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We examine the effects of the nanocrystal covalently bonded to one end, utilizing replica-exchange molecular dynamics
simulation of a peptide with the sequence Ac-YGKAAAAKAAAAKAAAAKC-amide, to simulate the diffraction X-ray
tracking (DXT) method. We performed three different simulations in this study. A simulation with no constraint, a simulation
with one end fixed, and a simulation with one end fixed and also considering the effect of the nanocrystal by changing the
mass of the sulfur atom in the C-terminus, which covalently bonded with the Au nanocrystal in diffraction DXT method, was
performed. The average configuration parameters of the three simulations are compared and discussed. We analyzed our
simulation results utilizing principal component analysis. The obtained free-energy landscape indicated that the condition of
the DXT technique will not affect the global-minimum state, however, it may affect the folding pathway.

Keywords: Generalized-ensemble algorithm; REMD; Diffracted X-ray tracking; DXT

1. Introduction

Continuous effort has been made to measure the dynamic

structural information of single-biomolecules and effec-

tive methods have been developed [1–3]. One of the

methods, single molecular imaging with laser-induced

fluorescence, realizes measurements of molecular

dynamics in physiological environment. However, the

wavelength of the light in the visual region limits the

accuracy of the positional information [3]. Thus, detecting

the conformational change of single molecule is difficult.

On the other hand, diffracted X-ray tracking (DXT) [1]

enables us to measure single molecule dynamics in

accuracy of picometer level. DXT has been applied to

DNA molecules [1,4] and bacteriorhodopsin single

molecules [5] and succeeded in tracking the single-

molecule motion with high accuracy. However, the

microscopic configuration information of the all-atom

model will help understanding the data further.

In our previous study [6], we employed all-atom

molecular dynamics simulation to discuss the microscopic

features of the biomolecule. Simulating biomolecules and

obtaining good ensemble is a difficult task, since

employing the potential energy functions available for

all-atom models leads to the trapping of the trajectories in

the local-minimum states, which exists in large numbers in

biomolecular systems. In order to overcome the local-

minimum states, we introduced the replica-exchange

molecular dynamics (REMD) method [7], one of the

powerful generalized-ensemble techniques [8,9].

We studied the effect of one end of the biomolecule

fixed to the substrate in single-molecule imaging

techniques. Since the biomolecules observed in the

single-molecule imaging techniques are fixed to different

conditions from the biomolecules in vivo, we needed to

elucidate the effect of the fixed end. A small peptide YG

found in their literature [10], which has a stable a-helix in

water among the alanine-based peptides, is applied to all-

atom simulations based on REMD. We found that the

peptide motion with one end fixed was slightly limited

compared to the peptide which was not fixed.

In this work, we also study the effect of the heavy

nanocrystal covalently bonded to the biomolecule by

REMD. Because we are interested in the microscopic
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feature of the biomolecule only, the nanocrystal is not

treated explicitly. The nanocrystal is very large compared

to atoms, and in DXT [1], it shows Brownian motion

which is in a different scale with the atoms in

biomolecules. Thus, we approximate the effect of the

nanocrystal by changing the mass of the sulfur atom in the

C-terminus Cysteine, which is directly bonded with

the nanocrystal in DXT. Three simulations in different

conditions were carried out. First, we simulated the system

without any constraints. Then, we simulated the system

with one end fixed. Finally, we performed simulation with

one end fixed and the other end having a heavy sulfur

atom. The results of our simulations and the comparison

among the three simulations are made with the free energy

landscapes obtained.

2. Methods

REMD [7] method, was applied to a peptide Ace-

YGKAAAAKAAAAKAAAAKC-amide. Cys residue is

added to the peptide original YG (Ace-YGKAAAAKA-

AAAKAAAAK-amide) in Ref. [10], because the sulfur

atom of Cys residue is used to form a covalent bond with

the nanocrystal in DXT [1]. CHARMM22 all-atom force

field [11] and TIP3P [12] model was used for the peptide

and rigid water molecules, respectively. Yoda et al.

[13,14] reported that CHARMM22 works well with

systems which have a-helix structures. For REMD, 48

temperatures between 250 and 700 K (250, 255, 261, 267,

273, 279, 285, 291, 297, 304, 311, 318, 325, 332, 339, 347,

355, 363, 371, 379, 387, 396, 405, 414, 423, 432, 442, 452,

462, 472, 482, 493, 504, 515, 526, 538, 550, 562, 538, 550,

562, 574, 587, 600, 613, 627, 641, 655, 670, 685, 700)

were used. For further details, see Ref. [8].

Three different simulations were performed. The first

simulation was carried out without any constraints (referred

to as “Free”, hereafter). The second simulation had the

carbonyl carbon in Ace fixed (referred to as “Fixed”,

hereafter). In the DXT method, the N-termius is linked to the

substrate. Thus, we fixed the first atom connected to the N-

terminus of the peptide. In the DXT method, the sulfur atom

is also covalently bonded to a nanocrystal. The final

simulation thus had the carbonyl carbon in Ace fixed, and the

mass of the sulfur atom in Cys was set tobe 229.0260, heavier

than the normal value of 32.0600, to mimic the effect of the

heavy nanocrystal (referred to as “Fixed þ Heavy”, here-

after). In spite of the change ofmass, the potential parameters

were not changed. To keep the HS bond of cysteine stable,

LINCS algorithm [15] was applied to the HS bond. All

simulations started from 20 ps of canonical run, followed by

2.2 ns (per replica) of REMD run. Replica exchange trial was

made at every 10 fs. The peptide was soaked in a sphere of

radius 27 Å filled with 2580 water molecules. Harmonic

Figure 1. Histograms of end-to-end distance: (a) 297 K, (b) 405 K and (c) 504 K. The red, green and blue lines correspond to the “Free”, “Fixed” and
“Fixed þ Heavy” simulations, respectively (colour in online version).
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restraint was used to prevent water molecules and the peptide

from getting out of the sphere.

All of our simulations were performed by the modified

version [16,17] of PRESTO version 2 [18]. The pictures of

the peptides were created by Molscript [19] and

Raster3D [20].

3. Results and discussion

In DXT, the dynamics of a nanoparticle is observed. In our

simulation, similar information can be obtained by

monitoring the end-to-end distance of the peptide. Here,

we define the end-to-end distance to be the distance from

the carbonyl carbon atom of acetyl N-terminus, which is

fixed in the DXT, to the sulfur atom of cysteine, which is

covalently bonded in DXT. Histograms of the end-to-end

distance distributions are shown in figure 1(a)–(c)

correspond to the histograms at 297, 405 and 504 K,

respectively. For all simulations, as the temperature

increases, the range of the end-to-end distance widens.

The range of the end-to-end distance for the “Fixed”

simulation is delocalized compared to the “Fixed þ

Heavy” simulation, while it is localized compared to the

“Free” simulation. By comparing the results of the

“Fixed” simulation and the “Free” simulation, the effects

of the fixed N-terminus can be studied, while comparing

the “Fixed” simulation and the “Fixed þ Heavy” simu-

lation, the effects of the nanoparticle bonded to the sulfur

near the C-terminus can be studied. The values of end-to-

end distance for the “Fixed” simulation are smaller

compared to the “Free” simulation in all temperatures.

Comparing the results of the two simulations, both the

peak of the histogram and the range of the histogram in the

Figure 2. Average helicity as the function of temperature (K).

Figure 3. Histograms of helicity: (a) 297 K, (b) 405 K and (c) 504 K. The red, green and blue lines correspond to the “Free”, “Fixed” and
“Fixed þ Heavy” simulations, respectively (colour in online version).
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“Fixed” simulation is shifted to the larger values. As in

DXT experiments, the motion of the C-terminus that

approaches to the N-terminus is restricted in “Fixed” and

“Fixed þ Heavy” simulations, while “Free” simulations

are not. Hence, the peak and the range of the end-to-end

distance are shifted to the smaller region in the “Free”

simulation. The “Fixed þ Heavy” simulation shows the

same tendency as in the “Fixed” simulation. On the other

hand, the range of the end-to-end distance for the “Fixed”

simulation is larger compared to the “Fixed þ Heavy”

simulation. Especially, in the case of 297 K (figure 1(a)),

most of the configurations found in the “Fixed þ Heavy”

simulation have the end-to-end distance in the range of

30–33 Å, which is the same range of the configurations

with the complete a-helix. This shows that the heavy atom

on the C-terminus side limits the motion of the peptide. At

temperatures 405 and 504 K, the shape of the histogram

of the “Fixed þ Heavy” simulation becomes similar. This

indicates that the motion of the heavy sulfur atom in the

“Fixed þ Heavy” simulation become large and does not

affect the motion at low temperatures.

We next examine the helicity of the peptide, which is

the main structural feature of this peptide to see the effects

of the DXT observation condition. In figure 2, we plot the

average helicity (with the number of a-helical residues in

the peptide defined by DSSP [21]) as a function of

temperature. “Free” and “Fixed” simulations show similar

tendency. However, the configurations obtained from the

“Fixed” simulation have more helical residues compared

to the “Free” simulation in the high temperature region.

The helices in the “Fixed” simulation are more stable than

the “Free” simulation case. In our previous work, we

found that the motion of the “Fixed” simulation is limited

compared to the “Free” simulation, and this can explain

Figure 4. Potential of mean force (kcal/mol) along the two components at 297 K of: (a) “Free”, (b) “Fixed” and (c) “Fixed þ Heavy” simulation
respectively.
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the stability of the helices in the “Fixed” simulation. The

“Fix þ Heavy” simulation shows different characteristics

with the other two simulations. The “Fix þ Heavy”

simulation seems to show a two step decrease in average

helicicty as the temperature increases while the other two

decreases monotonically which is the general case for

helical peptides.

We have observed CD spectra for “free” Ace-YGKA-

AAAKAAAAKAAAAKC-amide and nanoparticle-C-

YGKAAAAKAAAAKAAAAKC-nanoparticle systems

in 293 K. The CD spectra for the two systems showed

no difference. The experimental results can be compared

with the helicity values of the “Free” simulation and the

“Fixed þ Heavy” simulation in 297 K. The helicity for the

“Free” simulation and the “Fixed þ Heavy” simulation

was 0.30 and 0.31, respectively. The helicity between the

two simulation at 300 K was very similar and showed the

same tendency with the experimental data.

We study further the difference of the helicity among

the three simulations. Because the peptide has symme-

trically distributed Lys residues, we consider the following

three regions: Lys3-Lys8 (N region, hereafter), Lys8-

Lys13 (M region, hereafter) and Lys13-Lys18 (C region,

hereafter). In figure 3, we show histograms of the helicity

for each residue at 297, 405 and 504 K, in a, b and c,

respectively. For all simulations, as the temperature

increases, the helicity of each residue decreases. In the

case of 297 K, we compared the helicity of “Free” and

“Fixed” simulations within the three regions: N, M and C

regions. The difference of the helicity compared by

regions was not significant [6]. However, the shape of the

histogram is different. The difference of the shape

between the histograms of the “Free” simulation and the

“Fixed þ Heavy” simulation at 297 K is significant. The

shape of the “Free” simulation shows that the helix of M

region is very stable compared to the other regions and as

the residues become farther from the center, the helicity

reduces monotonically. All of the residues in the N region

of the “Fixed þ Heavy” simulation have similar values.

The “Fixed” simulation in 405 and 504 K shows similar

tendencies with the “Fixed þ heavy” simulations, which

is consistent with the end-to-end distance histogram in

figure 1.

For further understanding, we used principal com-

ponent analysis (PCA) [22–24] to obtain the free-energy

landscape. Each configuration was projected on to the first

two principal axes to illustrate the free-energy landscape,

which is given as the potential of mean force with

principal component (PC) axes as reaction coordinates.

The potential of mean force obtained from the “Free”

simulation along the first two PC axes (PC1 and PC2) is

shown in figure 4. Figure 4(a)–(c) corresponds to the

results of “Free”, “Fixed” and “Fixed þ Heavy” simu-

lations, respectively. At 297 K, which is close to room

temperature, the conformation states are localized, and a

rough free-energy landscape is obtained. Along the PC1

axis, the free energy surface of the “Free” simulation has

the widest range compared to the other simulations. The

“Fixed” simulation has a wider range compared to the

“Fixed þ Heavy” simulation. The PC1 axis is correlated

with the end-to-end distance (the correlation coefficient is

20.419). Hence, the range along the PC1 axis

corresponds to the motion range of the end-to-end

distance, and the free energy surface shows the same

tendency with the histogram of the end-to-end distance in

figure 1. The negative correlation coefficient indicates that

the large PC1 value results to the small end-to-end

distance. The free energy surface of the “Free” simulation

shift to the large side of the PC1 axis, while the surface of

the “Fixed þ Heavy” simulation shift to the small side,

compared to the “Fixed” simulation surface. This order

also consists with the end-to-end histogram. The ordering

for the width of the range along the PC2 axis was the same

as in PC1 axis. This shows that the motion of the peptide in

the “Fixed þ Heavy” simulation is limited compared to

the “Fixed” simulation, which is limited compared to the

“Free” simulation (figure 4).

Let us compare the characteristics of the free-energy

global-minimum state obtained from the three simulations.

A representative snapshot of the global minimum (GM)

states and local minimums (LM) are shown in figure 5.

All three snapshots have a single helix conformation and

have a stable helix in the M region. We next compare the

LM snapshot. In the “Free” simulation, the snapshot of the

LM also has a single helix conformation with a stable helix

in the M region, but has a shorter helix. We must also

mention that the end-to-end distance is smaller than the

GM snapshot, which leads to the breaking of hydrogen-

bonds. This indicates that the motion of both ends causes

the decrease of the helical residues which leads to

unfolding of the peptide. The snapshot of the LM found in

the “Fixed” simulation has a double-helix structure. We

have found many double-helix structures, while it was not

found in the “Free” simulation. This indicates that unlike

the “Free” simulation, in “Fixed” simulation, the motion of

the C-terminus leads to the division of the helix which

leads to unfolding of the peptides. And for the “Fixed þ

Figure 5. The representative structures at the free-energy GM -states
and a stable LM states of: (a) “Free”, (b) “Fixed” and (c)
“Fixed þ Heavy” simulation respectively.
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Heavy” simulation, a stable LM was not found. This can be

explained by the limitation of motion, which leads to a

small fluctuation in the region of the global-minimum

state. However, many two-helix structures were also found

in the “Fixed þ Heavy” simulation. It can be predicted that

the motion of the peptide under DXT condition is similar

to the motion of “Fixed” simulation. These results indicate

that the DXT observation condition does not affect the

GM, however, the pathway of folding and unfolding which

may change for molecules which exist in solution as the

peptide in this study.

4. Conclusions

In this work, we have studied the effects of fixing one end

in single-molecule imaging techniques, and the effect of

the nanoparticle bonded on the other end in DXT

techniques by three REMD simulations at three different

conditions, of a small a-helical peptide. The configuration

parameters, end-to-end distance and helicity, was

compared among the three simulations and discussed.

Free energy landscape was obtained using the first and

second PC axes obtained from PCA, which represent the

backbone motion and the reorganization of the backbone

hydrogen-bonds, respectively. The global-minimum states

of free energy in the three simulations are similar, and

have a single a-helical segment. However, the LM

differed in each simulation. This indicates that the folding

pathway might be affected in the case of biomolecules in

solution as in this work. Since the static characters

were understood, we next plan to seek the dynamics of

DXT [1].
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