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We explore the correlation between the energy landscape and topology in the folding of a model
protein ~chicken villin headpiece HP-36! by using a force-field which incorporates the effects of
water through a hydropathy scale and the role of helical propensity of amino acids through a
nonlocal harmonic potential. Each amino acid is represented by one side chain atom which is
attached to the backbone Ca atom. Sizes and interactions of all the side chain residues are different
and depend on the hydrophobicity of a particular amino acid, whereas helical propensities are
incorporated in the interaction of Ca atoms. Simulations have been carried out by quenching from
a fixed high temperature to two different low temperatures for many initial random configurations.
The simulated structures resemble the real native state rather closely, with the root mean square
deviation of the best structure being 4.5 Å. Moreover, the structure shows both the helices and bends
at the appropriate positions of the model protein. The simplified model allows the study of energy
landscape and also of the correlation between energy landscape with the dynamics of folding and
topology. The initial part of folding is very fast, followed by two distinct slow stages, with the last
stage being certainly the rate determining of the folding process. The initial fast dynamics is
primarily due to hydrophobic collapse. The very slow last stage of folding is accompanied by a
significant and sharp increase in the relative contact order parameter but relatively small decrease in
energy. Analysis of the time dependence of the formation of the individual contact pairs show rich
and complicated dynamics, where some contacts wait for a long time to form. This seems to suggest
that the slow late stage folding is due to long range contact formation and also that the free energy
barrier is entropic in origin. Results have been correlated with the theories of protein folding.
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I. INTRODUCTION

Prediction of protein structure from its sequence is
most challenging and inquisitive problem of molecular bi
ogy. Many theoretical and experimental studies have b
carried out in order to understand the mechanism or the
which leads an unfolded protein to the final folded st
which is apparently its most stable state, known as the na
state.1–20 The importance behind the quest of the nature
protein folding is that the native structure of a protein
closely related to its functionality and thus there is a prosp
of tremendous potential scientific achievement in predict
the structure of the native state from the amino a
sequence.1

Protein folding is a collective self-organization proce
which could occur by a multiplicity of routes down a foldin
funnel.3–5 A global statistical characterization of the foldin
funnel is fundamental to the understanding of protein fo
ing. However, the funnel is not structurally featureless.6 The
ensemble of structures contains ordering in different regi
of the protein to various extent. These structural diversitie
the energy landscape can be probed with the help of o
topological characteristics such as hydrophobic topolog
contact, radius of gyration, etc.

Dynamics of protein folding is intimately connecte
with the issue of the Levinthal paradox which says tha
protein can take an astronomically long time to fold if
a
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needs to search all the possible configurations availabl
it.7 The search is clearly not random and the incorporation
correct energy bias reduces the astronomically large time
biologically significant time.8 The slow dynamics of folding
mediated by the internal motions in protein is the direct co
sequence of the complexity of the underlying ener
landscape.9 The energy landscape of a foldable protein
sembles a multidimensional rugged funnel with many lo
minima but overall free-energy gradient pointing toward t
native structure.10 The connection between the energy lan
scape theory and real proteins is best established in the
text of small fast folding proteins which fold on a millisec
ond or less time scale and have a single folding domain,
they are two state folders with a well defined barrier.11

Many theoretical studies have been carried out on m
els of small single domain proteins. The early statistical m
chanical theories of Dill and co-workers2,12 and of Bryngel-
son and Wolynes5 were based on heteropolymer collapse a
reordering among hydrophilic and hydrophobic residues. T
main result of this class of theories is that proteins with fu
nel landscape have population dynamics that can be un
stood as a diffusion of an ensemble of configurations ove
low dimensional free energy surface.5,4,13 These energy sur
face may be constructed by using several different order
rameters such as topological contact, radius of gyrat
etc.14 Zwanzig calculated folding kinetics in a simple mod
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based on the ‘‘correctness’’ of the native contacts a
showed that there is a large free energy barrier near
folded state and folding time has a maximum near the fo
ing transition temperature.15 More recently Wolynes and co
workers have presented a detailed microscopic theory on
rates of protein folding.16,17

All atom simulation of protein folding is computation
ally expensive. Therefore, simple lattice and off-lattice mo
els of protein were used in the early work of Levitt an
Warshel.18 The lattice model, even being the simplest po
sible protein folding model, could still capture many of th
essential characteristics of the folding problem and the p
diction of the tertiary structure.12,19,20With the help of off-
lattice models, both the dynamics and the structural asp
of protein folding are possible to monitor. A recent off-lattic
model study of HP-36 based on hydrophobicity tried to c
relate the folding with many important equilibrium
properties.21 Honeycutt and Thirumalai showed the foldin
of a model protein into ab-barrel structure and the existenc
of many metastable minima having similar structural char
teristics but different energetics.22 Earlier a detailed study o
the protein structure was carried by Levitt using an off-latt
model.23 Scheragaet al. extended the scope of the off-lattic
model in mimicking the protein structure for more than 1
residue proteins with very good agreement with the real
tive structures using a complicated force field and apply
the conformational space annealing technique to reach
global minimum.24,25 All atom molecular dynamics and
Monte Carlo simulations also have been carried out to
rigorous detail of the structure and dynamics of protein fo
ing. All atom molecular dynamics simulation study of Dua
and Kollman on the HP-36 protein with explicit wate
showed that the folding process contains two disti
pathways.26 The real native structure of the HP-36 prote
has been mimicked with close agreement by Hansmann
Wille by an all atom Monte Carlo simulation with globa
optimization.27 They showed that without the solvent acce
sible surface energy term, the native state may not be
lowest energy state.

Recently an interesting correlation between the rate
folding and relative contact order~RCO! has been
discovered.28 A study on the rates of a large number of pr
teins are found to depend exponentially on RCO, R
;exp(2RCO). This finding agrees with the earlier sugge
tion of Dill that local contact formation occurs first durin
protein folding, followed by the contacts which are dista
along the contour.29 This correlation between rate of foldin
and RCO is a clear indication of entropic nature of the la
state of folding.

Although considerable progress has been made in un
standing many aspects of protein folding, there are still m
important questions that remain to be resolved. While i
clear that each protein can have its own unique pathw
there could be features which are common to many prote
A relevant question is the nature of the free energy bar
that the folding pathway is supposed to face after it has c
pleted the initial collapse. Is it entropic or energetic?
entropic, what is its precise origin and how is this barr
overcome? In this article, we explore these questions
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simulating a model protein which allows explicit calculatio
of the relevant quantities.

We have used a simple off-lattice model to study t
energy landscape and topology of a model of chicken vi
headpiece~HP-36! protein. Construction of our model pro
tein is motivated by the hydrophobicity of different amin
acids and formation of the hydrophobic core in the fold
state. Since the work of Kauzmann,30 it is believed that the
hydrophobic interactions play an important role in organ
ing and stabilizing the architecture of proteins. This is rela
to the relative insolubility of the nonpolar residues in water31

It is now widely accepted that the hydrophobicity is th
dominant force of protein folding.29,32The hydrophobicity of
different amino acids can be arranged along a hydropa
scale. There are many different hydropathy scales wh
come from different ways of calculating the hydrophobici
Janin and Roseet al. constructed a hydropathy scale by e
amining proteins with known 3D structures and defining t
hydrophobic character as the tendency for a residue to
found inside of a protein, rather than on its surface.33,34 An-
other way of construction of the hydropathy scale was do
by Wolfendenet al.35 and Kyte and Doolittle36 from the
physicochemical properties of amino acid side chains a
therefore, more clearly follow the trends that would be e
pected on the inspection of amino acid structures. Accord
to the scale of Kyte and Doolittle, hydrophobicities of amin
acids have been relatively quantified by a value called hy
opathy index. In our model, this hydropathy index has be
mapped linearly into the interaction of the amino acids
such a way that the most hydrophobic and most hydroph
amino acids have highest and lowest interactions am
themselves, respectively.

Another important aspect of our model is the incorpo
tion of the helix propensity rule into the intermolecular p
tential. The a-helix plays an important role in the earl
stages of protein folding and it is the most prevalent type
secondary structure found in proteins.37 It has been observed
that there is a correlation with the frequency of amino acid
a particular position of protein helix. Chou and Fasman ma
this viewpoint clear by proposing that the location of t
protein helix could be predicted from an amino acid s
quence and helix propensities.38 Helix propensity of a par-
ticular amino acid is a measure of how its side chain infl
ences the conformation of the peptide backbone.39 Note that
in Zimm and Bragg theory, the peptide group isthe basic
helix forming unit.40 In the model studied here, an amin
acid is represented by two atoms, one mimicking thea
atom and another representing the whole side chain resi
No explicit peptide group has been taken into account in
model. In this simple model, helix formation is taken in
account by introducing a nonlocal harmonic potential wh
facilitates the formation of thea-helix. To form the helix
preferentially, helix propensity has been mapped linearly
the strength of the helix forming harmonic potential. It h
been observed that with the help of the helix forming pote
tial with proper helix propensity, it is much easier to form th
helix preferentially when the sequence is favorable.

In the absence of explicit water, Brownian dynami
simulations could be carried out for many different initi
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configurations. The protein is first equilibrated at high te
perature and then suddenly temperature is quenched to a
low value. Dynamics of folding is monitored for the decrea
in energy and radius of gyration. We have used the conjug
gradient technique to find out the corresponding underly
minima for all the states obtained by quenching. An incre
in the number of hydrophobic topological contact is sho
to be very sharp and clearly follow the decrease in ene
Dynamics of relative contact order shows the formation
nonlocal contact with the progress of folding.

Final folded states are analyzed for the construction
statistical folding funnel and other different topologic
quantities. Probability distributions of energy and topologi
contact shows Gaussian distribution. Stability of the fold
protein increases with the decrease in radius of gyration u
a certain value. The probability distribution of the radius
gyration shows a non-Gaussian distribution which pe
around the experimental value. The energy of the low ene
states are in the right range, giving credence to the mo
potential employed~hydropathy scale and helix potential!.

Perhaps the most important result is the finding of
correlation between a very slow late stage folding and
variation in the RCO parameter. The very slow last stage
folding is accompanied by a significant and sharp increas
the RCO parameter but relatively small decrease in ene
This seems to suggest that the slow late stage folding is
to long range contact formation. This in turn implies that t
free energy barrier is entropic in origin because long ra
contact formation is of low probability.

The rest of the paper is arranged as follows: In Sec.
the model is described in full detail. Section III contains t
detailed description of the force-field. In Sec. IV simulati
details are described. In Sec. V, statistical properties obta
from many different Brownian dynamics simulations
described. Section VI contains the dynamical studies
high temperature quench study is discussed in Sec. VII
Sec. VIII, a correlation is established with the recent th
ries. Finally, we close the paper with a few conclusio
in Sec. IX.

II. DESCRIPTION OF THE MODEL

The model presented here consists of two atoms
amino acid residue along the sequence~see Fig. 1!. In this
figure, the smaller atom represents the backbone Ca atom

FIG. 1. Basic construction of the model protein is shown. Ca atoms are
numbered as 1, 2, 3, etc., whereas the side residues are shown by 18, 28, 38,
etc. Note the varying size of the side residues.
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while the other atom mimics the whole side chain resid
Each Ca atom is connected to two other Ca atoms~except
the end ones which are connected to only one Ca atom! and
one side chain residue atom. All the bond lengths, bo
angles, and torsional angles are flexible. Figure 1 repres
the basic construction of the model protein. Backbone ato
are numbered asi ’s, where i 51,2,3,. . . ,36, whereas side
residues are numbered asi 8’s, where i 8518,28,...,36, etc.
Eachi andi 8 together represent one amino acid. It should
pointed out here that this type of model was first introduc
by Levitt.18 Similar types of models have recently been co
sidered by Scheragaet al.24 also but, contrary to the abov
two types of models, here there are no peptide groups pre
in our model and the interactions between the amino ac
are determined by the hydrophobicity and the helix prop
sity of the amino acids. Most of our potential paramete
have been taken from Levitt.18

A. Backbone atoms

Backbone atoms represent the Ca atoms of the real pro-
tein. Sizes and interactions of all the backbone atoms
kept the same. The size of each Ca atom is 1.8 Å and the
interaction is 0.05 kJ mol21. Equilibrium distance between
the Ca atoms is 3.81 Å as in the case of the real proteins. T
equilibrium bond angle between the Ca atoms is kept at 96°.

B. Side chain residue

In this model, the atoms representing the side chain r
due carry the identity of a particular amino acid. Side ch
residues all have different sizes and interactions betw
other amino acids. Equilibrium bond length and bond ang
also differ for different amino acids. Sizes and equilibriu
bond angles of the side chain residues are taken from
values given by Levitt.23 Interactions among the side cha
residues, on the other hand, are based on the hydrophob
of the amino acids. The hydrophobic amino acids inter
much less with the solvent but more strongly among the
selves; so they are more correlated. On the other han
hydrophilic group with polarity and charge is prone to
exposed to the solvent; so theeffective interactionamong
two strongly hydrophilic groups each surrounded by the s
vent ~water!, should be much less than that between t
hydrophobic groups. In the latter case, the effective inter
tion will increase because of the repulsion of the solv
~water!. In principle, the above discussion can be quantifi
by defining the effective potential through the radial dist
bution function,41

Vi j
eff~r !52kBT ln gi j ~r !. ~1!

Hydropathy scale arranges the amino acid in terms of th
hydrophobicity and the measure of hydrophobicity is giv
in terms of the hydropathy index.36 The interactions of the
side chain residues are mapped from the hydropathy inde
the values between 0.2 and 11.0 kJ mol21 using a linear
equation as given below,

e i i 5emin1~emax2emin!* S Hii 2Hmin

Hmax2Hmin
D , ~2!
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wheree i i is the interaction parameter of thei th amino acid
with itself. emin andemax are the minimum and the maximum
value of the interaction strength chosen for the amino ac
Hii is the hydropathy index ofi th amino acid andHmin and
Hmax are the minimum and maximum hydropathy ind
among all the amino acids, where,Hmax54.5 and Hmin

524.5. Table I shows the hydropathy index for all the d
ferent amino acids.

As discussed above, the interaction between strongly
drophilic groups is small because of screening by the w
molecules. We assume the lowest interaction parametere i i

50.2 kJ mol21 for the most hydrophilic group~arginine! and
the highest interaction parametere i i 511.0 kJ mol21 is cho-
sen for the most hydrophobic group~isoleucine! according to
the hydropathy scale.36 Next, Eq.~2! is used to calculate the
interaction parameters for other amino acids.

Interaction parameters, sizes, and equilibrium bo
angles used in this model are shown in Table I for for
different amino acids. All the amino acids are divided b
tween two groups. Amino acids with positive hydropat
index is defined hydrophobic whereas those with nega
hydropathy index are taken to be hydrophilic. So the fi
eight amino acids in Table I are hydrophobic and the rest
hydrophilic amino acids. An interaction between two diffe
ent amino acids are governed by the Lorentz–Berthelot r
e i j 5Ae i i e j j .

III. FORCE FIELD

The model protein studied here contains energy con
butions from various degrees of freedom because all
bond lengths, bond angles, and torsional angles are flex
in this model. There are other potential contributions fro
nonbonding and helix potential. The complete energy fu

TABLE I. Sizes and equilibrium bond angle values for all the differe
amino acids. The Kyte–Doolittle hydropathy scale and its translation to
LJ interaction parameter.

Amino acid Size~Å! Bond angle(u°) Hi i e i i (kJ mol21)

ala 4.60 121.90 1.8 7.76
val 5.80 121.70 4.2 10.64
leu 6.30 118.10 3.8 10.16
ile 6.20 118.90 4.5 11.00
cys 5.00 113.70 2.5 8.60
met 6.20 113.10 1.9 7.88
pro 5.60 81.90 1.6 7.52
phe 6.80 118.20 2.8 8.96
tyr 6.90 110.00 21.3 4.04
trp 7.20 118.40 20.9 4.52
asp 5.60 121.20 23.5 1.40
asn 5.70 117.90 23.5 1.40
gln 6.10 118.00 23.5 1.40
his 6.20 118.20 23.2 1.76
glu 6.10 118.20 23.5 1.40
ser 4.80 117.90 20.8 4.64
thr 5.60 117.10 20.7 4.76
arg 6.80 121.40 24.5 0.20
lys 6.30 122.00 23.9 0.92
gly 3.80 109.50 20.4 5.12
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tion VTotal for the model protein is sum of the bonding (VB),
bending (Vu), torsional (VT), nonbonding (VLJ), and helix
forming potential (Vhelix),

VTotal5VB1Vu1VT1VLJ1Vhelix . ~3!

A. Bonding potential

Bonding potential is the sum of the bonding energy b
tween the Ca atoms ~backbone atoms! and the side chain
residues with attached Ca atoms,

VB5~1/2!Kr(
i 52

N

~r i ,i 212r 0!2

1~1/2!Kr
s(
i 51

N

~r i ,i
s 2r 0

s~ i !!2, ~4!

whereN is the total number of amino acid units present
the model protein and each amino acid unit contains t
atoms, one Ca atom and another side chain residue ato
where

r i ,i 215ur i2r i 21u ~5!

and

r i ,i
s 5ur i

s2r i u, ~6!

wherer i andr i
s are the position of thei th backbone atom and

the i th side residue, respectively.r 0 is the equilibrium bond
length between the Ca atoms and it is equal to 3.81 Å.r 0

s( i )
is the equilibrium bond length between thei th Ca atom and
the i th side chain residue. Values ofr 0

s( i ) depend on the size
of the side chain residue atoms.Kr is the force constant o
the bonds between backbone atoms and is equal
43.0 kJ mol21 Å 22, whereasKr

s is the force constant of the
bond between backbone and side chain residue atom.Kr

s is
taken equal to 8.6 kJ mol21 Å 22.

B. Bending potential

The bending potential around a central atom is the s
of three bending potential terms involving two other bac
bone atoms and one side chain residue. For example, in
1, when 2 is the central atom, the bending angles will invo
backbone atoms 1 and 3 and side chain residue 28,

Vu5~1/2!Ku (
i 52

N21

~u i 21,i ,i 112u0!2

1~1/2!Ku(
i 52

N

~u i 21,i ,i
s 2u0

s~ i !!2

1~1/2!Ku (
i 51

N21

~u i ,i ,i 11
s 2u0

s~ i !!2, ~7!

whereu i 21,i ,i 11 is the angle formed byr i 21 ,r i , and r i 11 .
u i 21,i ,i

s is the angle formed byr i 21 ,r i , andr i
s . u i ,i ,i 11

s is the
angle formed byr i

s ,r i , andr i 11 . u0 is the equilibrium bond
angle between any three backbone atoms, whereasu0

s( i ) is
the equilibrium bond angle containing thei th side chain resi-

e
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FIG. 2. The sequence of HP-36 is shown in the one letter code. Solid circles indicate hydrophobic and the open circles indicate hydrophilic amin.
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due atom. The values ofu0
s( i ) is given in Table I.Ku is the

force constant for the harmonic bending potential and
taken to be 10.0 kJ mol21 rad22.

C. Torsional potential

There are four torsional angles per bond between twoa

atoms except the terminal bonds which contains only t
torsional angles. Total torsional potential is given by

VT5eT(
f

~1/2!@11cos~3f!#, ~8!

whereeT51 kJ mol21.

D. Nonbonding potential

It is assumed that the nonbonding potential is given
the sum of a pair of Lennard-Jones interactions,

VLJ54(
i , j

e i j F S s i j

r i j
D 12

2S s i j

r i j
D 6G , ~9!

where the sum goes for the 2N number of atoms constituting
the model protein, andN is the number of amino acids in th
model protein. Sizes and interactions are the same for al
Ca ~backbone! atoms. Size is equal to 1.8 Å and the intera
tion is 0.05 kJ mol21. On the other hand, sizes and intera
tion parameters for the side chain residues are differ
Sizes are taken from Levitt23 and the interaction is deter
mined by the hydrophobicity of a particular amino acids.
already mentioned, interactions for the side chain resid
are mapped from standard hydropathy index to val
between 0.2 to 11.0 kJ mol21. The sequence of amino acid
is shown in Fig. 2 in one-letter code. The solid circles den
hydrophobic while the open circles denote hydrophilic am
acids. Table I gives the sizes, interaction parameters, hydr
thy index (Hi), and equilibrium bond angle value for sid
residues (u0

s).

E. Helix potential

There are several driving forces towards helix format
in proteins. Perhaps the most important one is the forma
of hydrogen bond between two peptide groups separate
sequence of four amino acids40 and another one is the pola
and/or dipolar interaction. Note that the helix is not found
be the ground state for interacting homopolymers. At h
stiffness, rod and toroid are the most stable forms42 but, in
the case of real proteins, the helix becomes the ground s
for a certain sequence of amino acids. In the HP-36 prot
the helix content is about 52%, i.e., 19 residues out of
total residues are in helix configuration. The present mo
does not contain the peptide group explicitly and all the
oms are taken to be neutral. In order to take into account
propensity of an amino acid to form ana helix, we have
s
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introduced an effective helix potential~described below! to
efficiently incorporate the helix forming tendency.

Note that in ana helix, the distances betweeni and
i 12 and betweeni and i 13 remain nearly constant. Thi
observation is exploited by putting a harmonic potential b
tween the above mentioned atoms. The form of the poten
is as below,

Vhelix5 (
i 53

N23

@ 1
2 Ki

123~r i ,i 122r h!2

1 1
2 Ki

124~r i ,i 132r h!2#, ~10!

wherer h is the equilibrium distance and is equal to 5.5
One more interesting observation about the helix format
in a real protein is that the amino acids have different p
pensity to form the helix. The reason is both entropic a
steric in origin. Many studies on helix propensity show th
alanine has the maximum propensity to form the he
whereas glycine has the minimum except proline wh
rarely forms the helix. Again the formation of the helix is n
only dependent on the the helix propensity of an individu
amino acid but also on its neighboring amino acids.

To incorporate the effect of helix propensity, th
force constants of the above harmonic potential (Khelix) is
obtained by mapping the helix propensity of a particu
amino acid to a value between 17.2 kJ mol21 (alanine) and
0.0 kJ mol21 (glycine) by using the linear equation give
below,

Ki5Kalanine2Hpi~Kalanine2Kglycine!, ~11!

where Hpi is the helix propensity value of thei th amino acid
taken from Scholtzet al.43 Kalanine andKglycine are the force
constants for alanine and glycine, 17.2 and 0.0 kJ mol21,
respectively.Kproline having the least helix propensity be
comes negative. The values ofKi are given in Table II.

Next, the influence of the neighboring amino acids h
been incorporated by introducing an effective helix prope
sity by taking an average force constants fori th amino acids
defined as below,

Ki
1235 1

3 @Ki1Ki 111Ki 12# ~12!

and

Ki
1245 1

4 @Ki1Ki 111Ki 121Ki 13#. ~13!

With the condition thatKi
123 ,Ki

124>0 as the force constan
must remain positive. Incorporation of the effective he
propensity takes care of the environment of an amino a
So if proline or glycine situates in between two alani
groups, helix formation will be hindered considerably. T
above formulation of helix potential is motivated by th
work of Chou and Fasman about the prediction of helix f
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mation. The neighbors of an particular amino acids w
considered rather than the helix propensity of a particu
amino acid.38

IV. SIMULATION METHOD

Simulation of the folding of a model protein consists
two steps. First the initial configuration is generated by
configuration bias Monte Carlo method for a certain hi
temperature~1000 K!. Using the initial configuration gener
ated by the Boltzmann sampling, Brownian dynamics sim
lation is carried out to monitor the dynamics of the foldin
process.

A. Generation of the initial configuration

There are several sophisticated Monte Carlo techniq
such as configurational bias Monte Carlo,44,45 pivot
algorithm,46 recoil growth technique,47 parallel rotation
algorithm,48 etc. to generate lattice and off-lattice polym
configurations. Configuration bias Monte Carlo~CBMC! has
been improved recently by Siepmannet al. to coupled–
decoupled CBMC growth in order to incorporate branch
in the polymer.49

In this work, we have constructed our model HP-36 p
tein by the CBMC technique. The model contains branch
at every backbone atom as the one side residue is attach
each of the backbone atoms except for the terminal o
Independent generation of the beads attached to a single
results in incorrect distribution of bond angles.50 So we have
generated both the side chain residue and the next back
atom attached to a particular backbone atom simultaneo
to have a correct angle distribution as discussed by Dijkst51

and Smitet al.50 The resulting polymer has the correct bo
angle distribution.

TABLE II. Basic spring constant values of the individual amino acids us
in theVhelix potential. Values obtained from a linear mapping from the he
propensities.

Amino acid Ki (kJ mol21 Å 22)

ala 17.20
glu 14.45
leu 13.59
met 13.07
arg 13.59
lys 12.73
gln 10.49
ile 10.15
asp 9.80
ser 8.60
trp 8.77
tyr 8.08
phe 7.91
val 6.71
thr 5.85
his 7.57
cys 5.50
asn 6.02
gly 0.00
pro 237.15
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B. The Brownian dynamics simulation and folding

Brownian dynamics simulations have been performed
the CBMC generated initial configurations. Time evolutio
of the model protein was carried out according to the mot
of each bead as below,

r i~ t1Dt !5r i~ t !1
Di

kBT
Fi~ t !Dt1Dr i

G , ~14!

where each component ofDr ia
G is taken from a Gaussian

distribution with mean zero and variancê(Dr ia
G )2&

52DiDt.52,41 r i(t) is the position of thei th atom~both the
backbone atom and side chain residue! at time t and the
systematic force on thei th atom at timet is Fi(t). Dt is the
time step used in the integration of the equation of moti
Di is the diffusion coefficient of thei th particle, whereDi is
calculated from the solvent viscosityh and the size of the
particle according to the Stokes–Einstein relation given
low,

Di5
kBT

6phRi
, ~15!

where Ri is the radius of thei th atom. kB and T are the
Boltzmann constant and temperature, respectively. The
of length iss~3.41 Å! and the unit of time ist5s2/D0 . D0

is the diffusion coefficient obtained by usings as the diam-
eter in the above equation.t is approximately 1.2 ns in the
real unit for the reduced viscosityh510. The time stepDt is
taken equal to 0.001t. At first, the protein is equilibrated at
high temperature of 1000 K for 0.5 million steps. Then t
temperature is quenched suddenly from 1000 to 20 K
t50. The simulation was continued at 20 K temperature
9.5 million steps. With the decrease in temperature, the p
tein starts to fold with time and the dynamical properti
such as energy, radius of gyration, topological contact,
were monitored. The simulations have been carried out foN
number of different initial configurations, whereN5584.

V. STATISTICAL PROPERTIES

Statistical properties discussed below have been
tained by performing folding studies through Brownian d
namics simulations forN different initial configurations. The
conjugate gradient technique is performed on each of thN
folded states to get the minimized structures correspond
to each folded state. TheN final folded configurations and
minimized structures were analyzed for the study of the d
tribution of energy, the structures of the folded states, to
logical contacts, radius of gyration, root mean square de
tion, and the relative contact order.

A. Energy distribution

The probability distribution of the total potential energ
P(EN) of the final quenched states forN different initial
configurations is plotted in Fig. 3~a!. The width of the energy
bin is taken as 4.0 kJ mol21. The distribution shows the
Gaussian nature. The solid line in Fig. 3~a! shows the Gauss
ian fitting. Similar probability distribution for the energy o
the minimized configurations P(EN

min) with a energy bin of
4.0 kJ mol21 is plotted in Fig. 3~b!. This distribution also

d
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shows a Gaussian behavior which is fitted to a Gaus
function shown by the solid line in Fig. 3~b!. The difference
between the two Gaussian distributions for the quenc
configurations and the corresponding minimized configu
tions is in the position of the mean of the distribution. So t
relative depths of the local minima from different ener
levels of the folded energy states can be regarded as mo
less the same.

The Gaussian energy distribution is a common pheno
enon in case of the minimalist models. If one assumes
the quenched states obtained here indeed are the repres
tive of the energy distribution, then the Gaussian distribut
can be used to obtain the energy surface of folding. The
of folding can then be obtained by a mean fast passage
calculation53 as given below,

t~E0!5
1

D~E!
E

E0

EÞ

dyebE(y)E
b

y

dze2bE(z), ~16!

whereE denotes energy which can be obtained from Gau
ian distribution. We have placed a reflecting boundary ab
on the left ofE0 and an absorbing boundary atEÞ. D(E) is
the diffusion coefficients in the energy space. One can a
write Eq. ~16! in terms of an order parameter like RMSD,

FIG. 3. ~a! Probability distribution of final energyP(EN) is plotted forN
folded ~quenched! configurations.~b! Probability distribution for the mini-
mized energyP(EN

min) is plotted. The solid lines in the above figures sho
the Gaussian fit.
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the diffusion coefficient of the RMSD is known. Bryngelso
and Wolynes derived an expression forD(E).

In Bryngelson and Wolynes’s5 spin glass model of pro-
tein folding, the energy distribution is Gaussian. Entropy o
particular state can be obtained from the degeneracy of
distribution. Entropy is maximum near the peak of the d
tribution. So the peak in the energy distribution correspon
to the entropically favorable states. It creates an entro
bottleneck for the movement towards the low energy nat
state.

In addition, the distribution is useful in providing a
estimation of the relative stability of the native state. It c
be used to calculate theZ-score of a protein which is a goo
measure of the validity of a knowledge-based potentia54

Z-score of the misfolded states is calculated from the follo
ing expression,54

Zmisfolds5
^E&misfolds2Enative

smisfolds
, ~17!

whereEnative is the energy of the native state,^E&misfolds is the
mean energy, andsmisfolds is the standard deviation of th
Gaussian distribution.Zmisfolds of the model protein studied
in this paper is around 3.3which is close to the experimen
tally obtained Z-score values.

B. Hydrophobic topological contact

The contribution that a hydrophobic residue makes to
stability of a protein varies roughly with the extent of i
burial.55 So the number of hydrophobic topological contac
can be well correlated with the stability of a protein. A
discussed before, in the model HP-36 studied here, the am
acids having a positive hydropathy index are called hyd
phobic while the ones having negative hydropathy index
defined as hydrophilic. This way, 16 out of total 36 residu
in the HP-36 model protein are hydrophobic residues. T
Ca atoms have not been taken into account here as they
identical with respect to the interaction parameter. A hyd
phobic topological contact is formed if two hydrophobic si
chain residues come within a distance of 8.5 Å. Figure 4~a!
shows the correlation between the number of topolog
contactNtopo with the potential energyEN of the system for
N different initial configurations. There is a clear avera
increase inNtopo with the decrease in energy. The overa
behavior can be understood from the straight line fitting
shows an increasing slope of20.08 with a decrease in on
unit of energy.

The probability distribution of the topological contac
P(Ntopo) is plotted in Fig. 4~b!. This distribution also shows
a Gaussian behavior and thus fitted to a Gaussian func
shown by the solid line in Fig. 4~b!. This can be understood
from the Gaussian distribution of energy and the relations
of energy with the topological contact.

C. Relative contact order

Relative contact order~RCO! is defined as the averag
sequence distancebetween all pairs of contacting residue
normalized by the total sequence length,56
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DSi j , ~18!

whereL is the number of contacts formed by the protein.N
is the number of hydrophobic residues in the protein a
DSi j 5u j 2 i u, where i and j form a contact. As mentioned
earlier, a contact is defined to be formed if the the two h
drophobic side residues come within a distance of 8.5 Å
the model protein studied here,N516.

RCO obtained fromN folded states are plotted again
energyEN in Fig. 5~a!. The solid line is a fitting which shows
an average increase in RCO with the decrease in energy
RCO denotes the average contour contact distance, Fig.~a!
signifies the increase in stability with more nonlocal cont
formation. The probability distribution of relative contact o
der P(RCO) is plotted in Fig. 5~b! which shows a wide
spread in the distribution showing the ensemble of sta
having many different levels of ordering. Note that Fig. 5~a!
correlates the RCO with stability, not with rate.

FIG. 4. ~a! Number of topological contact between the hydrophobic grou
Ntopo, is plotted against total energyEN for N number of configurations.
The solid line shows a linear fit with a slope of20.08. ~b! Probability
distribution of topological contactP(Ntopo) is plotted usingN folded con-
figurations. The solid line shows the Gaussian fit.
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D. Radius of gyration

Figure 6~a! shows the probability distribution of the ra
dius of gyration (Rg) for N number of different configura-
tions. The peak of the distribution is around 9.5 Å. The
ported value for the radius of gyration of real native HP-36
also 9.6 Å.27 The spread of the distribution is not large, fro
8.5 to 11.5 Å. Note that this distribution is not Gaussian a
skewed towards larger values ofRg .

To correlate the relation between the compactness
structure and its stability, energy is plotted as a function
radius of gyration forN configurations. Figure 6~b! shows
the expected decrease in radius of gyration with the decre
in energy.

E. Root mean square deviation

The structure of the real HP-36 protein obtained fro
the protein data bank57 with the pdb id 1VII ~Ref. 58! is
compared to the model protein by calculating the root me
square deviation. First the center of masses of both the m
and real protein are superimposed. Then keeping the
protein fixed, model protein is rotated with respect to

,

FIG. 5. ~a! Variation of relative contact order~RCO! with total energy is
plotted forN different configurations. The solid line shows the linear fit wi
a slope of20.0015. ~b! Probability distribution of relative contact orde
P(RCO) is plotted which shows a wide distribution.
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orthogonal axes~by all Euler angles!, and at each point the
RMSD is calculated from the equation below,

RMSD5A1

N (
i 51

N

~ ur i
model2r i

realu!2, ~19!

where r i
real is the position of thei th Ca atom of the real

HP-36 protein in its native state.r i
model is the position of the

i th Ca atom in the model protein studied here.N is the
number of Ca atoms present in the protein, whereN536.

The lowest RMSD obtained in this fashion is taken
the RMSD of the model protein. Figure 7~a! shows the
RMSD of all theN different structures (N5584) obtained
by Brownian dynamics simulations. The calculated RMS
shows a trend of decreasing energy with lower RMSD. Ho
ever, we found that the folded state with the lowest RMSD
not the lowest energy state. We attribute this to the neglec
the solvation energy contribution to the solvent access
surface area. A recent study by Hansmann and Wil27

showed that neglect of this solvation contribution can lead
an error in the stabilization energy similar to the one o
served here.

In order to further quantify the structure of the folde
configuration of the model protein, pair contact deviati
(PRMSD) is defined as

FIG. 6. ~a! Probability distribution of the radius of gyrationP(Rg) is plotted
for all theN folded configurations. The peak of distribution is around 9.5
~b! Rg is plotted against the total energyEN for N configurations. The solid
line shows the linear fit with a slope of 0.01.
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PRMSD5A 1
NC2

(
i 51

N21

(
j 5 i 11

N

~r i j
model2r i j

real!2, ~20!

where r i j
model5ur j

model2r i
modelu and r i j

real5ur j
real2r i

realu. The
quantity PRMSD provides additional quantification of th
spectrum of deviation of the folded protein structures fro
the internal structure of the real protein. Figure 7~b! shows
the PRMSD for N different folded states.

F. Characterization of the folded structures

Many of the folded states have close similarity with t
real native protein as can be seen from the RMSD val
reported for all theN folded structures in Fig. 7~a!. However,
there are many states, mostly high energy states, that
considerably higher RMSD values~more than 6 Å!. These
high RMSD states arise due to entanglement and less co
lation between the hydrophobic residues. Folded states
lower RMSD values show a considerably high helix conte
and higher hydrophobic topological contacts and relat
contact order.

A representative backbone structure of the folded sta
with the lowest RMSD amongst all the folded structures
shown in Fig. 8~a!. Figure 8~b! shows the backbone structur
of the real HP-36 protein. The model structure shown in F
8~a! has the 4.5 Å RMSD as defined in Eq.~19!. In spite of
many shortcomings of the model protein such as the abse
of all the atoms, charge, explicit water or even the pept
atoms, there is a good agreement between the model an
real protein structures. The model structure shows very h
helix content as that of the real protein and the formation
helices and bends occur nearly at the appropriate positi
This can be attributed to the introduction of the helix pote
tial with an environment dependent helix propensity.

Another interesting observation is shown in Fig. 8~c!,
where the folded structure of the model protein is sho

FIG. 7. ~a! Solid circles show~a! RMSD @as defined in Eq.~19!# and ~b!
pair contact RMSDPRMSD @defined in Eq.~20!# for N folded states agains
the configuration number. The solid lines are to guide the eye.
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with both the backbone and side chain residue. The struc
shows clearly that the hydrophobic beads~dark shaded
atoms! are inside the structure forming the hydrophobic co
while the hydrophilic beads~light shaded atoms! are outside.
These observation could not be obtained in case of a sim
polymer bead model of protein.21

Comparison of the energy distribution with the distrib

FIG. 8. ~a! Backbone structure of the model protein with the lowest RMS
amongst all theN folded states.~b! Backbone structure of the real HP-36
the native state as obtained from its pdb file.~c! Complete structure of the
model protein for the lowest energy folded state. The dark shaded a
denote hydrophobic while the light shaded atoms denote the hydrop
side residues. Smaller atoms denote the Ca atoms. See the text for detail.
re

e

ler

tions of contact order and topological contact, etc. reve
that there aredifferent levelsof ordering present in the po
tential energy landscape of the protein. The degeneracie
the misfolded states due to different extent of contact form
tions ~which show the deviation in the linear fit! imply that
both the backbone topology and ordering of the side ch
residue differ in different misfolded sates. One needs all
three quantities to characterize the landscape and the p
way ~shown later in Fig. 17!.

VI. DYNAMICAL STUDIES

The N initial configurations generated by the CBM
were subjected to Brownian dynamics simulations to stu
the pathways of folding. The model protein was equilibrat
first at a high temperature of 1000 K. Then att50, tempera-
ture was quenched from 1000 to 20 K and the folding d
namics of the protein was monitored. The dynamical stud
discussed below are obtained from the dynamical evolu
of the initial configuration which leads to the lowest ener
state amongN folded configurations. Time dependence
various dynamical quantities reveals amultistepfolding phe-
nomenon. There is an initial fast hydrophobic collapse wh
is followed by slower decay. The final stage of folding o
curs after a long plateau.

A. Time dependence of the potential energy variation

Figure 9 shows the different stages of decrease in
potential energy of the model protein (EN) with time. An
ultrafast initial decay is observed which corresponds to
hydrophobic collapse of the protein. This ultrafast stage
over within 10t. Subsequently, a comparatively slower ev
lution follows until time 500t. At the final stage of folding, a
very slow rearrangement takes place among the side resi
which causes the final decay to the lowest energy at aro
2400t. Thereafter, only thermal oscillations are observ
around the lowest energy. So the maximum time~about
2000t! is spent in the final stage.

The underlying evolving~that is, dynamic! energy land-
scape of the folding pathways has been analyzed by m

s
lic

FIG. 9. The solid line shows the variation of energy with time. The circ
show the minimized energies corresponding to a particular energy value
certain time. Inset shows the magnified plot of the change in the minim
energy during folding.
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FIG. 10. The dynamics of energy for three differe
trajectories~a!, ~b!, and ~c! are plotted. In the inset,
~a!,~b!,~c! show the corresponding minimized energie
obtained for a particular value of energy for the traje
tory ~a!, ~b!, and~c!, respectively.
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mizing the configurations of the model protein formed d
ing its natural time evolution. Solid circles in Fig. 9 represe
the energy of minimized structuresEN

min corresponding to the
time evolved configurations at a particular time. As the p
tential energy EN decreases, energy of the underlyin
minima also changes to a lower value. At the initial time
collapse, the system goes over many minima, both low
high, but, at the latter stage of folding,the system goes ove
the monotonically decreasing minima to reach the fold
state. The inset of the above figure shows the magnified d
gram forEN

min for a shorter time window. It shows the chang
in the energy minima with time. The energy minima corr
sponding to the energy states after folding remain
changed.

The dynamics of energy for a few more representat
folding trajectories is shown in Fig. 10. The inherent stru
-
t

-
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d
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tures along the folding trajectories are plotted in the inse
the same figure. As before, when the energy of the sys
decreases very fast in the short time, all the trajectories s
fluctuations in the inherent structure energy. The slow rel
ation part of the energy corresponds to a large waiting tim
a particular local minimum before it changes to the anot
lower minimum.

B. Time dependence of the radius of gyration

The compactness of a structure can be understood q
titatively by monitoring the radius of gyrationRg . So the
time evolution of the radius of gyration can be regarded a
good measure of the dynamics of collapse of a protein. In
of
FIG. 11. The solid line shows the decrease in radius
gyration (Rg) with time. The circles with the dashed
line show theRg

min for the corresponding minimized
configurations.
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model protein studied here, the change in the radius of g
tion with time is plotted in Fig. 11. The solid line shows th
time evolution ofRg , whereas the symbols with the dash
line show theRg for the corresponding minimized configu
rations. After quenching of temperature att50, there is a
sudden decrease inRg which can be correlated with the hug
fall in energy due to the hydrophobic collapse. A slower r
of decrease again follows after the initial impact which co
tinues until 500t. Thereafter, the radius of gyration does n
change for a long time until 2400t, where a sudden decreas
is observed again. The dynamical behavior ofRg is consis-
tent with that of the energy except that there is a small
crease in energy even in the plateau region ofRg . This can
be attributed to the detailed dynamical motions and the r
rangement of the atoms.Rg leading to the locally minimized
structures~inherent structures! also shows many oscillations
but there is an overall trend towards the more compact st
ture with folding.

C. Dynamics of contact formation

Hydrophobic topological contactNtopo as defined in the
previous section, is formed when two hydrophobic side re
dues come within a distance of 8.5 Å. So the dynamics
Ntopo can furnish a more detailed and microscopic aspec
folding than energy and radius of gyration. Figure 12 sho
the increase in topological contactNtopo with time. Ntopo also
shows the similar dynamical behavior consistent withEN and
Rg . There is a stiff initial increase inNtopo followed by a
slower rate of formation which continues until 500t. Oscil-
lations in terms of formation and breaking of contact co
tinue until 2400t when another overall increase in topolog
cal contact is observed. Note that, topological contac
formed by only the hydrophobic beads. So it can be c
cluded from the similar dynamical behavior ofNtopo with
that of energy andRg that mainly the hydrophobic residue
govern the nature of protein folding. Formation and break
of the contacts in the folded state due to thermal oscillati
is observed in the long time.

FIG. 12. Increase inNtopo with time is shown by the circles. The solid lin
is to guide the eye.
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D. Dynamics of growth in relative contact order

RCO is already defined in Eq.~18!. Although relative
contact order was introduced to correlate it with the rate
folding,56 time dependence of the relative contact ord
serves the purpose of depicting the dynamics of folding w
time. Figure 13 shows that the relative contact order
creases with time. As the contact order is calculated o
from the sequence separation, the increase in RCO with t
signifies the progressive participation of residuesfar from
one another along the contour lengthto form a contact with
time. Time dependence of the RCO also shows a multis
process. A comparison of the RCO withNtopo suggests that
the model protein studied here form a single hydropho
core which is the characteristic of a globular protein.

E. Dynamics of folding through RMSD

Folding of the model protein can be quantitatively d
picted by monitoring the RMSD of the structure with i
native state. Here RMSD of the model structure is calcula
with respect to the experimentally obtained native struct

FIG. 13. The circles show the increase in the relative contact order~RCO!
with time. The solid line is to guide the eye.

FIG. 14. Variation of RMSD is plotted against time. Note that, RMS
decreases with time. The solid line is to guide the eye.
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of the real protein following Eq.~19!. Figure 14 shows the
decrease of RMSD along with time. Although the RMSD
the model protein does not reach a very low value, a sign
cant decrease in RMSD with time is observed. The dyna
cal behavior of the RMSD is consistent with the time dep
dence of energy and other topological parameters wh
signify that the chosen model and the Brownian dynam
simulations are consistent.

F. Dynamics of distance pair correlation

Dynamics of folding can be probed microscopically
monitoring the dynamics of pair separation between differ
amino acids along the sequence. Dynamics will be differ
for different pairs. For many amino acid pairs, the distance
separation is expected to decrease as the folding occurs
widely different time scales of movement of all the differe
pairs together give rise to an overall dynamics of foldi
which is reflected in the macroscopic quantities. Here,
effective dynamics of pair separation can be described
introducing a new pair correlation function as defin
below,59

CP
i j ~ t !5

di j ~ t !2di j ~`!

di j ~0!2di j ~`!
, ~21!

wheredi j (t)5r i(t)2r j (t). r i andr j are the positions of the
i th and j th atom, respectively.i and j can be the indices o
either backbone or side residue atom. Detailed dynamic
the contact pair correlation functionCP

i j (t) will be described
elsewhere.60 Here we present an analysis of an average c
tact pair correlation functionC̄P defined below as,

C̄P~ t !5
( j . iCP

i j ~ t !

( j . iCP
i j ~0!

. ~22!

Figure 15 shows the dynamics of the average contact
correlation functionC̄P(t) for the hydrophobic side residue
and the backbone atoms attached to them separately b
solid and dashed line. Time dependence ofC̄P(t) for both

FIG. 15. Time dependence of the average contact pair correlation fun

C̄P(t) is plotted. The solid line denotes the dynamics ofC̄P(t) for the
hydrophobic side residues and the dashed line shows the same for the
bone atoms attached to the hydrophobic side residues.
f
-
i-
-
h
s

t
t
f
he

e
y

of

-

ir

the

the backbones atoms shows multistep relaxation proces
whereas the dynamics ofC̄P(t) for side residues shows mor
oscillations as a result of different dynamical behav
among different types of amino acids.

VII. EFFECT OF QUENCH-TEMPERATURE

A similar Brownian dynamics study has been carried o
by quenching the initial configurations to a higher quen
temperature (Tq) of 100 K, keeping all other parameters u
changed. The highTq folding studies show similar dynami
cal behavior~the initial collapse and the slower long tim
decay! except that the intensity of fluctuations is large he
and can be seen in Fig. 16. This is due to the high temp
ture. Even at the temperature 100 K, many structures
semble the real protein with low RMSD values~lowest ob-
served is 4.2 Å!. As expected, the magnitude of the change
the radius of gyration and contact order parameter is
~results not shown!. Figure 16 shows the variation of energ
with time for two different trajectories@~a! and ~b!#. The
inset shows the time variation of the minimized energy c
responding to the time evolution of potential energy of t
two different trajectories. The system seems to explore m
fluctuating local minima in the initial time of folding. How
ever, here at high temperature, more frequent crossove
the local minima is observed~even in the very long time!
leading the system towards the deeper minima with time~see
the inset of Fig. 16!.

VIII. CORRELATION WITH THE THEORY
OF PROTEIN FOLDING

The dynamics of the relevant quantities discussed ab
can be correlated with the theories of protein folding. Ea
statistical mechanical theories by Dill and co-workers2 and
by Bryngelson and Wolynes5 were based on the heteropoly
mer collapse and reordering of the residues. Both the th
ries are based on two order parameter model of protein f
ing where the order parameters are packing fractionh and
fractionr of residues in the native state. A simplified versio

on

ck-

FIG. 16. Time variation of energy is shown for two different trajectories~a!
and~b! for a quench to a high temperature of 100 K. In the inset,~a! and~b!
show the minimized energy values obtained for a particular energy for
trajectory~a! and ~b!, respectively.
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FIG. 17. Variation of the energy with radius of gyrationRg and topological contactNtopo is plotted.~a!, ~b!, ~c! show three different folding trajectories. Th
increase in time along the curve is shown by the arrows.
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of the the free energy function for the collapse and order
transition can be obtained in terms of the two order para
eters as given below,61

F$r,h%

NT
52

11r2

T
h1r logr1~12r!log

~12r!

N
11

1S 1

h
21D log~12h!1

3

2
N24/3h22/3

1
2

3N
logh. ~23!

This free energy functionalF$r,h% shows two minima
againstr andh which are separated by a free energy barr
The minimum for the lowr and low h correspond to the
extended state and the minimum for highr and highh cor-
respond to the folded state.

The initial hydrophobic collapse observed here, follow
by the slow ordering, is in good agreement with the abo
theories. The energy of the hydrophobic collapse has a s
decrease and hardly involves a barrier. The folding proc
encounters a barrier in the later stage where the ordering
g
-

r.

e
ep
ss
nd

rearrangement start to build up. So, there is a long wait
time before another drift occurs in the value the macrosco
variables such as energy,Rg , topological contact, etc. As
discussed before, from the microscopic point of view, t
dynamics of pair separation has a very complicated dyn
ics spanning different time scales. Figure 17 shows the
diagram of energy with respect toRg and topological contac
Ntopo for three different folding trajectories. The arrows ind
cate the increase in time. Figure 17 shows an elegant des
tion of the folding dynamics.

IX. CONCLUSION

Extensive Brownian dynamics simulations have be
carried out using an off-lattice model for HP-36 protein
many different configurations to capture the structural, sta
tical, and dynamical aspects of protein folding. The stru
tures obtained by the folding of the model protein resem
quite well the structure of the native state of real HP-36. T
radius of gyration was also found to be close to the exp
mental value. The absence of water has been incorpor
through the hydrophobicity of the amino acids and has b



e
d
en

ca
te
a
te
a

ith
a

id-
n

po
in
iu

ic

ur
old
t

i-
.
s

s
lp

ci

in

Sc

ed

ro

ld

.A

A.

n.

i-

ys.
.

e,
iol.

ol.
used extensively for all different amino acids. The absenc
the peptide bond and H-bonding have been attempte
overcome by incorporating a new nonlocal harmonic pot
tial with helix propensities.

The Gaussian distribution obtained through statisti
sampling from many quenching simulation can be correla
with the underlying landscape, though the real dynamics m
not reflect the characteristics of the landscape as the pro
goes through many different saddles to avoid the minim
Hydrophobicity of the amino acids correlates very well w
the stability of the protein. The dynamics of folding shows
very fast decay in energy initially which slows down cons
erably after some time. The underlying minima shows ma
oscillations in the energy value. Increase in number of to
logical contact and relative contact order shows the build
up of nonlocal contacts with time and the decrease in rad
of gyration shows the folding nature.

The main results are the multistage folding dynam
and the correlation of folding rate with topology.

Even being a simple model, the study could capt
some of the structural and dynamical aspects of protein f
ing, though future work on this line should be done to ge
clearer view.
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