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Parallel Cascade Selection Molecular Dynamics (PaCS-MD) is proposed as a molecular simulation
method to generate conformational transition pathway under the condition that a set of “reactant”
and “product” structures is known a priori. In PaCS-MD, the cycle of short multiple independent
molecular dynamics simulations and selection of the structures close to the product structure for
the next cycle are repeated until the simulated structures move sufficiently close to the product.
Folding of 10-residue mini-protein chignolin from the extended to native structures and open-close
conformational transition of T4 lysozyme were investigated by PaCS-MD. In both cases, tens of
cycles of 100-ps MD were sufficient to reach the product structures, indicating the efficient gener-
ation of conformational transition pathway in PaCS-MD with a series of conventional MD without
additional external biases. Using the snapshots along the pathway as the initial coordinates, free
energy landscapes were calculated by the combination with multiple independent umbrella sam-
plings to statistically elucidate the conformational transition pathways. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4813023]

I. INTRODUCTION

To exert functions, proteins often undergo large-
amplitude structural changes upon protein folding and
molecular recognition. Molecular dynamics (MD) simulation
with highly accurate potential energy function plays impor-
tant roles in elucidations of conformational changes at atomic
resolution. MD simulations can provide fully time-dependent
structural information upon conformational transitions.
However, it is often difficult to detect large motions relevant
to important biological functions because characteristic
time scales could exceed feasible computational time even
with massive computational resources. Conformational
transitions also tend to occur stochastically as rare events.
Therefore, many methodologies for enhancing rare events
relevant to biological functions have been proposed so far to
detect conformational transitions within realistic simulation
lengths. Such accelerations have been achieved by a variety
of ways. For instance, the targeted MD (TMD)1 and steered
MD (SMD)2–4 have been known as the typical methods to
accelerate conformational transitions with biasing force.

In the TMD method, holonomic constraints are employed
to reduce root mean square deviation (RMSD) from the tar-
get. The TMD generates a single trajectory to the target and
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permits application of biasing forces only to a part of the
system, while observing unbiased responses of other parts of
interest.5 The past studies have reported some problems, for
instance, the TMD method does not necessarily follow the
lowest energy pathway.6 The obtained trajectories from the
TMD method might cross large energy barriers and yield the
irreversible pathways that rarely accessible to the system at
normal temperatures. The SMD is an extended MD simula-
tion method that mimics the idea of atomic force microscopy
(AFM).7–9 This method has been widely used to explore the
binding or unbinding properties of biomolecules and their re-
sponses to external mechanical manipulations at the atomic
level.10, 11 In some SMD simulations, time-dependent exter-
nal forces are applied to ligand to facilitate the binding or
unbinding with a protein.12–16 From the accelerated associ-
ation or dissociation processes of the ligand, SMD simula-
tions can reveal information about ligand binding processes.
In these kinds of methods, optimal force biases or holonomic
constraints need to be adjusted depending on interests.

Recently, several methods to generated conformational
transition pathway without external perturbations have been
proposed. One of examples is the INM sampling method
based on Instantaneous Normal Mode (INM) from an Elas-
tic Network Model (ENM).17 In this approach, time progres-
sions of instantaneous low-frequency normal modes related
to conformational transitions are extracted from instantaneous
snapshots of all-atom MD simulation in terms of INM through
ENM. The approach was performed through equilibrium MD
trajectories starting from reactants to find low-frequency mo-
tions that simultaneously have normal modes that are similar
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to target products. The INM trajectories give rise to common
intermediate sub-states, deriving structural fluctuations of tar-
gets from reactants to products as transition pathways.

In this study, Parallel Cascade Selection Molecular Dy-
namics (PaCS-MD) is proposed as a method to generate con-
formational transitional pathway without applying external
perturbations such as force biases or holonomic constraints.
The PaCS-MD shares ideas similar to the INM sampling. In
our method, we simply repeat a cycle of the multiple short
MD simulations with distinct initial conditions and selection
to find the structures closer to the product based on struc-
tural similarities without normal mode analysis. Here, reas-
signments of the initial velocities in each MD simulation will
help reactants to reach products effectively, since it has been
known that multiple molecular dynamics simulations through
regenerations of initial velocities can enhance conformational
sampling.18, 19

As the first application, PaCS-MD in explicit solvent
was applied to folding study of mini-protein, chignolin
(10-residues) and reactive folding pathways from completely
extended to native structures were generated. As the sec-
ond application, conformational transition pathways between
open and close conformation of T4-lysozyme (164-residues)
were generated. Furthermore, free energy landscapes (FEL)
characterizing the conformational transitions along the deter-
mined pathways were calculated by a combination of PaCS-
MD and multiple independent umbrella sampling.20, 21

II. METHOD

A. Procedure of PaCS-MD

Figure 1(a) shows the flowchart of PaCS-MD. As a pre-
condition for PaCS-MD, a set of “reactant” and “product”
structures should be given a priori. PaCS-MD starts from the
starting structure (reactant) with distinct initial conditions and
continues until the structures reach sufficiently close to the
target structure (product) by repeating short Multiple Inde-
pendent Molecular Dynamics (MIMD) simulations. To gen-
erate the initial conditions for the first cycle of PaCS-MD,
preliminary MD simulation is performed starting from the re-
actant structure. Then generated snapshots are rank-ordered
with respect to the product structure. Root-mean-square
deviation from the product structure is employed as the rank-
ing measure (smaller RMSD is better). Other ranking mea-
sures can be also employed as the ranking measure depend-
ing on the simulation purposes. Top M snapshots are selected
as the initial structures for the first cycle of PaCS-MD. In
each cycle of PaCS-MD, short MIMD starting from differ-
ent initial conditions are performed. In the end of each cy-
cle, the snapshots generated in the cycle are rank-ordered and
highly ranked snapshots are selected as the initial structures
for the next cycle. The initial velocities are regenerated ran-
domly to reproduce Maxwell-Boltzmann distribution and ex-
ternal contributions are eliminated. This cycle is subsequently
repeated until highly ranked snapshots reach sufficiently close
to the product. Joint multiple trajectories connecting reac-
tant and product is termed “reactive trajectories” in this paper
(Fig. 1(b)).
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Structural ranking to product

Assign initial velocities 
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      Perform MIMD 

Input reactant and perform preliminary MD

Rank-1 Rank-2 Rank-M 
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FIG. 1. (a) The flowcharts of Parallel Cascade Selection Molecular Dynam-
ics (PaCS-MD) and (c) that of free energy landscape calculation along the
reactive trajectories using the combination of PaCS-MD and Multiple Inde-
pendent Umbrella Samplings (MIUS). (b) Reactive trajectory defined as joint
multiple trajectories connecting reactant and product.

As far as structures are the closest to the target, even high
energy structures can be selected in the PaCS-MD cycle. With
this selection, structures whose original probability of occur-
rence is very low can be elevated with high statistical weight.
Therefore, PaCS-MD can efficiently enhance conformational
transition with the selection procedure without applying direct
bias to the system during the simulation. Even in the case that
majorities are downstream movements on the energy surface,



035103-3 R. Harada and A. Kitao J. Chem. Phys. 139, 035103 (2013)

Trp9

Tyr2

Gly7

Pro4

Loop

Edge to Face

LYS65:O

LYS66:O

GLN69:H

ASP70:H

(a) (b)

FIG. 2. (a) The native NMR structure of chignolin. The “edge to face” aro-
matic interaction between Tyr2 and Trp9 sidechains is indicated by red ar-
row. (b) A snapshot of T4 Lysozyme (T4L) as the representative transition
state structures between the open and closed states. Lys65:O-Gln69:H and
Leu66:O-Asp70:H, of which hydrogen bond breakage is related to the kink
of hinge α helix (residue 59-81), are indicated in a circle. The structure at
(PC1, PC2) = (0.0,−0.5) with these hydrogen bonds broken was selected
(see Fig. 5 and related section for the definition of PC1 and PC2).

rare upstream events can be selected. Since drastic efficiency
is achieved by the selection, time scale of the movements can
be very different from real kinetics. On average, the number
of cycle needed should be dependent on barrier heights be-
cause they are directly related to the probability of rare event
occurrence. The number of cycle needed could be also depen-
dent on the distance between reactant and product.

B. Simulated systems

PaCS-MD was applied to two model cases, protein fold-
ing and protein domain motion, which were well-investigated
in the past studies. To examine sampling efficiency starting
from unfolded to native structures, a mini-protein chignolin
(sequence: GYDPETGTWG)22 was investigated. Chignolin
has been shown to fold into native structure (β-hairpin, see
Fig. 2(a)) in micro second order by all-atom (AA) MD simula-
tions in explicit solvent.23–26 As the reactant, extended struc-
ture was modeled using the AMBER leap module.27 As the
product, the final structure of 1-ns MD simulation in explicit
water starting from the NMR structure (Model #1 in the PDB
entry 1UAO)22 was employed.

As the application to the protein domain motion, T4
lysozyme (T4L) was investigated. T4L (Fig. 2(b)) is a well-
known protein in which many distinct mutations and crystal
forms induce significant variations in the hinge angle between
two domains.28, 29 In this application, we focused on the wild-
type T4L and investigated conformational transition pathway
between open and close structures using PaCS-MD. As the re-
actant and product, the wild-type close (PDB entry 2LZM30)
and M6I-mutant open structure (PDB entry 150L31) mutated
back to the wild type were employed, respectively.

AMBER ff99SB force field32 was employed for chig-
nolin and T4L. The simulated systems were solvated with
TIP3P water model.33 Rectangular simulation boxes were
constructed with a margin of at least 10 Å from the proteins
to the box boundaries. The chignolin system contained 1421
water molecules and 2 Na+ ions. The T4L systems contained
8876 water and 8 Cl− ions.

C. Computational details of PaCS-MD

PaCS-MD was performed with a MD simulation pro-
gram, the PMEMD of AMBER (version 10)27 under a

constant temperature condition at 300 K using Berendsen
thermostat34 with a relaxation time of 2 ps and also with
Langevin thermostat. PaCS-MD was also conducted with
Nosé-Hoover thermostat35–37 with ROAR 2.1 program in
AMBER7 package. Except for initial pressure adjustment,
MD was performed with NVT ensemble. The electrostatic in-
teractions were treated with particle mesh Ewald method38

(the Lennard-Jones interaction and the real space Ewald sum
smoothly switched to zero at 9 Å). The simulation time step
was 2 fs with constraining bonds involving hydrogen atoms
via SHAKE39 and SETTLE.40 As the initial structures of each
trial, highly ranked top ten snapshots close to products were
chosen from the previous trial.

As the preliminary run of PaCS-MD of chignolin folding,
a 100-ps MD simulation was performed from the completely
extended conformation. Top ten snapshots (M = 10) closest
to the native structure were chosen as the initial structures
for the first cycle. In each cycle, MIMD starting from the ten
initial structures (100-ps MD ×M runs) was carried out and
each trajectory was recorded every 1ps. The top ten snapshots
closest to the native structure in RMSD were used as the ini-
tial structures of the next cycle. The cycle was judged to be
converged when the trajectory reached within 1.0 Å from the
reactant (in Cα RMSD). If the number of the cycle is given by
K, the number of total trajectories generated is MK. For com-
parison, a 20-ns conventional MD (CMD) was also contin-
ued after the 100-ps MD simulation started from the extended
conformation. Five distinct PaCS-MD simulations were con-
ducted with each of Berendsen, Langevin and Nosé-Hoover
thermostats. Therefore, total number of PaCS-MD performed
was 15 for chignolin folding. One additional PaCS-MD sim-
ulation was also conducted starting from the native structure
toward the extended structure with Berendsen thermostat as
unfolding simulation.

In the application to T4L, two conformational transition
pathways, from the open (reactant) to close (product) struc-
tures and vice versa, were generated using PaCS-MD with
Berendsen thermostat. In both the open to close and close to
open cases, 5 PaCS-MD simulations were performed. Two
independent 10-ns CMD simulations were performed start-
ing from the open (PDB ID: 150L, wild type mutated back
from M6I) and close (PDB ID: 2LZM) structures to generate
the initial structures of PaCS-MD. Other conditions of PaCS-
MD are the same as in the case of chignolin. Additional 10-ns
CMD simulations were continued after the 10-ns CMD (to-
tally 20-ns) for comparison.

In the cases of chignolin and T4L, 100-ps MD was suffi-
ciently long to generate structures significantly different from
those in the previous cycle. For a fixed total simulation length,
if the selection is conducted less frequently, the system could
miss more chances to be guided to the product. Consequently,
longer MD per cycle does not necessarily achieve more ef-
ficiency. We initiated PaCS-MD with M = 10 and already
achieved high efficiency in conformational sampling. There-
fore, we did not need to try larger M in this work. Depend-
ing on the system, larger M could be more efficient. As far
as parallel computing resources are available, we would sug-
gest to use larger M before trying longer MD length per
cycle.
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D. Free energy landscape calculation with multiple
independent umbrella sampling

The free energy landscape (FEL) of these proteins along
the generated conformational transition pathways were calcu-
lated by the combination of PaCS-MD for the initial struc-
ture generation and Multiple Independent Umbrella Sam-
plings (MIUS) for local conformational samplings around the
generated initial structures. This approach is similar to the
recently proposed Multi-Scale Free Energy Landscape cal-
culation method (MSFEL).26, 41, 42 In MSFEL, molecular dy-
namics simulation with coarse-grained (CG) model is firstly
performed to generate many conformers in wide conforma-
tional space. Then all-atom (AA) structures are generated
by CG-AA mapping and MIUS intensively investigate lo-
cal FELs around distributed reference structures. Total FEL
is calculated by the Weighted Histogram Analysis Method
(WHAM).43–45 In this work, structure generation for MIUS
is replaced with PaCS-MD as shown in Fig. 1(c).

In MIUS, a set of umbrella potentials {V umbrella
i }

(i = 1, 2, . . . , N ),

V umbrella
i = ki

(�rCα − ⇀

r
Cα0

i

)2
, (1)

is applied to Cα atoms, where N is the total number of MIUS
and {ki}(i = 1, 2, . . . , N) are the force constant for positional

restraints. �rCα and
⇀

r
Cα0

i are Cα coordinates of instantaneous
and the ith reference structures, respectively. Here, the refer-
ence and initial structures are selected from the reactive tra-
jectories. The optimal probability density ρ0 is calculated as
a linear combination of the reweighted probability densities
{ρunbiased

i }(i = 1, 2, . . . , N) from MIUS with the weighted
histogram analysis method (WHAM),43–45

ρ0 = C

N∑
i=1

wiρ
unbiased
i

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∂(σ 2[ρ])

∂wi

= 0

N∑
i=1

wi = 1

(i = 1, 2, . . . , N) ,

(2)

where C is a normalization constant. The set of {wi}
(i = 1, 2, . . . , N ) is weighting factors to be determined so as
to minimize a statistical error σ 2[ρ0(ξ )] under the normaliza-
tion condition in Eq. (2). Finally, free energy F is calculated
as the logarithm of the optimal probability density:

F = −kBT ln ρ0, (3)

where kB and T are Boltzmann constant and temperature.

III. RESULTS

A. Folding of chignolin

The reactive trajectories of chignolin folding starting
from the completely extended to the native structures were
generated using PaCS-MD. First, PaCS-MD simulations were
conducted up to 20 cycles. Among five trials of PaCS-MD,
four, three and three cases reached the convergence with
Berendsen, Langevin and Nosé-Hoover thermostats within
20 cycles, respectively. In five cases where chignolin did
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FIG. 3. Average Cα RMSD of the 10 selected structures as a function of
PaCS-MD cycle. The results of 5 independent PaCS-MD simulations of chig-
nolin folding with (a) Berendsen, (b) Langeven, and (c) Nosé-Hoover ther-
mostats are shown. The results of 5 independent PaCS-MD of T4L confor-
mational transition from the open to close structures (d) and the close to open
(e). The broken line indicates the threshold for the convergence of the PaCS-
MD cycle, Cα RMSD = 1.0 Å.

not reach the native state, PaCS-MD was extended up to
50 cycles in maximum. As shown in Figs. 3(a)–3(c), 30 cycles
of 10 independent MD for 100-ps were sufficient to generate
reactive trajectories (3-ns MD in maximum simulation time)
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FIG. 4. (a) The topological picture to show the evolution of 10 selected struc-
tures during the first 10 cycles of PaCS-MD. An example of PaCS-MD trials
of chignolin folding with Berendsen thermostat. The numbers in the circles
represent the ranking in each selection. (b) That of conformational transitions
of T4L from open to close and (c) close to open structures. The reactive tra-
jectories that satisfied the condition, Cα RMSD <1.0 Å in the end, are marked
by red lines.

except for two cases (38 and 43 cycles) with Nosé-Hoover
thermostat. In these two exceptional cases, chignolin visited
the misfolded state twice before folding into the native states
as will be discussed later with Fig. 5. The average number
of cycles required to reach the product was 14.5 (min. 9,
max. 25), 19.4 (min. 13, max 28), and 24.8 (min. 8, max
43) for Berendsen, Langevin and Nosé-Hoover thermostats,
respectively. This indicates high efficiency of PaCS-MD to
generate examples of folding pathways. Depending on the
thermostat used, the number of cycles needed was slightly
different. There could be some differences in probably of rare
event occurrence depending on the thermostat. The number
of cycles depends on the folding pathway, which will be dis-
cussed later with Fig. 5. In chignolin unfolding, PaCS-MD
started from the native state also reached to the extended
structure with 24 cycles, indicating that PaCS-MD can be
also used to upstream simulation on free energy landscape.
Figure 4(a) shows an example of how top ten initial candi-

dates are selected during first ten PaCS-MD cycles. As shown
Fig. 4(a), upon folding of chignolin, one structure of ten can-
didates survived preferentially up to the 9th cycle, indicating
that strong structural selection is needed for fast folding into
the native structure.

To examine the detail folding process of chignolin, re-
active trajectories were projected onto a sub-space spanned
by two reaction coordinates defined in the past studies;26, 46, 47

Donor-acceptor distances, Asp3:N-Thr8:O, Asp3:N-Gly7:O,
and Asp3:O-Gly7:N, are defined as HB1, HB2, and HB3, re-
spectively. These hydrogen bond distances were employed
as the indicator of the folding and misfolding.46 The for-
mation of HB3 has been identified as a trigger of the
folding. The formation of additional HB1 is essential for
folding into the native structure and that of HB2 induces
misfolding.

Figure 5 shows top reactive trajectories from five in-
dependent PaCS-MD simulations with each of Berendsen,
Langevin, and Nosé-Hoover thermostats, and the 100-ns
CMD trajectory projected onto a two dimensional sub-space
spanned by HB1 and HB2, respectively. Top reactive trajec-
tory from each PaCS-MD simulation is defined as the reactive
trajectory closest to the product in the end among 10 reactive
trajectories generated. The folding pathway shows some de-
pendence on the trial. The folding pathway went through the
misfolded state in two, one, and four cases with Berendsen,
Langevin, and Nosé-Hoover thermostats, respectively, before
folding into the native state. In four among five cases where
the convergence was not achieved within 20 cycles, chignolin
visited the misfolded state before folding into the native state.
In two exceptional cases with Nosé-Hoover thermostat where
the number of cycles needed more than 30, chignolin visited
the misfolded-state twice before folding into the native states.
The direct folding pathways into the native state without visit-
ing the misfolded state converged within 13 cycles. Therefore,
the number of cycles to reach the product depends on the fold-
ing pathway. These results suggest that multiple PaCS-MD
simulations should be performed when details of the fold-
ing pathway are to be examined. Differences between trails
are more notable than those between distinct thermostats.
The PaCS-MD result indicates a good correspondence with
the folding pathway deduced from the FEL analyses.26

Figure 5(a) also shows the result of unfolding PaCS-MD
started from the native structure toward the extended struc-
ture as the product. This unfolding pathway went through
the misfolded state before moving to the extended structure,
which is not particularly different from the generated folding
pathways.

Figure 6(a) shows a time sequence of each hydrogen
bond distance along top reactive trajectory in the first trial
with Berendsen thermostat, which indicates the order of for-
mations of three hydrogen bonds. Of note, this reactive trajec-
tory was much shorter than the total simulation length 2000 ps
(100 ps × 20 cycles) because of the definition of the reac-
tive trajectories (see Sec. II and Fig 1(b)). From Figure 6(a),
it is easy to find that HB1 was formed after the forma-
tion of HB3. HB2 was instantaneously formed at around
450 ps but mostly not formed in this reactive trajectory.
These three hydrogen bonds were not formed during 100-ns
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FIG. 5. 2D plot of chignolin simulation trajectories projected onto the sub-
space spanned by key hydrogen bond distances, HB1 and HB2 in chignolin.
(a) Top reactive trajectories (see main text for definition) of 5 PaCS-MD sim-
ulations with (a) Berendsen, (b) Langevin, and (c) Nosé-Hoover thermostats.
From each PaCS-MD simulation, the reactive trajectory closest to the prod-
uct in the end was selected as top reactive trajectory. Thick red curve in (a)
represents the result of unfolding PaCS-MD starting from the native state to-
ward the extended structure. (d) The trajectory of 100-ns conventional MD
(CMD). The trajectories are plotted every 10 ps for better visibility.

CMD simulation starting from the extended structure as seen
in Fig. 6(b).

It was also suggested that aromatic “edge-to-face” in-
teraction (Tyr2-Trp9) plays important roles.22, 26 This inter-
action tends to be formed in the relatively early folding
stage, although fluctuating significantly. After the formation
of HB3 around 450 ns, this interaction became more stable.
This process also well agreed with the results of the past
research.26

FIG. 6. Examples of time sequences of three key hydrogen bond distances,
HB1 (black), HB2 (red), and HB3 (blue), of the chignolin simulation trajec-
tories. (a) Those of one top reactive trajectory in the first trial with Berendsen
thermostat and (b) those of the 100-ns conventional MD (CMD) were shown.

B. Conformational transition of T4 lysozyme

In the application to T4L, reactive trajectories of confor-
mational transitions between open and close structures were
generated using PaCS-MD. The convergence of PaCS-MD
cycle was shown in Figs. 3(d) and 3(e). The conformational
transitions from the open to close structures and vice versa oc-
curred with 7.6 (min. 5, max. 10) and 11.6 (min. 9, max. 13)
cycles on average over five trials, respectively, with the thresh-
old, RMSD <1.0 Å. The transition from open to close re-
quired less cycles, consistent to the fact that the closed state is
more stable in the wild-type T4L. Figures 4(b) and 4(c) show
how top ten initial candidates were selected during the first
ten PaCS-MD cycles with respect to open-close transitions.
Compared to folding of chignolin, various candidates were
relatively survived reflecting in structural fluctuations coming
from conformational transitions of T4L. In the past study of
a long length (450 ns) MD simulation48 using AMBER ff99
force filed49 starting from 1L97 PDB structure (mutated back
to the wild type, I3P), conformational transitions from open
to close structures were not observed, which suggests the dif-
ficulty to observe open-close transitions within this time scale
using this force field.

To analyze the open-close conformational transitions of
T4L more in detail, the top reactive trajectories were pro-
jected onto principal component (PC) coordinates to charac-
terize large domain motions of this protein. PC analysis50, 51

was performed using the Cα atoms except for the terminal
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FIG. 7. Time sequence of the T4L simulation trajectories along the first prin-
cipal component axis (PC1). Five top reactive trajectories (a) from the open
to close and (b) from close to open structures simulated by PaCS-MD. The
broken lines mean two target open/close structures of PaCS-MD. (c) Equiva-
lence of (a) and (b) for CMD trajectories starting from open (green) and close
(red).

five residues (6-159 residues were considered) of a mixture
of trajectories from the preliminary MD simulations (10 ns
× 2 runs) independently started from the open and close
structures. As shown in the time sequences of the projec-
tions of the preliminary CMD trajectories onto the first PC
(PC1) shown in Fig. 7(c), no conformational transition be-
tween the open and closed states was observed in the both
cases. Since the two trajectories do not overlap in conforma-
tional space, the PC1 represents the reaction coordinate of the
open-close transition very well. The fluctuation along the PC1
axis contributes to total mean-square fluctuation by 71.8%.
Figures 7(a) and 7(b) show open-to-close and close-to-open
top reactive trajectories of PaCS-MD, demonstrating the effi-
ciency of transition path search. Figure 8 indicate the projec-
tions of the reactive and CMD onto the two dimensional space

FIG. 8. Projections of the T4L simulation trajectories onto 2D space spanned
by the first (PC1) and second principal axes (PC2). Top reactive trajectories
of 5 PaCS-MD simulations (a) from the open to close and (b) close to open
structures. (c) Those for CMD trajectories starting from the open (green) and
closed (red) states. The trajectories are plotted every 10 ps for better visibility.

spanned by the PC1 and PC2. The initial structures of the
PaCS-MD were shifted from the reactant structures toward
the product structures because they were selected from pre-
liminary 10-ns MD around the reactant structures. As shown
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in Fig. 8(c), CMD started from 150L structure (PC1, PC2)
= (0.7, 1.3) was shifted to around (1.5, 0.3) during 20-ns MD
because 150L is not stable structure for the wild type but for
M6I mutant. Therefore, the reactive trajectories from the close
to open (150L) structures moved along both PC1 and PC2
axes. The five transition pathways on this space were rela-
tively similar to each other in both directions.

C. Free energy landscape calculations along
reactive trajectories

To evaluate conformational transitions along the reac-
tive trajectories statistically, FELs were calculated with the
combination of PaCS-MD and MIUS (see Sec. II). It should
be noted that this calculation does not necessarily give free
energy along the optimum pathway. For MIUS, 100 initial
structures that are also used as the reference structures were
randomly chosen from the reactive trajectories. Then MIUS
using positional harmonic restraints of Cα atoms for 2-9
residues for chignolin and 6-159 residues for T4L were per-
formed with ki = 1.0 × 10−4 kcal/mol in Eq. (1). Finally,
100 trajectories were combined with the WHAM to calculate
FELs.

In the case of chignolin, one of the folding pathways goes
through the misfolded state was used for free energy calcula-
tion with MIUS. Figures 9(a) and 9(c) show two-dimensional
FELs of chignolin and T4L, respectively. In the case of chig-
nolin folding, reactive trajectories (Figs. 5(a)–5(c)) passed
through the intermediate state (Fig. 9(a)) that was also iden-
tified in the previous FEL analysis26 before folding into the
native structure. Figures 9(b) indicates absolute value of FEL
difference compared to the result of the Multi-Scale Free En-
ergy Landscape calculation method.26 It should be noted that
the present method only calculate free energy along reac-
tive trajectories whereas MSFEL have done extensive search
on broader conformational space. Despite this difference, the
misfolded structure46 was detected from the present FEL cal-
culation. Free energy difference around native, misfolded and
intermediate states and the transition pathways between them
is relatively small (<2kBT). Free energy difference from the
MSFEL result is larger around the extended structure. In
PaCS-MD, chignolin rapidly leaves the extended structure for
the native state because the extended structure is energetically
not stable. Therefore, the conformational sampling around the
extended structure could be insufficient compared to more
extensive MSFEL. In principle, PaCS-MD can mainly sam-
ple the conformational space on the pathway. Therefore, off-
pathway FEL may not be well sampled with the combination
of single PaCS-MD with MIUS. In future study, the use of
multiple PaCS-MD trajectories in free energy calculation will
be considered.

For the FEL of T4L, reactive trajectories between open
and close structures passed the energy barrier in between (see
Figs. 8(a) and 8(b), and 9(c)). Free energy of the open state
with respect to the closed state is 0.8 kBT, which is consistent
to the fact that the close state was the crystal structure of the
wild type whereas the closed state was the structure of the

FIG. 9. (a) and (c) Free energy landscape (FEL) calculated along the re-
active trajectories. (a) Folding FEL of chignolin projected onto the two-
dimensional subspace spanned by HB1 and HB2 under the condition, HB3
distance <4.0 Å. (b) Absolute value of FEL difference compared to the re-
sult of Multi-Scale Free Energy Landscape calculation method (MSFEL)26.
(c) FEL of open-close conformational transition of T4L projected onto a two-
dimensional subspace spanned by the PC1 and PC2. Free energy of the native
states are set to zero and the free energy values are scaled by kBT.

M6I mutant. Energy barrier height of the transition state with
respect to the closed state is 2.5 kBT.

IV. CONCLUSION AND DISCUSSION

In this study, we proposed PaCS-MD simulation as the
method for generating conformational transition pathways of
proteins. PaCS-MD has computational advantages in the fol-
lowing points: (1) PaCS-MD is suitable for massive parallel
computing because it comprise of a series of MIMD simu-
lations. (2) Reactive trajectories connecting a reactant to a
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product can be generated through simply repeating a trial of
short MIMD without considering any force biases or holo-
nomic constraints. Therefore, the reactive pathways gener-
ated from PaCS-MD do not include artifacts coming from
the external perturbations. Since transition pathway could
depend on the trial, use of multiple PaCS-MD simulations
is suggested. To enhance generations of reactive trajecto-
ries, MIMD of PaCS-MD can be replaced by a set of mul-
tiple independent replica exchange or multi-canonical MD
simulations.52, 53 Furthermore, obtained reactive trajectories
can be farther examined by the FEL calculation with the com-
bination of PaCS-MD and Multiple Independent Umbrella
Samplings. As a possible application of PaCS-MD, reactive
trajectories can be used as initial pathways for the transition
path sampling54, 55 and string method.56 Initial guess of tran-
sition pathways through PaCS-MD could be less biased than
usual random path generations and might accelerate the con-
vergence to realistic transition path ensembles since the speed
of convergence strongly depends on initial guesses.

Folding time of chignolin is expected to be microsecond
– sub-microsecond order. A 16-residue peptide from protein
G, GB1 hairpin, which has been used as a basis for the chigno-
lin design, was found to fold in 6 μs with a nanosecond laser
temperature-jump.57 CRN025 (sequence: YYDPETGTWY),
whose terminal residues were further optimized from chig-
nolin to be aromatic tyrosines, has reported to fold in ∼100
ns, studied by a combination of equilibrium Fourier trans-
form infrared spectroscopy and laser-induced temperature
jump coupled with time-resolved infrared and fluorescence
spectroscopies.58 This is an optimized ultrafast case, which
should be considered as the fastest limit. In conventional MD
simulation, the first folding was observed at 0.4 μs starting
from an extended conformation.24 In distinct 1.6 and 1.8 μs
conventional MD simulations, two folding events were ob-
served at 450 ns and 1.2 μs in the former but no folding
event was observed in the latter.59 It was also reported that
folding takes ∼50 ns in the replica exchange MD. Trans-
form and relax sampling (TRS) accelerated the folding time
of chignolin up to ∼10 ns with a single trajectory.47 As far
as we know, time scale between the open and close states
of T4L have not been experimentally measured because the
open state was determined as the M6I mutant. In the case of
a 450-ns MD simulation with the AMBER ff99 force field49

starting from an open 1L97 PDB structure, which is origi-
nally the I3P mutant but mutated back to I3, no open-close
transition was observed.48 However, the result may depend
on the force field, because MD simulation with a modified
version of GROMOS87 starting from open 150L also visited
the closed structure within 1 ns.60 20-ns MD simulations of
T4L with AMBER ff99SB force field32 starting from the open
and closed states, no transition was observed in this work and
the previous work.47 From these results, we expect that open-
close transition occurs in μs or slower with AMBER force
field. Judging from this, PaCS-MD is highly efficient and also
comparable to TRS in which several open-close transitions
were observed within 20 ns.47

The number of cycles needed to reach the product states
was not so different between chignolin and T4L (on aver-
age, 14.5 cycle for chignolin and 9.6 cycle for T4L with

Berendsen thermostat), although the system sizes of the two
systems were significantly different. One possible reason is
that rate limiting barrier heights are in the same order. In the
case of chignolin, free energy barrier between the native and
misfolded states was 2 kBT. The barrier height of the T4L
from close to open transition was estimated to be 2.5 kBT.
Another possible reason could be that the initial choice of
the T4L structures were better than that in chignolin be-
cause these structures were selected from 10-ns trajectories
in T4L whereas they were selected from 0.1-ns trajectories in
chignolin.

Variations of PaCS-MD can be developed from differ-
ence points of views. In this work, top ten snapshots were
selected for the next cycle based on RMSD to target product
structures. As possible other measures of the selection, radius
of gyration and/or fraction of native contact could be use-
ful in folding pathway generation. Furthermore, if the num-
ber of candidates can be increased, PaCS-MD might be ac-
celerated, since possibilities of conformational transitions are
expected to be enhanced according to number of candidates.
These variations will be considered in the future.

Compared to the INM sampling method,17 PaCS-MD
seems to have advantages in computational efficiency. In the
INM sampling, it took 4 μs to derive 16 complete confor-
mational transitions upon structural fluctuations of adeny-
late kinase from its closed to open conformations. In the
present study, 10 reactive trajectories of folding and confor-
mational transition of chignolin and T4L were obtained from
nanosecond order MD simulations (totally ∼10 ns), indicat-
ing a high efficiency in transition path generations. This ef-
ficiency in PaCS-MD is achieved by the cycle of the short
length (∼picosecond order) MIMD to derive conformational
transitions, while relatively long (∼nanosecond order) MD
simulations are continued to extract low-frequency modes in
the INM sampling.
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