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Abstract
Peptides with cell attachment activity are beneficial component of biomaterials for tissue

engineering. Conformational structure is one of the important factors for the biological activi-

ties. The EF1 peptide (DYATLQLQEGRLHFMFDLG) derived from laminin promotes cell

spreading and cell attachment activity mediated by α2β1 integrin. Although the sequence of

the EF2 peptide (DFATVQLRNGFPYFSYDLG) is homologous sequence to that of EF1,

EF2 does not promote cell attachment activity. To determine whether there are structural

differences between EF1 and EF2, we performed replica exchange molecular dynamics

(REMD) simulations and conventional molecular dynamics (MD) simulations. We found that

EF1 and EF2 had β-sheet structure as a secondary structure around the global minimum.

However, EF2 had variety of structures around the global minimum compared with EF1 and

has easily escaped from the bottom of free energy. The structural fluctuation of the EF1 is

smaller than that of the EF2. The structural variation of EF2 is related to these differences in

the structural fluctuation and the number of the hydrogen bonds (H-bonds). From the analy-

sis of H-bonds in the β-sheet, the number of H-bonds in EF1 is larger than that in EF2 in the

time scale of the conventional MD simulation, suggesting that the formation of H-bonds is

related to the differences in the structural fluctuation between EF1 and EF2. From the analy-

sis of other non-covalent interactions in the amino acid sequences of EF1 and EF2, EF1

has three pairs of residues with hydrophobic interaction, and EF2 has two pairs. These

results indicate that several non-covalent interactions are important for structural stabiliza-

tion. Consequently, the structure of EF1 is stabilized by H-bonds and pairs of hydrophobic

amino acids in the terminals. Hence, we propose that non-covalent interactions around N-

terminal and C-terminal of the peptides are crucial for maintaining the β-sheet structure of

the peptides.
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Introduction
Peptides are functional molecules that can have various biological activities, and some peptides,
which are part of an original protein, can mimic the functions of the original protein. In tissue
engineering, peptides having cell attachment activity are useful as adhesive agents for artificial
extracellular matrices, and peptides have been employed as biomaterial components [1, 2].
Hozumi et al. also reported that the peptides derived from laminin have the potential to be
developed as useful biological materials [3].

Laminin is a giant glycoprotein (molecular weight of around 500–900 kDa) that consists of
three subunits (α, β, and γ chains). It has diverse biological activities such as the promotion of
cell attachment, cell migration, tumor metastasis, neurite outgrowth and angiogenesis [4–8].
Five types of α chains, three types of β chains and three types of γ chains have been found,
respectively. For laminin, 19 isoforms (laminin-1 to 19) have been isolated, and these isoforms
are found in diverse tissues [8–16]. Among these isoforms, laminin-1, which consists of three
subunits (α1 chain, β1 chain and γ1 chain), was discovered first [5], and it enhances diverse
biological activities, such as cell attachment and cell migration [17, 18]. A number of biomole-
cules (integrin, syndecan and others) are identified as laminin-1 receptors [19]. Nomizu et al.
identified several bioactive peptides that reproduce the function of part of the laminin-1
[20–23].

Laminin α (α1–α5) chains also have diverse biological activities. In the C-terminal region
of laminin α chains, G domain (globular domain) consisting of five laminin G domain-like
modules (LG1–5) exists. The G domain plays an important role in the biological activities of
the α chains, and several sequences with biological activities are identified [24–29]. Each LG
module (LG1–5) forms a 14-stranded β-sheet (A–N strands) sandwich structure [30]. Previ-
ously, Suzuki et al. identified several active peptides (EF1, EF2, EF3, EF4 and EF5) that exist in
the loop region of the LG4 module [31]. These peptides have chain-specific sequences, and
each of these peptides interacts with specific receptor (α2β1 integrin and syndecan) [31]. One
of these peptides, EF1 peptide (DYATLQLQEGRLHFMFDLG, mouse laminin α1 chain resi-
dues 2747–2765 [32]), is located on the loop region of the E and F strands of the LG4 module
in the α1 chain as shown in Fig 1A, and EF1 promotes cell spreading and cell attachment medi-
ated by the α2β1 integrin [31, 33]. Suzuki et al. also determined that the EF1Xm peptide
(LQLQEGRLHFXFD, X: norleucine) is the minimal sequence required for cell attachment
activity [31]. The cell attachment activity of EF1 was evaluated using human neonatal dermal
fibroblasts (HDFs), human fibrosarcoma cells (HT1080) and human submandibular glands
(HSG) cells in vitro. Moreover, it was reported that cyc-EF1Xm (CLQLQEGRLHFXFDC, X:
norleucine), obtained by cross-linking EF1Xm via disulfide bonding, displayed more cell
attachment activity than the corresponding EF1 [31]. These results suggest that the biological
activity of the EF1 depends on the hairpin-like structure, and that the cyclization of linear pep-
tide may be important for biological activities. On the other hand, the EF2 peptide (DFATVQ
LRNGFPYFSYDLG, mouse laminin α2 chain residues 2808–2826), which is a homologous
sequence of EF1, is located on the loop region of the E and F strands of the LG4 module in the
laminin α2 chain [33] as shown in Fig 1B. Although homologous sequences usually have the
same functions, EF2 does not have cell attachment activity [33]. The cell attachment activity of
EF2 was also evaluated using HDFs in vitro, as well as EF1. Therefore, it is worth investigating
whether the steric structures of EF1 and EF2 are related to this difference in cell attachment
activity.

Both EF1 and EF2 display a β-sheet structure in the LG4 module of the mouse laminin α1
and 2 chain, determined by an X-ray diffraction (PDB ID: 2JD4 [32] and PDB ID: 1DYK [34]).
In our previous research [35, 36], we performed simulated annealing to investigate the
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structures of EF1 and EF2 for the global minimum of potential energy. As the initial structure,
we used the part of EF2 that was derived from the structure of the mouse laminin 2 chain LG4
module determined by an X-ray diffraction. We also used the peptide obtained by amino acid
substitution of EF2 as the initial structure of the EF1. In the simulated annealing, we showed
that EF1 had a hairpin-like structure, whereas EF2 did not have such structure in water solu-
tion. In this study, we use replica exchange molecular dynamics (REMD) simulation [37],
which is known as one of the structure sampling methods, to sample the structures of EF1 and
EF2 extensively. As the initial structure of EF1, we used the part of EF1 of the crystal structures
(mouse laminin α1 chain LG4 modules) determined by an X-ray diffraction. To specify the
dynamical behaviors of EF1 and EF2, we also needed to investigate them in water. We perform
molecular dynamics (MD) simulations of EF1 and EF2 at 300 K and 1 bar in an NPT ensemble.
Moreover, we analyze the results obtained from the simulations, focusing on non-covalent
interactions.

Fig 1. Positions of EF1 and EF2 peptides in laminin. (a) and (b) are positions of EF1 and EF2 peptide in mouse laminin α1, 2 chain LG4 module. Each site
showed by green and blue color has the same sequence as EF1 and EF2, respectively.

doi:10.1371/journal.pone.0149474.g001
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Materials and Methods

Data preparation of peptide sequence
As the initial structure, we obtained the coordinates of EF1 and EF2 peptide from the crystal
structures (mouse laminin α1 and 2 chain LG4 modules) determined by an X-ray diffraction.
The PDB IDs of the crystal structures are 2JD4 [32] and 1DYK [34], respectively. Both EF1 and
EF2 were capped with acetyl (Ace) and N-methyl (Nme) groups at the N- and C-termini,
respectively, as shown in Table 1. Henceforth, we refer to the initial structures of EF1 and EF2
as the crystal structure.

Molecular dynamics simulation
We used GROMACS version 5.1 [38] for REMD simulations and version 4.6.6 [38] for conven-
tional MD simulations. GROMACS is an application software package of molecular dynamics.
We used AMBER99SB-ildn all-atom force field [39] for peptides in the MD simulations, and
we employed TIP3P water model [40] as the solvent. The time step was set at 2.0 fs. For con-
straint algorithm, we used the Linear Constraint Solver (LINCS) algorithm [41] to fix the
lengths or the angles of the bonds including hydrogen. We used the Particle Mesh Ewald
method [42] for the computational algorithm of long-range electrostatic interaction. For tem-
perature and pressure coupling, we used the Nosé-Hoover and Parrinello-Rahman method,
respectively. The above-mentioned conditions were set for both REMD and conventional MD
simulations.

Replica exchange molecular dynamics (REMD). Replica exchange molecular dynamics
(REMD) simulation is a method that allows efficient sampling of peptide structure. In accor-
dance with the REMDmethod [37], we prepared 48 replicas (300–450.5 K) with intervals of
2.5–4 K for EF1 and EF2 peptides, respectively, as follows. The temperature for each replica is
shown in Table 2. We placed each peptide in a system containing 7,953 (for EF1) or 7,011 (for
EF2) water molecules (TIP3P water model) under periodic boundary conditions. We per-
formed equilibrium simulation at 300 K and at 1 bar for 1 ns. The system after the equilibrium
simulation was employed as the initial state for each replica. We next performed pre-simula-
tions at constant temperature and at constant volume for each replica to set it at specified tem-
peratures. Equilibrating each replica at its own temperature, we simulated each replica
independently at constant temperature and at constant volume for 60 ns. The exchange fre-
quency between replicas was set at time step of 2.0 ps. In the analysis, we used trajectories from
5 to 60 ns obtained by runs of each replica.

Conventional molecular dynamics (MD) simulation. In the conventional MD simula-
tions, EF1 and EF2 were placed in a cubic box containing 7,118 and 7,100 water molecules
(TIP3P water model), respectively, under periodic boundary conditions. First, we performed
energy minimization using the steepest descent method [43]. Second, we set the molecules in
equilibrium for 1 ns at constant temperature (300 K) and for 50 ns at constant pressure (1 bar)
ensemble as pre-simulations. Finally, we performed simulations for 2 μs at constant tempera-
ture (300 K) and constant pressure (1 bar), and EF1 and EF2 were simulated twice using differ-
ent values of initial positions and initial velocities of water molecules.

Table 1. Amino acid sequences of EF1 and EF2 peptides.

Peptides Amino acid sequences

EF1 Ace-DYATLQLQEGRLHFMFDLG-Nme

EF2 Ace-DFATVQLRNGFPYFSYDLG-Nme

doi:10.1371/journal.pone.0149474.t001
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Autocorrelation function
One of methods to investigate the accuracy of REMD is the calculation of the autocorrelation
function [44, 45]. We calculated the autocorrelation function C(t) based on following equation,

CðtÞ ¼ 1

N � j

XN�1�j

i¼0

f ðiDtÞf ððiþ jÞDtÞ; ð1Þ

where t = jΔt, f is a physical quantity, and N is the number of the frames for the physical quan-
tity in the simulation. For the autocorrelation function, we choose the rate of formation of β-
sheet structure because EF1 and EF2 have β-sheet structure in laminin. The calculation of the
secondary structure is based on the dssp program [46] to perform secondary structure assign-
ment for each residue of peptides and proteins.

Free energy landscape
The free energy landscape of the system was calculated on the ground of the probability distri-
bution of structures obtained from the simulations. For molecular simulation, Gibbs free
energy change ΔG was applied to show the stability and the state of the system. It was also used
in the energy analysis of folding and chemical reaction. In this study, we calculate the free
energy landscape to investigate the variety of EF1 and EF2 conformations obtained from
REMD and conventional MD simulations. The relative Gibbs free energy change ΔG is defined
as follows [47],

DG ¼ kBT log
Pðx; yÞ
Pmax

; ð2Þ

where kB is the Boltzmann constant, T is temperature of the system in the simulation, and P(x,
y) is the probability distribution function at the reaction coordinates area, where x and y are
the reaction coordinates. Pmax is the maximum probability distribution in the sampled area
mapped from sampled trajectories in the simulations, where ΔG = 0 for the lowest free energy.

Table 2. Temperature of each replica.

Replica 1 300 K Replica 18 346 K Replica 35 402 K

2 302.5 K 19 349 K 36 405.5 K

3 305 K 20 352 K 37 409 K

4 307.5 K 21 355 K 38 412.5 K

5 310 K 22 358 K 39 416 K

6 312.5 K 23 361 K 40 419.5 K

7 315 K 24 364 K 41 423 K

8 317.5 K 25 367 K 42 426.5 K

9 320 K 26 370.5 K 43 430.5 K

10 322.5 K 27 374 K 44 434.5 K

11 325 K 28 377.5 K 45 438.5 K

12 328 K 29 381 K 46 442.5 K

13 331 K 30 384.5 K 47 446.5 K

14 334 K 31 388 K 48 450.5 K

15 337 K 32 391.5 K

16 340 K 33 395 K

17 343 K 34 398.5 K

doi:10.1371/journal.pone.0149474.t002
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Wemapped the free energy landscape on the plane of the root mean square deviation (RMSD)
and radius of gyration (Rg), as reaction coordinates. For the calculation of RMSD, we fitted the
structure to minimize the value of RMSD with respect to the reference structure by rotating the
entire peptide structure.

Calculation of hydrogen bonds
Hydrogen bonds (H-bonds) are important for the formation of secondary structures (β-sheets
and α-helices) and are observed between the backbone oxygen and amide hydrogen in the the
secondary structure of peptides and proteins. The β-sheets contain H-bonds between N-H and
C = O in the peptide bond of adjacent chains. We calculated the length and the number of the
H-bonds, and the positions of the H-bonds for EF1 and EF2 are shown in the Table 3. These
values are quantities that characterize the stability of the β-sheet structure.

Results

Structure sampling by replica exchange molecular dynamics simulation
We applied the REMD simulation to the EF1 and EF2 and confirmed the accuracy of REMD
simulation by autocorrelation function of rate of formation of β-sheet structure. The autocorre-
lation function is shown in Fig 2, and we show the average rate of formation of β-sheet struc-
ture in Table 4. The autocorrelation function for REMD rapidly decreased compared with the
autocorrelation function for the conventional MD simulation. In Table 4, the difference
between the average rate of REMD and that of conventional MD is small. However, the varia-
tion of the rate of formation is larger for REMD than for conventional MD. These results show
that the dependence of initial structure rapidly disappeared in REMD, and that the structures
of EF1 and EF2 are sampled well by REMD.

We mapped their free energy landscapes from the simulations. The root mean square devia-
tion (RMSD) and radius of gyration (Rg) were adopted as the reaction coordinates of the land-
scapes, which denote the variability of structures. We used the crystal structure as the reference
structure for calculating the RMSD. We defined “the vicinity of the global minimum” as the
region where ΔG is equal to or less than approximately 1.5 kJ/mol. In Fig 3A–3D, we showed
the free energy landscape of EF1 at 300 K, 310 K, 322.5 K and 343 K. The structures taken from
the vicinity of the global minimum showed β-sheet as a secondary structure. The free energy
landscapes of EF2 and structures selected from the vicinity of the global minimum are shown
in Fig 4A–4D. EF2 also had a hairpin-like structure around the global minimum, and the struc-
tures have β-strands as a secondary structure. The structural variation around the global mini-
mum was observed in both EF1 and EF2. However, the structural variation is greater for EF2

Table 3. Positions of hydrogen bonds (H-bonds), characterizing β-sheet structures of EF1 and EF2. Each of the H-bonds is defined as HB1-HB8.

Item Pairs of H-bonds (EF1) Pairs of H-bonds (EF2)

HB1 TYR2–NH ••• OC–ASP17 PHE2–NH ••• OC–ASP17

HB2 TYR2–CO ••• HN–ASP17 PHE2–CO ••• HN–ASP17

HB3 THR4–NH ••• OC–MET15 THR4–NH ••• OC–SER15

HB4 THR4–CO ••• HN–MET15 THR4–CO ••• HN–SER15

HB5 GLN6–NH ••• OC–HIS13 GLN6–NH ••• OC–TYR13

HB6 GLN6–CO ••• HN–HIS13 GLN6–CO ••• HN–TYR13

HB7 GLN8–NH ••• OC–ARG11 ARG8–NH ••• OC–PHE11

HB8 GLN8–CO ••• HN–ARG11 ARG8–NH ••• OC–PHE11

doi:10.1371/journal.pone.0149474.t003
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than for EF1. We found that the structures have α-helix as a secondary structure in C-terminal.
We also define “around the bottom of the global minimum” as the region where ΔG is equal to
or less than approximately 2.5 kJ/mol. We showed the range of RMSD and Rg for the region
around the global minimum of EF1 and EF2 in Table 5. The region around the bottom of the
global minimum was broader for EF2 than for EF1 in most cases. We found that the structure
of EF2 unfolded more easily than the structure of EF1 in the global minimum, suggesting that
EF2 had some structural variability in the global minimum and easily escaped from the bottom
of the free energy landscape compared with EF1.

Fig 2. Autocorrelation of rate of formation of β-sheet structure. (a) and (b) show autocorrelation of rate of formation of β-sheet structure obtained from
replicas of EF1 and EF2 used for analysis. (c) shows the autocorrelation of EF1 and EF2 obtained from conventional MD.

doi:10.1371/journal.pone.0149474.g002

Molecular Dynamics Simulations of Cell Attachment Peptides

PLOS ONE | DOI:10.1371/journal.pone.0149474 February 18, 2016 7 / 23



We focused on the points where the free energy of EF1 and EF2 had high values on the free
energy landscape. The unfolding of the peptide main chain occurred at the positions where
both the RMSD and Rg had large values, where the free energies of EF1 and EF2 had high val-
ues on the free energy landscape. Unfolding was observed not only on the free energy landscape
of EF2, but also on that of EF1. The structures at the region where the value of Rg is 1.0 nm or
grater are more frequently found for EF2 than for EF1. We found that, with a rise in tempera-
ture, the probability of finding the trajectory in the region increased for EF1 and EF2. It was
indicated that EF2 had the structural variations in room temperature.

Structural analysis of EF1 and EF2 by conventional MD simulation
Besides the REMD simulation described in the previous subsection, we performed conven-
tional MD simulations for 2 μs at constant temperature and at constant pressure to investigate
the dynamical behavior of EF1 and EF2. These conventional MD simulations were performed
twice using different values of the initial position and the initial velocity of water molecules. To
examine conformation changes in EF1 and EF2 from the crystal structure, we first calculated
the RMSD of the main-chain (chiral carbon, nitrogen, and oxygen atoms) of EF1 and EF2
obtained from the simulations. The average values of RMSD and Rg are comparable for EF1
and EF2 as shown in Table 6, and the time evolution of RMSD and Rg are shown in S1 Fig and
S2 Fig, respectively. To investigate how the free energy landscape obtained from REMD cov-
ered the trajectories of conventional MD simulation, we plotted the trajectories mapped on the
coordinates of the RMSD and Rg with the landscapes as shown in Fig 5. The reaction coordi-
nates of the trajectories of simulations of EF1 and EF2 change around the bottom of the free
energy landscape. For EF1, in one of the two simulations, the trajectory was trapped at the
region (local minimum A) including the global minimum as shown in Fig 5A. For EF1 and
EF2, major structural changes did not occur in the time scale of the conventional MD simula-
tion. The structures in the areas shown with arrows in Fig 5A–5D were seldom observed in the
time scale of the conventional MD.

We have also drawn the free energy landscapes in order to obtain the local minimum struc-
ture of EF1 and EF2 during conventional MD simulations using the reaction coordinates
RMSD and Rg as shown in Fig 6. For these maps, we found that EF1 had two local minima in
Fig 6A and had a local minimum in Fig 6B. ΔG for the local minima is equal to or less than
approximately 1.5 kJ/mol. EF2 had three local minima in Fig 6C and had a local minimum in
Fig 6D. Among three local minima in Fig 6C, ΔG for the local minimum A and B is less than
approximately 1.5 kJ/mol, and ΔG for the local minimum C is less than approximately 2.0 kJ/
mol. The structural variation around the global minimum was observed in both EF1 and EF2

Table 4. Average rate of formation of β-sheet structure.

REMD Conventional MD

EF1 300 K 0.444 (0.165) 0.438 (0.068)

310 K 0.439 (0.165)

322.5 K 0.412 (0.169)

343 K 0.382 (0.193)

EF2 300 K 0.415 (0.212) 0.471 (0.148)

310 K 0.390 (0.218)

322.5 K 0.342 (0.217)

343 K 0.310 (0.213)

Values in parentheses indicate the standard deviation.

doi:10.1371/journal.pone.0149474.t004
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as with the free energy landscape obtained from REMD. Fig 6 displays the structures of EF1
and EF2 for the vicinity of the local minimum obtained from the free energy landscapes. The
structure of EF1 for the local minimum had a hairpin-like structure for each run, and these
structures included β-sheet as a secondary structure. In Fig 6B, the structure close to the crystal
structure was often found. The differences among the RMSD of those structures were small,
and the structures were similar. Thus, it was indicated that the β-sheet structure of EF1 would
be maintained during the simulation. For the local minimum C in Fig 6C, we found that the

Fig 3. Free energy landscape of EF1 obtained from REMD. These maps indicate the existence probabilities of the EF1 peptide obtained from simulations
at 300 K (a), 310 K (b), 322.5 K (c) and 343 K (d). Relative free energy change (kJ/mol) is colored as shown on the right side of the plots. RMSD and Rg are
selected as the reaction coordinates. The structures in blue are taken from the vicinity of the global minimum.

doi:10.1371/journal.pone.0149474.g003
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values of Rg of the structures in the other local minima were different, and the difference
between the RMSD of those structures was large. The structure of local minimum C is out of
shape compared with the structures in the other local minima. These structures shown in Fig
6D had β-strand as a secondary structure. From these results, having defined “around the bot-
tom of the global minimum” as the region where ΔG is equal to or less than 2.5 kJ/mol, it is sug-
gested that the EF1 and EF2 fluctuated around the bottom of the global minimum obtained by
REMD in the NPT ensemble for 2 μs.

Fig 4. Free energy landscape of EF2 obtained from REMD. These maps indicate the existence probabilities of the EF2 peptide obtained from simulations
at 300 K (a), 310 K (b), 322.5 K (c) and 343 K (d). Relative free energy change (kJ/mol) is colored as shown on the right side of the plots. Reaction
coordinates are RMSD and Rg. The structures in blue are selected from typical structures among conformations at the vicinity of the global minimum.

doi:10.1371/journal.pone.0149474.g004
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It is necessary to understand the structural variation in the time evolution of EF1 and EF2 to
further investigate the difference between the structures of EF1 and EF2. In order to investigate
whether the fluctuation of each residue of EF1 and EF2 affects the structure of EF1 and EF2
during conventional MD simulations, we next calculated the root mean square fluctuation
(RMSF) of EF1 and EF2. In Fig 7A, the overall RMSFs (Cα, which is the chiral carbon in main
chain) of EF1 and EF2 obtained by conventional MD simulations are shown. The fluctuations
of the 4th to 14th residues of EF1 were smaller than those of EF2 for two simulations. We
focused on residues whose fluctuations were large except for the terminals, and we observed
that the 13th to 16th residues of EF1 fluctuate widely compared with the 4th to 7th residues. This
means that the C-terminal of EF1 had larger fluctuation than the N-terminal. We then calcu-
lated the RMSF (Cα) for the 1

st to 10th residues (N side strand) and the 11th to 19th residues (C
side strand) of EF1 and EF2. The plot in Fig 7B is different from the left half of Fig 7A because
the reference system was obtained by fitting only the N side strand for Fig 7B. For one of the
two simulations, the RMSF of the C side strand in EF1 was larger than that of the N side strand,
and the result is consistent with the overall RMSF. We also found that the fluctuation of the N
side strand of EF2 was larger than that of EF1. For C side strand, the fluctuations of EF1 and
EF2 were similar to each other.

We also calculated the solvent accessible surface area (SASA) [48] as an index of structural
change in EF1 and EF2 in conventional MD simulations. In general, the SASA for the structure
of denatured states of peptide and protein is larger than that of the natural state. In Table 7, we
show the SASA of EF1 and EF2 after energy minimization and the average values of the SASA
of EF1 and EF2 obtained from conventional MD simulations. For EF1, the differences between
the average value of SASA and the value of SASA after energy minimization are small, and the
value of the difference was approximately 0.1 nm2. For EF2, the differences were larger than
those of EF1, and the value of the difference is approximately 0.6–0.7 nm2. These results indi-
cate that the structure of EF2 changed easily compared with the structure of EF1.

Non-covalent interactions
In general, several types of non-covalent interactions, such as hydrophobic interactions, ionic
interactions and hydrogen bonding, play important roles in forming and maintaining the

Table 5. The range of RMSD and Rg for the region around the global minimum.

Temperature (K) RMSD (nm) Rg (nm)

EF1 300 0.404–0.539 0.702–0.840

310 0.368–0.602 0.690–0.850

322.5 0.331–0.613 0.696–0.863

343 0.287–0.607 0.688–0.880

EF2 300 0.300–0.659 0.719–0.931

310 0.283–0.468 0.791–0.916

322.5 0.277–0.707 0.700–0.911

343 0.261–0.667 0.706–0.917

doi:10.1371/journal.pone.0149474.t005

Table 6. Average values of RMSD and Rg.

RMSD Rg

EF1 0.531 (0.085) 0.455 (0.133) 0.793 (0.049) 0.826 (0.058)

EF2 0.454 (0.129) 0.445 (0.109) 0.829 (0.069) 0.845 (0.062)

Values in parentheses indicate the standard deviation.

doi:10.1371/journal.pone.0149474.t006
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folded structure of peptides and proteins. We calculate the lengths and the number of hydrogen
bonds (H-bonds) in order to characterize the β-sheet structure. We display the time series of
the number of H-bonds for each simulation in Fig 8 and the number of H-bonds and the stan-
dard deviation in Table 8. We observed that the number of H-bonds in EF1 was larger than
that of EF2. We calculated the number and autocorrelation function of H-bonds for conforma-
tions obtained by REMD simulation for comparison and showed these quantities in Fig 9. The
autocorrelation function of the number of H-bonds for REMD quickly decreased compared

Fig 5. Trajectories of conventional MD simulations drawn on free energy landscape at 300 K obtained from REMD. Trajectories are plotted in purple
on the free energy landscape. (a) and (b) correspond to two simulations of EF1, and (c) and (d) correspond to two simulations of EF2. Arrows indicate the
areas where states were seldom observed in the time scale of the conventional MD.

doi:10.1371/journal.pone.0149474.g005
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with the autocorrelation function for the conventional MD. We show the time series of each
length (Fig 10) and the time–averaged length (Table 9) of H-bonds in EF1 and EF2, as shown
in Table 3, for two simulations. Among eight H-bonds for EF1, five were maintained at a length
of about 0.2–0.3 nm for two simulations. For the H-bonds in both runs of EF2, each length of
the three H-bonds was maintained at about 0.2–0.3 nm. These maintained H-bonds were
formed from β-turn side. These results show that the conformation of EF1 was more stable in
the β-sheet structure than that of EF2.

Fig 6. Free energy landscape of EF1 and EF2 obtained from conventional MD simulations. (a) and (b) are free energy landscapes of two simulations of
EF1, and (c) and (d) are free energy landscapes of two simulations of EF2. Reaction coordinates are RMSD and Rg. The displayed structures are selected
from typical structures at local minima.

doi:10.1371/journal.pone.0149474.g006
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Next, we analyzed the results described above with polar and non-polar amino acid residues.
In Fig 11, we categorized each residue in EF1 and EF2 into four types, which are (1) polar
amino acid with positive charge, (2) polar amino acid with negative charge, (3) uncharged
polar amino acid and (4) non-polar amino acid (hydrophobic amino acid). Hydrophobic

Fig 7. Overall RMSF (Cα) of EF1 and EF2 (a), RMSF (Cα) for 1–10 residues (b), and RMSF (Cα) for 11–19 residues (c). Red and green lines correspond
to two simulations of EF1, and black and blue lines correspond to two simulations of EF2.

doi:10.1371/journal.pone.0149474.g007
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interactions are attractive between hydrophobic amino acids in water solution. EF1 had three
pairs of non-polar amino acids facing each other, and EF2 had two pairs. The pairs of H-bonds
and the pairs of hydrophobic amino acids alternately appeared for EF1. In contrast, these pairs
of amino acids in EF2 were not present at the terminals. In addition, EF1 had polar amino
acids with both positive and negative charges in the center of the sequences, and there may be
ionic interactions between these amino acids in EF1. The stability of HB4 and HB5 of EF1 is
maintained by the hydrophobic interaction between ALA3 and PHE14 in sequences of EF1. On
the other hand, the stability of HB4 and HB5 of EF2 is lost since EF2 does not have hydropho-
bic pair for the same positions in sequences of EF2. H-bonds, hydrophobic interactions, and
ionic interactions may be related to the structural stability of EF1 and the fluctuation of EF2 in
the terminals.

Discussion
In our previous studies [35, 36], we performed simulated annealing [49] to investigate the
structure for the global minimum of potential energy state of EF1 and EF2 peptides derived
from the LG4 modules of laminin α1 and 2 chains. The results of simulated annealing show
that hairpin-like structures were found for EF1, but not for EF2. Suzuki et al. suggested that the
biological activity of EF1 depends on the hairpin-like structure [31], and our previous results
were consistent with their experimental results. In this study, we performed structure sampling
using the expanded ensemble to describe the free energy landscape which extensively covered
the structures of EF1 and EF2. We also investigated the dynamical behavior of EF1 and EF2
peptides by performing conventional MD simulation.

We applied REMD simulations to EF1 and EF2 and efficiently sampled them, as shown in
the free energy landscapes, compared with conventional MD simulations. For the free energy
landscape of each replica used for analysis, the valley for EF2 was widespread on the free energy
landscape compared with the valley for EF1. EF1 had β-sheet as a secondary structure in the
global minimum, which is consistent with the results obtained from simulated annealing. EF2
had a variety of hairpin-like structures with β-sheet structure in the global minimum, as well as
α-helix as a secondary structure, and it was found that the terminal of EF2 unfolded easily even
in the global minimum because the region around the bottom of the global minimum of EF2
was wider than the region around the bottom of the global minimum of EF1 in most cases. It
was indicated that the structure of EF1 with β-sheet is more stable than that of EF2 with β-
sheet against small change of temperature. To analyze the dynamical behaviors of EF1 and
EF2, conventional molecular dynamics simulations were performed twice in the NPT ensemble
for 2 μs. To investigate the trajectories of conventional MD simulation on the free energy land-
scape obtained from REMD, we plotted the trajectories on the coordinates of the RMSD and Rg

with the landscapes. We found that EF1 and EF2 fluctuate around the bottom of the free energy
landscape. For EF1, the local minima of the free energy landscape shown in Fig 5A is trapped
in the region, where the free energy is equal to or less than approximately 7.5 kJ/mol, including
the global minimum. This result is consistent with the results obtained from REMD as the

Table 7. Solvent accessible surface area (SASA) of EF1 and EF2.

SASA (nm2) After energy minimization Average values

EF1 7.992 7.896 (0.517) 7.913 (0.586)

EF2 7.695 8.307 (0.606) 8.418 (0.554)

Values in parentheses indicate the standard deviation.

doi:10.1371/journal.pone.0149474.t007
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trajectories of EF1 were included around the bottom of the global minimum of the landscapes
obtained from REMD. For the free energy landscape of EF2, the structure at the positions with
a large RMSD and Rg (unfolding state) was observed. However, the range of value of Rg for the
free energy landscapes for EF2 was wider than the range for EF1. The probability distributions

Fig 8. Number of H-bonds of EF1 and EF2 characterizing β-sheet structure.Red and green lines correspond to two simulations of EF1, and black and
blue lines correspond to two simulations of EF2. The number of H-bonds is plotted every 10 ns.

doi:10.1371/journal.pone.0149474.g008

Table 8. Number of H-bonds.

Values and standard deviation

EF1 4.61 (0.80) 5.04 (1.15)

EF2 4.00 (1.45) 3.39 (1.18)

Values in parentheses indicate the standard deviation.

doi:10.1371/journal.pone.0149474.t008
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were different between EF1 and EF2. The probability distributions of the region where value of
Rg is 1.0 nm or greater on the free energy landscape for EF2 was larger than that for EF1. The
structures in the regions shown with arrows in Fig 5A–5D were seldom observed by conven-
tional MD simulation.

From REMD analysis, our data showed that the structural variability of EF1 was smaller
than that of EF2, while EF1 and EF2 peptides fluctuated around the bottom of the global mini-
mum of the free energy landscape in conventional MD simulations. We have drawn the free
energy landscapes of EF1 and EF2 for each of two conventional MD simulations. For EF1, the

Fig 9. Number of H-bonds and autocorrelation function of the H-bonds. (a) and (b) indicate number of H-bonds of EF1 and EF2 for each replica (300 K,
310 K, 322.5 K and 343 K) used for analysis. The number of the H-bonds is plotted at every 1 ns. (c) is autocorrelation function of the number of the H-bonds
obtained from REMD and the conventional MD. Purple and green colors are obtained from REMD at 300 K for REMD. Blue and yellow colors are obtained
from the conventional MD.

doi:10.1371/journal.pone.0149474.g009
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local minima structures for each map were hairpin-like structures, with β-sheet as a secondary
structure. For EF2, one of the local minima was a β-sheet structure. Thus, it is suggested that
both EF1 and EF2 can have β-sheet structures in the time scale of the conventional MD simula-
tions. For EF2, there was a difference between the RMSD values of the three local minima
shown in Fig 6C, and the Rg of the structures were also different at the three local minima. On
the free energy landscape, the distribution of EF1 was narrow, while that of EF2 was wide.
Although the difference between the trajectory distributions of EF1 and EF2 shown in Fig 5
seemed to be small, the probability distributions were different between EF1 and EF2, as shown

Fig 10. Length of hydrogen bonds (H-bonds), characterizing β-sheet structure of EF1 and EF2. The lines indicate the lengths of H-bonds for each pair
of EF1 and EF2 shown in Table 3. (a) and (b) correspond to two simulations of EF1, and (c) and (d) correspond to two simulations of EF2. The length of H-
bonds is plotted at every 10 ns.

doi:10.1371/journal.pone.0149474.g010
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in Fig 6. To show the differences in trajectory distributions, it is important to calculate the
probability distributions.

Table 9. Average distance of hydrogen bonds (H-bonds), characterizing β-sheet structure for EF1 and EF2.

EF1_R1 EF1_R2 EF2_R1 EF2_R2

HB1 1.299 (0.302) 1.072 (0.505) 1.038 (0.459) 1.074 (0.397)

HB2 1.022 (0.252) 0.908 (0.399) 0.852 (0.403) 0.857 (0.337)

HB3 0.715 (0.171) 0.623 (0.298) 0.749 (0.396) 0.727 (0.249)

HB4 0.250 (0.070) 0.250 (0.121) 0.533 (0.305) 0.490 (0.188)

HB5 0.193 (0.140) 0.200 (0.053) 0.338 (0.184) 0.462 (0.186)

HB6 0.198 (0.016) 0.202 (0.029) 0.208 (0.038) 0.206 (0.025)

HB7 0.200 (0.023) 0.199 (0.024) 0.200 (0.023) 0.201 (0.030)

HB8 0.216 (0.023) 0.219 (0.025) 0.200 (0.023) 0.215 (0.025)

Values in parentheses indicate the standard deviation.

doi:10.1371/journal.pone.0149474.t009

Fig 11. Categorization of residues for (a) EF1 and (b) EF2 residues into four groups.Dashed lines show positions of H-bonds. Open circles are the
pairs of hydrophobic amino acids.

doi:10.1371/journal.pone.0149474.g011
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The conformational difference in EF2 is related to the fluctuation of each residue, and we
calculated the RMSF for Cα in each residue of EF1 and EF2. We found that the fluctuation of
EF2 was larger than that of EF1, and that the N-terminal (1st to 10th residues) of EF2 fluctuated
markedly. From the results of SASA, the average value for EF1, which was about 0.1 nm2, was
close to the value after energy minimization, and the average value for EF2 was about 0.6–0.7
nm2, which was much larger than the value after energy minimization. These differences
between EF1 and EF2 affected the variations in their conformation, and the fluctuation in the
N-terminal of EF2 may have affected the conformational variability. There was only a slight
difference between the structures of EF1 obtained from the local minimum because the fluctua-
tion of EF1 was small.

Since, from REMD simulation, the region around the bottom of the free energy landscapes
was narrower for EF1 than for EF2, we can consider that EF2 unfolded easily compared with
EF1, and that EF1 had stable β-sheet structure in water solution while the β-sheet structure of
EF2 was unstable. In our preliminary study [50], we indicated that H-bonds were important
for the structural maintenance of β-strands. The importance of H-bonds for β-strand peptides
was also pointed out in Hatfield’s paper [51], involving a molecular dynamics analysis of
CLN025 (a stabilized Chignolin miniprotein). Csontos et al. [52] also reported that the struc-
ture of tripeptides with aromatic backbone is stabilized by H-bonds, indicating that H-bonds
are important for structural stabilization. Several groups [53–56] have studied the free energy
landscape with the number of H-bonds and radius of gyration for other peptides and proteins.
To investigate whether β-sheet is maintained during the conventional MD simulations, we
measured the average length and the number of H-bonds characterizing β-sheet structure. In
this study, we focused on eight H-bonds between N-H and C = O in peptide bonds of adjacent
main chains, and we confirmed that the number of H-bonds in EF1 was larger than that of
EF2. Among eight H-bonds shown in Table 3, the maintenance of the H-bonds at HB4 and
HB5 is especially important. For EF2, it is considered that the average value of SASA was larger
than that after the energy minimization when the number of H-bonds was small. This relation-
ship between H-bonds and the value of SASA for amyloidogenic fragments using compart-
ments (15–19 residues) of Islet Amyloid Polypeptide (IAPP) was reported by Singh’s paper
[57]. We also observed that the magnitude of the fluctuation of EF1 in the terminals was
smaller than that of EF2. These results show that H-bonds were maintained for EF1, while not
maintained for EF2.

In addition to H-bonds, we considered other non-covalent interactions from amino acid
sequences of EF1 and EF2. EF1 has three pairs of residues with hydrophobic interaction, and
EF2 has two pairs. Furthermore, EF1 may have ionic interaction between these amino acids
because it has polar amino acids with positive and negative charges in the center of the
sequences. EF1 has eight pairs of non-covalent interactions, while EF2 has six pairs of non-
covalent interactions. EF2 is considered to fluctuate strongly because of the absence of the pair
of hydrophobic amino acids between both terminals. These factors may be related to the differ-
ence in fluctuation and structural variations between EF1 and EF2. The stability of H-bonds at
HB4 and HB5 are especially enhanced by the hydrophobic interaction between ALA3 and
PHE14.

From Katagiri’s experiments [33], EF1 showed cell attachment activity, whereas EF2 did
not. Suzuki et al. also showed that EF1 has cell attachment activity [31], and they reported the
importance of the hairpin-like structure. In conclusion, it is suggested that the suppression of
structural fluctuation around N-terminal and C-terminal is important to maintain β-sheet
structure (the hairpin-like structure). Since it is important that several non-covalent interac-
tions are formed for structural stabilization, we propose that both of H-bonds in the main
chain and the pair of hydrophobic amino acids in the terminals are important in stabilizing the
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structure. We hope that our study, which is the conformation analysis of cell attachment pep-
tides derived from laminin, will be useful for future studies in the application of laminin in
such areas as medicine and biomaterials.

Supporting Information
S1 Fig. RMSD values of EF1 and EF2 in conventional MD. (a) and (b) show the time evolu-
tion of RMSD for EF1 and for EF2. Red and blue lines correspond to two simulations of EF1,
and green and yellow lines correspond to two simulations of EF2.
(PDF)

S2 Fig. Rg values of EF1 and EF2 in conventional MD. (a) and (b) show the time evolution of
Rg for EF1 and for EF2. Red and blue lines correspond to two simulations of EF1, and green
and yellow lines correspond to two simulations of EF2.
(PDF)

Acknowledgments
This work was supported by JSPS KAKENHI Grant Number 24540442.

Author Contributions
Conceived and designed the experiments: HY SM TMMTMN. Performed the experiments:
HY. Analyzed the data: HY. Contributed reagents/materials/analysis tools: HY TM RMMT FK
KH YKMN. Wrote the paper: HY TM RMMT.

References
1. Collier JH, Segura T. Evolving the use of peptides as components of biomaterials. Biomaterials. 2011;

32: 4198–4204. doi: 10.1016/j.biomaterials.2011.02.030 PMID: 21515167

2. Holmes TC. Novel peptide-based biomaterial scaffolds for tissue engineering. Trends Biotechnol.
2002; 20: 16–21. PMID: 11742673

3. Hozumi K, Sasaki A, Yamada Y, Otagiri D, Kobayashi K, Fujimori C, et al. Reconstitution of laminin-111
biological activity using multiple peptide coupled to chitosan scaffolds. Biomaterials. 2012; 33: 4241–
4250. doi: 10.1016/j.biomaterials.2012.02.055 PMID: 22436803

4. Sasaki T, Fassler R, Hohenester E. Laminin: the crux of basement membrane assembly. J Cell Biol.
2004; 164: 959–963. PMID: 15037599

5. Colognato H, Yurchenco PD. Form and function: the laminin family of heterotrimers. Dev Dyn. 2000;
218: 213–234. PMID: 10842354

6. Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD. Molecular biology of the cell 5th ed. Garland
Publishing Inc. New York. 2007; pp 1167.

7. Li S, Edgar D, Flassler R, Wadsworth W, Yurchenco PD. The role of laminin in embryonic cell polariza-
tion and tissue organization. Dev Cell. 2003; 4: 613–624. PMID: 12737798

8. Miner JH, Yurchenco PD. Laminin functions in tissue morphogenesis. Annu Rev Cell Dev Biol. 2004;
20: 255–284. PMID: 15473841

9. Burgeson RE, Chiquet M, Deutzmann R, Ekblom P, Engel J, Kleinman HK, et al. A new nomenclature
for the laminins. Matrix Biol. 1994; 14: 209–211. PMID: 7921537

10. Miner JH, Patton BL, Lentz SI, Gilbert DJ, Snider WD, Jenkins NA, et al. The laminin α chains: expres-
sion, developmental transitions, and chromosomal locations of α1–5, identification of heterotrimeric
laminins 8–11, and cloning of a novel α3 isoform. J Cell Biol. 1997; 137: 685–701. PMID: 9151674

11. Iivanainen A, Morita T, Tryggvason K. Molecular cloning and tissue-specific expression of a novel
murine laminin γ3 chain. J Biol Chem. 1999; 274: 14107–14111. PMID: 10318827

12. Libby RT, Champliaud MF, Claudepierre T, Xu Y, Gibbons EP, Koch M, et al. Laminin expression in
adult and developing retinae: evidence of two novel CNS laminins. J Neurosci. 2000; 20: 6517–6528.
PMID: 10964957

Molecular Dynamics Simulations of Cell Attachment Peptides

PLOS ONE | DOI:10.1371/journal.pone.0149474 February 18, 2016 21 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149474.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149474.s002
http://dx.doi.org/10.1016/j.biomaterials.2011.02.030
http://www.ncbi.nlm.nih.gov/pubmed/21515167
http://www.ncbi.nlm.nih.gov/pubmed/11742673
http://dx.doi.org/10.1016/j.biomaterials.2012.02.055
http://www.ncbi.nlm.nih.gov/pubmed/22436803
http://www.ncbi.nlm.nih.gov/pubmed/15037599
http://www.ncbi.nlm.nih.gov/pubmed/10842354
http://www.ncbi.nlm.nih.gov/pubmed/12737798
http://www.ncbi.nlm.nih.gov/pubmed/15473841
http://www.ncbi.nlm.nih.gov/pubmed/7921537
http://www.ncbi.nlm.nih.gov/pubmed/9151674
http://www.ncbi.nlm.nih.gov/pubmed/10318827
http://www.ncbi.nlm.nih.gov/pubmed/10964957


13. Aumailley M, Bruckner-Tuderman L, Cater WG, Deutzmann R, Edgar D, Ekblom P, et al. A simplified
laminin nomenclature. Matrix Biol. 2005; 24: 326–332. PMID: 15979864

14. Ramadhani D, Tsukada T, Fujiwara K, Horiguchi K, Kikuchi M, Tashiro T. Laminin isoforms and lami-
nin-producing cells in rat anterior pituitary. Acta Histochem Cytochem. 2012; 45: 309–315. doi: 10.
1267/ahc.12028 PMID: 23209340

15. Hallmann R, Horn N, Selg M, Wendler O, Pausch F, Sorokin LM. Expression and function of laminins in
the embryonic and mature vasculature. Physiol Rev. 2005; 85: 979–1000. PMID: 15987800

16. Durbeej M. Laminins. Cell Tisssue Res. 2010; 339: 259–268.

17. Yamada KM. Adhesive recognition sequences. J Biol Chem. 1991; 266: 12809–12812. PMID:
2071570

18. Yamada Y, Kleinman HK. Functional domains of cell adhesion molecules. Curr Opin Cell Biol. 1992; 4:
819–823. PMID: 1419059

19. Powell SK, Kleinman HK. Neuronal laminins and their cellular receptors. Int J Biochem Cell Biol. 1997;
29: 401–414. PMID: 9202420

20. Nomizu M, KimWH, Yamamura K, Utani A, Song SY, Otaka A, et al. Identification of cell binding sites
in the laminin alpha 1 chain carboxyl-terminal globular domain by systematic screening of synthetic
peptides. J Biol Chem. 1995; 270: 20583–20590. PMID: 7657636

21. Nomizu M, Kuratomi Y, Song SY, Ponce ML, Hoffman MP, Powell SK, et al. Identification of cell binding
sequences in mouse laminin gamma1 chain by systematic peptide screening. J Biol Chem. 1997; 272:
32198–32205. PMID: 9405421

22. Nomizu M, Kuratomi Y, Malinda KM, Song SY, Miyoshi K, Otaka A, et al. Cell binding sequences in
mouse laminin alpha1 chain. J Biol Chem. 1998; 273: 32491–32499. PMID: 9829982

23. Nomizu M, Kuratomi Y, Ponce ML, Song SY, Miyoshi K, Otaka A, et al. Cell adhesive sequences in
mouse laminin beta1 chain. Arch Biochem Biophys. 2000; 378: 311–320. PMID: 10860548

24. Utani A, Nomizu M, Matsuura H, Kato K, Kobayashi T, Takeda U, et al. A unique sequence of the lami-
nin α3 G domain binds to heparin and promotes cell adhesion through syndecan-2 and -4. J Biol Chem.
2001; 276: 28779–28788. PMID: 11373281

25. Kato K, Utani A, Suzuki N, Mochizuki M, Yamada M, Nishi N, et al. Identification of neurite outgrowth
promoting sites on the laminin α3 chain G domain. Biochemistry 2002; 41: 10747–10753. PMID:
12196012

26. Yamaguchi H, Yamashita H, Mori H, Okazaki I, Nomizu M, Beck K, et al. High and low affinity heparin-
binding sites in the G domain of the mouse laminin α4 chain. J Biol Chem. 2000; 275: 29458–29465.
PMID: 10893232

27. Makino M, Okazaki I, Kasai S, Nishi N, Bougaeva M, Weeks BS, et al. Identification of cell binding sites
in the laminin α5-chain G domain. Exp Cell Res. 2002; 277: 95–106. PMID: 12061820

28. Nielsen PK, Gho YS, Hoffman MP, Watanabe H, Makino M, Nomizu M, et al. Identification of a major
heparin and cell binding site in the LG4 module of the laminin α5 chain. J Biol Chem. 2000; 275:
14517–14523. PMID: 10799535

29. Okazaki I, Suzuki N, Nishi N, Utani A, Matsuura H, Shinkai H, et al. Identification of biologically active
sequences in the laminin α4 chain G domain. J Biol Chem. 2002; 277: 37070–37078. PMID: 12130633

30. Hohenester E, Tisi D, Talts JF, Timple R. The crystal structure of a laminin G-like module reveals the
molecular basis of α-dystroglycan binding to laminins, perlecan, and agrin. Mol Cell. 1999; 4: 783–792.
PMID: 10619025

31. Suzuki N, Nakatsuka H, Mochizuki M, Nishi N, Kadoya Y, Utani A, et al. Biological activities of homolo-
gous loop regions in the laminin α chain G domains. J Biol Chem. 2003; 278: 45697–45705. PMID:
12933811

32. Harrison D, Hussain SA, Combs AC, Ervasti JM, Yurchenco PD, Hohenester E. Crystal structure and
cell surface anchorage sites of laminin alpha1LG4-5. J Biol Chem. 2007; 282: 11573–11581. PMID:
17307732

33. Katagiri F, Hara T, Yamada Y, Hozumi K, Urushibata S, Kikkawa Y, et al. The biological activities of the
homologous loop regions in the laminin α chain LG modules. Biochemistry. 2014; 53: 3699–3708. doi:
10.1021/bi5003822 PMID: 24850085

34. Tisi D, Talts J, Timple R, Hohenester E. Structure of the C-terminal laminin G-like domain pair of the
laminin α2 chain harbouring binding sites for α-dystroglycan and heparin. EMBO J. 2000; 19: 1432–
1440. PMID: 10747011

35. Yamada H, Komatsu Y, Miyakawa T, Morikawa R, Katagiri F, Hozumi K, et al. Conformation analysis of
loop region peptides in the laminin α chain LG4 modules by molecular dynamics simulations. Peptide
Science 2011, Jap Peptide Soc; 2012: 201–204.

Molecular Dynamics Simulations of Cell Attachment Peptides

PLOS ONE | DOI:10.1371/journal.pone.0149474 February 18, 2016 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/15979864
http://dx.doi.org/10.1267/ahc.12028
http://dx.doi.org/10.1267/ahc.12028
http://www.ncbi.nlm.nih.gov/pubmed/23209340
http://www.ncbi.nlm.nih.gov/pubmed/15987800
http://www.ncbi.nlm.nih.gov/pubmed/2071570
http://www.ncbi.nlm.nih.gov/pubmed/1419059
http://www.ncbi.nlm.nih.gov/pubmed/9202420
http://www.ncbi.nlm.nih.gov/pubmed/7657636
http://www.ncbi.nlm.nih.gov/pubmed/9405421
http://www.ncbi.nlm.nih.gov/pubmed/9829982
http://www.ncbi.nlm.nih.gov/pubmed/10860548
http://www.ncbi.nlm.nih.gov/pubmed/11373281
http://www.ncbi.nlm.nih.gov/pubmed/12196012
http://www.ncbi.nlm.nih.gov/pubmed/10893232
http://www.ncbi.nlm.nih.gov/pubmed/12061820
http://www.ncbi.nlm.nih.gov/pubmed/10799535
http://www.ncbi.nlm.nih.gov/pubmed/12130633
http://www.ncbi.nlm.nih.gov/pubmed/10619025
http://www.ncbi.nlm.nih.gov/pubmed/12933811
http://www.ncbi.nlm.nih.gov/pubmed/17307732
http://dx.doi.org/10.1021/bi5003822
http://www.ncbi.nlm.nih.gov/pubmed/24850085
http://www.ncbi.nlm.nih.gov/pubmed/10747011


36. Yamada H, Miyakawa T, Morikawa R, Katagiri F, Hozumi K, Kikkawa Y, et al. Molecular dynamics sim-
ulations of peptides derived from laminin α2 Chain. Peptide Science 2012, Jap Peptide Soc; 2013:
339–342.

37. Okabe T, Kawata M, Okamoto Y, Mikami M. Replica-exchange Monte Carlo method for the isobaric-
isothermal ensemble. Chem Phys Lett. 2001; 335: 435–439.

38. Pronk S, Páll S, Schulz R, Larsson P, Bjelkmar P, Apostolov R, et al. GROMACS 4.5: a high-throughput
and highly parallel open source molecular simulation toolkit. Bioinformatics. 2013; 29: 845–854. doi:
10.1093/bioinformatics/btt055 PMID: 23407358

39. Lindorff-Larsen K, Piana S, Palmo K, Maragakis P, Klepeis JL, Dorr RO, et al. Improved side-chain tor-
sion potentials for the AMBER ff99SB protein force field. PROTEINS. Struct Funct Gen. 2010; 78:
1950–1958.

40. JorgensenWL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. J Chem Phys. 1983; 79: 926–935.

41. Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. LINCS: A linear constraint solver for molecular sim-
ulations. J Comp Chem. 1997; 18: 1463–1472.

42. Darden T, York D, Pedersen L. Particle mesh Ewald: An N•log(N) method for Ewald sums in large sys-
tems. J Chem Phys. 1993; 98: 10089–10092.

43. Zimmerman K. All purpose molecular mechanics simulator and energy minimizer. J Comp Chem.
1991; 12: 310–319.

44. ZhangW, Wu C, Duan Y. Convergence of replica exchangemolecular dyanmics. J. Chem. Phys. 2005;
123: 154105–154113. PMID: 16252940

45. Chodera JD, SwopeWC, Pitera JW, Seok C, Dill KA. Use of the Weighted Histogram Analysis Method
for the Analysis of Simulated and Parallel Tempering. J. Chem. Theory Comput. 2007; 3: 26–41. doi:
10.1021/ct0502864 PMID: 26627148

46. KabschW, Sander C. Dictionary of protein secondary structure: pattern recognition of hydrogen-
bonded and geometrical features. Biopolymers. 1983; 22: 2577–2637. PMID: 6667333

47. Altis A, Otten M, Nguyen PH, Hegger R, Stock G. Construction of the free energy landscape of biomole-
cules via dihedral angle principal component analysis. J Chem Phys. 2008; 128: 245102–245111. doi:
10.1063/1.2945165 PMID: 18601386

48. Eisenhaber F, Lijnzaad P, Argos P, Sander C, Scharf M. The double cubic lattice method: Efficient
approaches to numerical integration of surface area and volume and to dot surface contouring of molec-
ular assemblies. J Comput Chem. 1995; 16: 273–284.

49. Umezawa K, Ikebe J, Nomizu M, Nakamura H, Higo J. Conformational requirement on peptides to
exert laminin's activities and search for protein segments with laminin's activities. Biopolymers. 2009;
92: 124–131. doi: 10.1002/bip.21148 PMID: 19180521

50. Yamada H, Fukuda M, Miyakawa T, Morikawa R, Takasu M. Conformation analysis of peptides derived
from laminin α1–2 chain using molecular dynamics simulation. JPS Conf Proc. 2014; 1: 016016.

51. Hatfield MPD, Murphy RF, Lovas S. Molecular dynamics analysis of the conformations of a β-hairpin
miniprotein. J Phys Chem B. 2010; 114: 3028–3037. doi: 10.1021/jp910465e PMID: 20148510

52. Csontos J, Murphy RF, Lovas S. The role of weakly polar and H-bonding interactions in the stabilization
of the conformers of FGG, WGG, and YGG: an aqueous phase computational study. Biopolymers.
2008; 89: 1002–1011. doi: 10.1002/bip.21049 PMID: 18615659

53. Pande VS, Roshkar DS. Molecular dynamics simulations of unfolding and refolding of a β-hairpin frag-
ment of protein G. Proc Natl Acad Sci USA. 1999; 96: 9062–9067. PMID: 10430895

54. Garcia AE, Sanbonmatsu KY. Exploring the energy landscape of a β-hairpin in explicit solvent. Pro-
teins. 2001; 42: 345–354. PMID: 11151006

55. Zhou R, Berne BJ, Germain R. The free energy landscape for β-hairpin folding in explicit water. Proc
Natl Acad Sci USA. 2001; 98: 14931–14936. PMID: 11752441

56. Zhou R. Exploring the protein folding free energy landscape: coupling replica exchange method with
P3ME/RESPA algorithm. J Mol Graph Model. 2004; 22: 451–463. PMID: 15099840

57. Singh G, Brovchenko I, Oleinikova A, Winter R. Aggregation of fragments of the islet amyloid polypep-
tide as a phase transition: a cluster analysis. NIC series. 2007; 36: 275–278.

Molecular Dynamics Simulations of Cell Attachment Peptides

PLOS ONE | DOI:10.1371/journal.pone.0149474 February 18, 2016 23 / 23

http://dx.doi.org/10.1093/bioinformatics/btt055
http://www.ncbi.nlm.nih.gov/pubmed/23407358
http://www.ncbi.nlm.nih.gov/pubmed/16252940
http://dx.doi.org/10.1021/ct0502864
http://www.ncbi.nlm.nih.gov/pubmed/26627148
http://www.ncbi.nlm.nih.gov/pubmed/6667333
http://dx.doi.org/10.1063/1.2945165
http://www.ncbi.nlm.nih.gov/pubmed/18601386
http://dx.doi.org/10.1002/bip.21148
http://www.ncbi.nlm.nih.gov/pubmed/19180521
http://dx.doi.org/10.1021/jp910465e
http://www.ncbi.nlm.nih.gov/pubmed/20148510
http://dx.doi.org/10.1002/bip.21049
http://www.ncbi.nlm.nih.gov/pubmed/18615659
http://www.ncbi.nlm.nih.gov/pubmed/10430895
http://www.ncbi.nlm.nih.gov/pubmed/11151006
http://www.ncbi.nlm.nih.gov/pubmed/11752441
http://www.ncbi.nlm.nih.gov/pubmed/15099840

