated state
(Fig. 1e) [32–37].

The procedure for calculation of the binding free energy
based on the simulation is explained. First, as shown in
Fig. 1e, a peptide model was attached to the PMMA resin
by initially placing the peptide 2 nm away from the PMMA
surface, and the relaxation calculation was performed at
25 °C to obtain an associated state. At this time, when the
energy change per step (1 fs) became 1% or less and when
the potential energy change for one million steps (1 ns)
became 2% or less, it is concluded that the thermodynamic
quasi-equilibrium state was reached and the relaxation cal-
culation was completed. This relaxed state is regarded as the
associated state. To clarify the dependence of the initial
placement of the peptide on these results, the initial posi-
tions and orientations of the peptide were randomly chan-
ged ten times, and the changes in relaxed interface
structures of associated states were investigated by visua-
lizing the structures. By carrying out long-term simulations
(100 ns), dissociation and association were observed. The
binding free energy was calculated from the standard free
energy change between the associated state and the dis-
sociated state [32–37]. The energy values were calculated
by averaging over samples of ten 100 ns simulations for
which the initial positions and orientations of the peptide
were randomly changed. The standard deviations were also
calculated.

Method for designing strongly adhesive peptides by
use of MI

In the MI technology used in this study, the objective
property F was expressed as a function F(A, B, C,…) of the
material characteristic parameters A, B, C, … (which are
called descriptors, design variables, etc.) obtained by using
simulation data. Then, the optimum material was found
from the optimum parameter values by s finding the max-
imum of the function F(A, B, C,…). To obtain this function
F(A, B, C, …) from the data of molecular dynamics
simulations, the response-surface method was used in
this study.

Here, the objective property F is the binding affinity
(binding free energy) with the resin, and the parameters A,
B, C, …, which represent the characteristics of the material,
are the parameters of peptides. Data were collected by
carrying out the molecular dynamics simulations explained
in the previous section, and the binding free energy F with
the resin was expressed as a function of the characteristic

parameters A, B, C, … of the peptide by applying the
response-surface method to the data. The response-surface
method used for functionalization is a method called the
Kriging method [11–13]. A schematic view of three inter-
polation methods is shown in the one-dimensional con-
ceptual diagram (Fig. 3). The Kriging method (bold line in
Fig. 3) creates an approximate function by interpolating the
data so that all of the data are on the line. The broken line
and dashed-and-dotted line in Fig. 3 are well-used linear
and quadratic-curve approximations, but the Kriging
method can express a finer profile, so it is effective when
using data with small variations such as those resulting in
the bold line (Kriging method) in Fig. 3. This shows the
maximum value, which is the solution for the optimum
design. In the case of material design, the optimum design is
determined by selecting a material that realizes the para-
meter values corresponding to this optimum solution. In
reality, there may be no material with a parameter value that
matches the optimum solution exactly. Even if it does exist,
it may not satisfy other properties. Therefore, materials with
parameter values close to the optimum solution were
selected as candidates.

In the MI design that maximized the strength of adhesion
between resins and metals, the mismatch of lattice constants
is an important dominant parameter (control factor); strong
adhesion was achieved by reducing the mismatch [22–24].
However, in this study, the distances (lattice constant)
between side chains of adjacent amino acids of the peptide
are ~0.3–0.35 nm and do not depend on the type of amino
acid, so this cannot be changed as a control factor. There-
fore, the lattice constant and its mismatch could not be used
as control factors. We simply used the detachment energy of
the side chain (amino acid) of the peptide with respect to the
functional groups of the resin (methoxycarbonyl group,
–COOCH3 and methyl group, –CH3) as control factors. The
detachment energy was defined as the difference between
the potential energy of the attached state and that of the
detached state. The binding free energy of the peptide/resin
interface, which is the objective property, was expressed as

Fig. 3 Schematic view of interpolation based on the Kriging method,
which is a response-surface method
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a function of these control parameters. First, the validity of
the simulation was confirmed by comparing the delamina-
tion energies from the molecular dynamics simulations with
experimental values. Then, the binding free energy was
expressed as a function F(A, B, C, …) of the detachment
energies with respect to the functional groups of the resin,
and a peptide that maximizes the binding affinity was
designed by finding the maximum.

Measurement of binding affinity with the SPR
method

The experimental determination of binding affinity was
carried out by measuring the rate constants for binding and
dissociation of the peptide and the resin by use of the SPR
method described in a previous study [21]. As shown later
in a typical result (Fig. 9a), when the analyte solution was
passed over the sensor chip and the peptide was associated
with PMMA, the signal due to SPR increased. Then, when
the solution containing no adhesive peptide flowed, the
peptide associated with PMMA dissociated from PMMA,
and the signal decreased, as shown on the right side of the
graph (Fig. 9a). By comparing the SPR signal with the time
evolution equation

d½AB�=dt ¼ k1 A½ � B½ � � k�1 AB½ � ð3Þ
the ratio of affinity constants (Ka= k1/k−1) as well as the

association (k1) and dissociation (k−1) rate constants were
estimated, as shown in ref. [21]. Here, t is the time, [A] and
[B] are the concentrations of dissociated peptide and
PMMA, respectively, and [AB] is the concentration of
associated peptide-PMMA combinations. As shown in refs.
[32–34], the binding free energy for the standard state, ΔGb,
was expressed as in the following equation by using Ka,
which has the units of inverse concentration (M−1).

ΔGb ¼ �ΔG0 ¼ NAkBT ln KaC
0

� � ¼ RT ln KaC
0

� � ð4Þ

Here, C0 is the standard-state concentration (1 M), which
makes KaC

0 dimensionless (unitless); kB is the Boltzmann
constant (1.380649 × 10−23 J/K); NA is the Avogadro con-
stant (6.02214 × 1023 mol−1); R is the gas constant (8.31447
J mol−1 K−1); and ΔG0 is the standard free energy change
per mole, as shown in refs. [32–34].

Isotactic, it-PMMA, (Mn= 23,200, Mw/Mn= 1.26,
mm:mr:rr= 97:3:0) was purchased from Polymer Source,
Inc., located in Montreal, Quebec, Canada, and it-PMMA
film was prepared on a gold substrate (SIA Kit AU, GE
Healthcare) by spin-coating (2000 rpm). Peptides with a
free N-terminus and an amidated C-terminus were used. All
peptides (ELWRPTR, RWWRPWW, EWWRPWR, and
RWWRPWR) were purchased from GL Biochem (immu-
nograde). The peptides were purified before use with high-

performance liquid chromatography (ELITE LaChrom,
Hitachi Hitechnologies) with Cosmosil 5C18-AR-300
(Nacalai Tesque) using acetonitrile–water solvents. The
peptides were dissolved in 10 mM HEPES buffer (pH 7.4)
containing 150 mM NaCl as an analyte solution. Biacore
X100 (GE Healthcare) was used for the SPR measurements.
The peptide-free buffer was flowed at a rate of 20 μL/min at
25 °C to stabilize the signal. The analyte solution containing
the peptide was flowed onto the surface of the it-PMMA
film under the same conditions for 3 min to allow associa-
tion. Then, peptide-free buffer was flowed for 12 min under
the same conditions to cause dissociation.

Results and discussion

First, to confirm the effectiveness of the molecular
dynamics simulation, experimental results for the binding
affinity and simulation results were compared. The free
energies for binding between PMMA resin and 12 types of
peptides, for which experimental results of k1, k−1, and Ka

had already been obtained with the SPR method in a pre-
vious study [21], were calculated by using the simulation.
The simulation results are shown in Table 1 and Fig. 4
together with the experimental data. The symbols in which
seven letters, such as ELWRPTR, are lined up, are symbols
representing the seven amino acids contained in the peptide,
and one letter is given to each amino acid according to the
rules used in this field. For example, E stands for glutamic
acid, L stands for leucine, W stands for tryptophan, and R
stands for arginine. There are 20 natural amino acids that
make up proteins. The side chain ends of R, K, D, and E are
ionized to reflect general protonation/deprotonation at
neutral pH. The N-terminus and C-terminus are NH3

+ and
CONH2, respectively, as described above. To describe the
amino acid sequence of the peptide, such as ELWRPTR, the
N-terminus with the amino group (NH2 group) is placed on
the left, and the C-terminus with a carboxylic acid group
(–COOH) or –CONH2 group is placed on the right.

From the results of Table 1 and Fig. 4, it was confirmed
that the binding free energy could be predicted with a
molecular dynamics simulation to within a prediction error
of 10%. Accordingly, the response-surface method (Kriging
method) can be applied to the data of this simulation to
design peptides with strong binding affinities.

Here, the free energies for binding of the side chains
(amino acids) of the peptide with resin functional groups
(methoxycarbonyl groups, –COOCH3, and methyl groups,
–CH3, in the case of PMMA resin) were used as parameters
characteristic of the peptide/resin interface. The binding free
energy was expressed as a function such as F(A, B, C…),
and a peptide with strong binding affinity to PMMA resin
was designed by finding the maximum of the function.
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Table 2 shows calculated detachment energies for func-
tional groups, which provides a characteristic parameter for
each amino acid. As seen from this table, the amino acids (i.e.,
side chains of the peptide) exhibiting high energies for
detachment from the methoxycarbonyl (–COOCH3) group,
which is one of the two functional groups of PMMA resin,
were W, R, and E. On the other hand, amino acids with high
energies for detachment from the methyl (–CH3) group,
which is the other functional group, are W and R. Therefore,
it is roughly expected that amino acids W and R will have
strong binding affinities. Although the number of amino acids
was set at seven, which is the same number used in the

experiments, these simulations showed that even if the
number of amino acids contained in the peptide was not
seven, the process of deriving amino acid sequences exhi-
biting strong binding affinities did not change significantly.

Fig. 4 Comparison of experimental [21] and simulated binding free
energies

Table 2 Energies for detachment of amino acids from COOCH3
and CH3

Amino acid (side
chain of peptide)

Detachment energy with
COOCH3 (kJ/mol)

Detachment energy
with CH3 (kJ/mol)

W 3.57 3.47

R 3.51 3.49

E 3.34 2.67

H 3.18 2.95

K 2.87 2.76

Q 2.84 2.71

Y 2.69 2.36

N 2.65 2.57

F 2.63 2.34

D 2.57 2.15

M 2.12 1.98

P 2.03 1.87

L 1.73 2.08

T 1.73 1.65

I 1.54 1.37

S 1.28 1.03

V 1.24 1.66

C 1.24 1.08

A 1.16 1.43

G 0.376 0.297

Table 1 Values of binding free energies, association/dissociation rate constants, and standard deviations

Amino acid
sequence

Simulated result of
binding free energy
ΔGb,sim (kJ/mol)

Experimental binding free
energy obtained from the
right two columns with
a standard concentration
of C 0= 1M, ΔGb,sim=
RTln(C0k1/k −1) (kJ/mol)

Association rate
constant k1 (M

−1 s−1)
shown in ref. [21]

Dissociation
rate constant
k −1 (10

−3 s−1)
shown in ref.
[21]

Standard
deviation
of ΔGb,sim

(kJ/mol)

ELWRPTR 32.1 31.1 31 0.11 0.523

EAWRPTR 31.6 30.8 30 0.12 0.514

ELWRATR 23.5 22.6 3.4 0.38 0.417

QLQKYPS 26.3 24.8 13 0.58 0.436

ELWRPAR 28.5 27.7 17 0.24 0.469

ARPHLSF 28.3 27.5 13 0.20 0.451

SSPWMRE 28.1 27.4 15 0.24 0.442

GIRHTNR 27.7 26.4 20 0.48 0.439

ALWRPTR 30.2 29.3 16 0.12 0.511

ELARPTR 31.8 30.9 29 0.11 0.521

ELWAPTR 30.9 29.6 23 0.15 0.519

ELWRPTA 29.9 28.5 13 0.13 0.508
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Next, to clarify the optimal sequences of amino acids
giving strong binding affinity, we visualized the top view of
the interface between the peptide listed at the top of Table 1,
i.e., ELWRPTR, and the PMMA resin (Fig. 5a–f). Fig-
ure 5a, c, e shows three examples of the first stages of
attachment, which were obtained from different initial
positions and orientations of the peptide. The main chain of

the peptide ELWRPTR in Fig. 5a is almost parallel to the
main chain of PMMA, while the main chain of the peptide
ELWRPTR in Fig. 5c is tilted ~45° from the main chain
direction of PMMA. On the other hand, the main chain of
the peptide in Fig. 5e is tilted ~90° from the main chain
direction of PMMA. These states (Fig. 5a, c, e) were not
stabilized, and the stabilized states in the simulations were
obtained 0.5 ns after these states. The stabilized states
obtained from Fig. 5a, c, e are shown in Fig. 5b, d, f,
respectively. The interface structures of the stable asso-
ciated states shown in these figures are found to be almost
the same. To clarify the reason that all stable interface
structures were nearly equivalent (almost independent of the
structure used for the first-stage attachment), the side view
of the associated state shown in Fig. 5b is presented in
Fig. 5g. This figure shows that the carbonyl groups (C=O)
in the peptide main chain were attracted to the carbonyl
groups (C=O) in the methoxycarbonyl (–COOCH3) groups
of PMMA with strong interactions among C=Os. This
strong interaction is thought to have caused the same
interface structures found for stable associated states in
Fig. 5b, d, f. As seen in these figures, the double-bonded
oxygen atoms (largest spheres) in the main chain of the
peptide and the odd-numbered amino acids (counting from
the N-terminus) were attached to the methoxycarbonyl
groups, –COOCH3, of the PMMA resin. On the other hand,
the even-numbered amino acids (again counting from the
N-terminus) were attached to the methyl groups, –CH3, of
the resin. Although the figure is omitted, the associated
states of the other peptides in Table 1 also had similar
structures. From these results, when the energies for
detachment of odd-numbered amino acids (counted from
the N-terminus) from –COOCH3 were high, and when the
energies for detachment of even-numbered amino acids
from –CH3 were high, the free energy for binding between
the peptide and the PMMA resin was high.

Based on the above consideration, the sum of the ener-
gies for detachment of the odd-numbered amino acids with
COOCH3 was set as one parameter, and the sum of the
energies for delamination of the even-numbered amino
acids with CH3 was set as the other parameter. We tried to
express the binding free energy of the peptide with PMMA

Fig. 5 a Example of a top view of the first-stage attachment of
ELWRPTR to PMMA, b top view of stable associated state obtained
by stabilizing the unstable state shown in (a) for 0.5 ns, c another
example of a top view of the first-stage attachment obtained from an
initial position and orientation different from those of (a) and (e), d top
view of a stable associated state obtained by stabilizing the unstable
state shown in (c) for 0.5 ns, e different example of top view of the
first-stage attachment obtained from an initial position and orientation
different from those of (a) and (c), f top view of a stable associated
state obtained by stabilizing the unstable state shown in (e) for 0.5 ns,
and (g) side view of a stable associated state obtained by stabilizing the
unstable state shown in (a) for 0.5 ns
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resin as a function of these parameters by using a response-
surface method (Kriging method). The function in Fig. 6 is
the result of applying the Kriging method to the data in
Table 1. Figure 6 confirms that when the energies for
detachment of the odd-numbered amino acids from
–COOCH3 were high, and when the energies for detach-
ment of the even-numbered amino acids with –CH3 were
high, the binding free energy between the peptide and
PMMA resin was high. Therefore, Table 2 shows that W, R,
and E were effective as odd-numbered amino acids, and W
and R were effective as even-numbered amino acids leading
to strong binding affinity for PMMA resin. Thus, the design
guideline was obtained.

Next, we made the effective peptides identified with the
above design guidelines and evaluated their binding affi-
nities for the PMMA resin. Since the experiments with
peptide samples were carried out in water, the stabilities
of the peptides in water were taken into account. Specifi-
cally, if the same amino acids are lined up at neighboring
positions, they become entangled when floating in water.
For example, when the sequence of a peptide was
RWRWRWR, four arginines (Rs) were lined up at neigh-
boring odd-numbered positions, and three tryptophans (Ws)
were lined up at neighboring even-numbered positions. In
this case, entanglement resulted, as shown in Fig. 7a. On the
other hand, when the sequence was RWWRRWW, the
amino acids R, W, R, and W were lined up at odd-
numbered positions, and W, R, and W were lined up at
even-numbered positions. In this case, because the same
amino acids were not lined up at neighboring positions,
entanglement did not result, as shown in Fig. 7b. Therefore,
the latter sequence (RWWRRWW) was preferred over the
former sequence (RWRWRWR).

In addition, as shown in Fig. 5, the main chain of the
peptide attached to the resin had a zigzag structure, whereas
it may have had a different structure, such as a spiral
structure, in water away from the resin surface. We obtained

simulation results showing that the zigzag structure was
stabilized, even in water, by adding proline (P) to the
peptide. As shown in Fig. 7c, by replacing the 5th R of
EWWRRWR with P to make it EWWRPWR, the stable
structure was changed from spiral to zigzag, even if the
peptide originally had a spiral structure in water away from
the resin surface. From such simulations, three types of
peptides (RWWRPWW, EWWRPWR, and RWWRPWR)
were found to have stable zigzag structures in water as well
as strong binding affinities with PMMA resin, as shown in
Fig. 6. As a representative simulation result, the top view of
the RWWRPWW/PMMA interface, which had the stron-
gest binding affinity, is shown in Fig. 8, where the stabilized
zigzag structure of the peptide is seen.

Fig. 6 Binding free energy of peptide/PMMA from a function obtained
with the Kriging method

Fig. 7 Structures of peptides in water: a entangled structure of
RWRWRWR, b nonentangled structure of RWWRRWW, and c
effectiveness of the use of P (proline) in stabilizing the zigzag structure
of a main chain in peptides
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SPR experiments were conducted with these three pro-
mising peptides (RWWRPWW, EWWRPWR, and
RWWRPWR). In the case of ELWRPTR, which is listed at
the top of Table 1 and has the largest binding free energy in
Table 1, the association rate and dissociation rate in refer-
ence [21] were calculated from the rates of increase and
decrease in the graph shown in Fig. 9a. However, in the
case of the three peptides (RWWRPWW, EWWRPWR, and
RWWRPWR) we proposed, the binding affinities were too
strong, and dissociation was not observed in the results
shown in Fig. 9b–d, so the proportions of the species shown
on right side of the graphs did not decrease. It is thought
that the force of solution flow and thermal fluctuation
energy due to temperature were not large enough to peel
these strongly adhesive peptides from the resin surface. By
applying flows of water in molecular dynamics simulations,
we confirmed that these three peptides were not dissociated
from the PMMA resin and that the other peptides were
dissociated, as shown in the simulation visualizations in
Fig. 9a–d. Thus, it was not possible to obtain the experi-
mental values of binding free energy for the three strongly
adhered peptides. However, it was confirmed that the
binding affinities of these three peptides were sufficiently
strong to prevent dissociation from PMMA resin. Therefore,
simulation-based MI technology is effective for designing
peptides with strong binding affinities.

Conclusions

MI technology based on molecular dynamics simulation
was applied to the design of peptides with strong binding
affinities for PMMA resin. Binding affinities (binding free
energies) obtained with molecular simulations agreed well
with experimental values with a prediction error within
10%. From analyses of simulation data with the response-
surface method (Kriging method), it was found that arginine
(R) and tryptophan (W) exhibited strong binding to the
methoxycarbonyl groups and methyl groups that are the
main substituents of PMMA resin and were effective for
improving the adhesion strength with the resin. It was also

found that proline (P), which stabilizes the flat zigzag
structure of the peptides, improved the binding affinity.
Based on these results, three peptides (RWWRPWW,
EWWRPWR, and RWWRPWR) were selected as promis-
ing candidates. SPR experiments showed that the binding

Fig. 8 Top view of the RWWRPWW/PMMA interface

Fig. 9 Experimental results of SPR measurements for a ELWRPTR, b
RWWRPWW, c EWWRPWR, and d RWWRPWR with flow simu-
lation visualization
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affinities of these three peptides for PMMA resin were
sufficiently strong to prevent dissociation. From these
results, MI technology is considered effective for designing
adhesive peptides.
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