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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-3@y 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,@tom. 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 Gatoms. 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 A. 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.

I. INTRODUCTION needs to search all the possible configurations available to
o . . it.” The search is clearly not random and the incorporation of
Prediction of protein structure from its sequence is &qrrect energy bias reduces the astronomically large time to a
most challenging gnd inquisitive problem of m_oIecuIar biol- biologically significant timé. The slow dynamics of folding
ogy. Many 'theoret|cal and experimental stud!es have beePnediated by the internal motions in protein is the direct con-
carried out in order to understand the mechanism or the pa@equence of the complexity of the underlying energy

which leads an unfolded protein to the final folded state, —
which is apparently its most stable state, known as the naﬂvleandscap@.The energy landscape of a foldable protein re

state!=2° The importance behind the quest of the nature ofrcmbles a multidimensional rugged funnel with many local

protein folding is that the native structure of a protein jsminima but overall free-energy gradient pointing toward the

. 0 . _
closely related to its functionality and thus there is a pro:specrtw’mve structuré? The connection between the energy land

of tremendous potential scientific achievement in predictingfCape theory and rea.l protems_ IS bes_t established n t.he con-
the structure of the native state from the amino acig€Xt of small fast folding proteins which fold on a millisec-

sequence. ond or less time scale and have a single folding domain, i.e.,
Protein folding is a collective self-organization processthey are two state folders with a well defined bartfer.
which could occur by a multiplicity of routes down a folding Many theoretical studies have been carried out on mod-

funnel3~° A global statistical characterization of the folding €IS of small single domain proteins. The early statistical me-
funnel is fundamental to the understanding of protein fold-chanical theories of Dill and co-workér§ and of Bryngel-
ing. However, the funnel is not structurally featurelé@he  Son and Wolyneswere based on heteropolymer collapse and
ensemble of structures contains ordering in different regiongeordering among hydrophilic and hydrophobic residues. The
of the protein to various extent. These structural diversities ifmain result of this class of theories is that proteins with fun-
the energy landscape can be probed with the help of othdtel landscape have population dynamics that can be under-
topological characteristics such as hydrophobic topologica$tood as a diffusion of an ensemble of configurations over a
contact, radius of gyration, etc. low dimensional free energy surfat&® These energy sur-
Dynamics of protein folding is intimately connected face may be constructed by using several different order pa-
with the issue of the Levinthal paradox which says that aameters such as topological contact, radius of gyration,
protein can take an astronomically long time to fold if it etc}* Zwanzig calculated folding kinetics in a simple model



based on the “correctness” of the native contacts andsimulating a model protein which allows explicit calculation
showed that there is a large free energy barrier near thef the relevant quantities.
folded state and folding time has a maximum near the fold- We have used a simple off-lattice model to study the
ing transition temperatur®.More recently Wolynes and co- energy landscape and topology of a model of chicken villin
workers have presented a detailed microscopic theory on theeadpiecg HP-36 protein. Construction of our model pro-
rates of protein folding®’ tein is motivated by the hydrophobicity of different amino
All atom simulation of protein folding is computation- acids and formation of the hydrophobic core in the folded
ally expensive. Therefore, simple lattice and off-lattice mod-state. Since the work of Kauzma#hit is believed that the
els of protein were used in the early work of Levitt and hydrophobic interactions play an important role in organiz-
Warshel*® The lattice model, even being the simplest pos-ing and stabilizing the architecture of proteins. This is related
sible protein folding model, could still capture many of the to the relative insolubility of the nonpolar residues in water.
essential characteristics of the folding problem and the prelt is now widely accepted that the hydrophobicity is the
diction of the tertiary structurt#'>2°With the help of off-  dominant force of protein folding’32The hydrophobicity of
lattice models, both the dynamics and the structural aspectfifferent amino acids can be arranged along a hydropathy
of protein folding are possible to monitor. A recent off-lattice scale. There are many different hydropathy scales which
model study of HP-36 based on hydrophobicity tried to cor-come from different ways of calculating the hydrophobicity.
relate the folding with many important equilibrium Janin and Roset al. constructed a hydropathy scale by ex-
properties! Honeycutt and Thirumalai showed the folding amining proteins with known 3D structures and defining the
of a model protein into @-barrel structure and the existence hydrophobic character as the tendency for a residue to be
of many metastable minima having similar structural characfound inside of a protein, rather than on its surfat& An-
teristics but different energetiéd Earlier a detailed study of other way of construction of the hydropathy scale was done
the protein structure was carried by Levitt using an off-latticeby Wolfendenet al*® and Kyte and Doolitt®® from the
model?® Scheragat al. extended the scope of the off-lattice physicochemical properties of amino acid side chains and,
model in mimicking the protein structure for more than 100therefore, more clearly follow the trends that would be ex-
residue proteins with very good agreement with the real napected on the inspection of amino acid structures. According
tive structures using a complicated force field and applyingo the scale of Kyte and Doolittle, hydrophobicities of amino
the conformational space annealing technique to reach thacids have been relatively quantified by a value called hydr-
global minimum?*2°> All atom molecular dynamics and opathy index. In our model, this hydropathy index has been
Monte Carlo simulations also have been carried out to geinapped linearly into the interaction of the amino acids in
rigorous detail of the structure and dynamics of protein fold-such a way that the most hydrophobic and most hydrophilic
ing. All atom molecular dynamics simulation study of Duan amino acids have highest and lowest interactions among
and Kollman on the HP-36 protein with explicit water themselves, respectively.
showed that the folding process contains two distinct  Another important aspect of our model is the incorpora-
pathways® The real native structure of the HP-36 protein tion of the helix propensity rule into the intermolecular po-
has been mimicked with close agreement by Hansmann arténtial. The a-helix plays an important role in the early
Wille by an all atom Monte Carlo simulation with global stages of protein folding and it is the most prevalent type of
optimization?’ They showed that without the solvent acces-secondary structure found in proteit{dt has been observed
sible surface energy term, the native state may not be théhat there is a correlation with the frequency of amino acid at
lowest energy state. a particular position of protein helix. Chou and Fasman made
Recently an interesting correlation between the rate othis viewpoint clear by proposing that the location of the
folding and relative contact ordefRCO has been protein helix could be predicted from an amino acid se-
discovered® A study on the rates of a large number of pro- quence and helix propensitigsHelix propensity of a par-
teins are found to depend exponentially on RCO, Ratdicular amino acid is a measure of how its side chain influ-
~exp(—RCO). This finding agrees with the earlier sugges-ences the conformation of the peptide backbSheote that
tion of Dill that local contact formation occurs first during in Zimm and Bragg theory, the peptide grouptie basic
protein folding, followed by the contacts which are distanthelix forming unit*® In the model studied here, an amino
along the contou?® This correlation between rate of folding acid is represented by two atoms, one mimicking the C
and RCO is a clear indication of entropic nature of the largeatom and another representing the whole side chain residue.
state of folding. No explicit peptide group has been taken into account in this
Although considerable progress has been made in undemodel. In this simple model, helix formation is taken into
standing many aspects of protein folding, there are still manyccount by introducing a nonlocal harmonic potential which
important questions that remain to be resolved. While it isfacilitates the formation of thex-helix. To form the helix
clear that each protein can have its own unique pathwaypreferentially, helix propensity has been mapped linearly to
there could be features which are common to many proteinghe strength of the helix forming harmonic potential. It has
A relevant question is the nature of the free energy barriebeen observed that with the help of the helix forming poten-
that the folding pathway is supposed to face after it has comtial with proper helix propensity, it is much easier to form the
pleted the initial collapse. Is it entropic or energetic? If helix preferentially when the sequence is favorable.
entropic, what is its precise origin and how is this barrier  In the absence of explicit water, Brownian dynamics
overcome? In this article, we explore these questions bgimulations could be carried out for many different initial



while the other atom mimics the whole side chain residue.
Each G, atom is connected to two other,Gtoms(except
the end ones which are connected to only opea®n) and
one side chain residue atom. All the bond lengths, bond
angles, and torsional angles are flexible. Figure 1 represents
the basic construction of the model protein. Backbone atoms
are numbered ass, wherei=1,2,3,...,36, whereas side
residues are numbered #&ss, wherei’=1",2',...,36, etc.
Eachi andi’ together represent one amino acid. It should be
pointed out here that this type of model was first introduced
by Levitt.!® Similar types of models have recently been con-
sidered by Scheraget al?* also but, contrary to the above
two types of models, here there are no peptide groups present
in our model and the interactions between the amino acids
are determined by the hydrophobicity and the helix propen-
configurations. The protein is first equilibrated at high tem-sity of the amino acids. Most of our potential parameters
perature and then suddenly temperature is quenched to a veligve been taken from Levitt.
low value. Dynamics of folding is monitored for the decreaseA Backbone atoms
in energy and radius of gyration. We have used the conjugate’
gradient technique to find out the corresponding underlying  Backbone atoms represent thg &oms of the real pro-
minima for all the states obtained by quenching. An increaséein. Sizes and interactions of all the backbone atoms are
in the number of hydrophobic topological contact is shownkept the same. The size of each &tom is 1.8 A and the
to be very sharp and clearly follow the decrease in energyinteraction is 0.05 kJmol. Equilibrium distance between
Dynamics of relative contact order shows the formation ofthe C, atoms is 3.81 A as in the case of the real proteins. The
nonlocal contact with the progress of folding. equilibrium bond angle between the, @oms is kept at 96°.
Final folded states are analyzed for the construction of
statistical folding funnel and other different topological
guantities. Probability distributions of energy and topologicalg. side chain residue
contact shows Gaussian distribution. Stability of the folded . ) ) ) )
protein increases with the decrease in radius of gyration upto " this model, the atoms representing the side chain resi-
a certain value. The probability distribution of the radius of dU€ carry the identity of a particular amino acid. Side chain
gyration shows a non-Gaussian distribution which peak§e5|dues_all ha_Lve dlffe_r_en'F sizes and interactions between
around the experimental value. The energy of the low energ§ther amino acids. Equilibrium bond length and bond angles
states are in the right range, giving credence to the mod Iso differ for dlﬁerenF amino aC|ds_. Sizes and equilibrium
potential employedhydropathy scale and helix potenjial ond angles of the side chain residues are taken from the

Perhaps the most important result is the finding of thevalues given by Levitt® Interactions among the side chain

correlation between a very slow late stage folding and théeSidueS’ on the .other hand, are bas_ed on.the hydrophobicity
variation in the RCO parameter. The very slow last stage of’f the amino acids. The hydrophobic amino acids interact
folding is accompanied by a significant and sharp increase iff'Uc" !ess with the solvent but more strongly among them-
the RCO parameter but relatively small decrease in energ 'elves, SO they are more c_orrelated. On the other hand a
This seems to suggest that the slow late stage folding is d drophilic group with polarity and charge is prone to be

to long range contact formation. This in turn implies that the€XP0Sed to the solvent; so theffective interactioramong
free energy barrier is entropic in origin because long rangdW0 strongly hydrophilic groups each surrounded by the sol-
contact formation is of low probability. vent (watep), should be much less than that between two

The rest of the paper is arranged as follows: In Sec. II,hydrophobic groups. In the latter case, the effective interac-

the model is described in full detail. Section Ill contains thetion will incrgagel beﬁause of the repylsion of the SOI\.:fnt
detailed description of the force-field. In Sec. IV simulation (Wate?- In principle, the above discussion can be quantified

details are described. In Sec. V, statistical properties obtainey defining the effective potential through the radial distri-

- 41
from many different Brownian dynamics simulations is PUtion function’
described. Section VI contains the dynamical studies. A Vﬁ-ﬁ(r)z—kBTIn g;; (r). (1)
high temperature quench study is discussed in Sec. VII. In . . :
Sec. VIII, a correlation is established with the recent theo1ydropathy scale arranges the amino acid in terms of their
ries. Finally, we close the paper with a few conclusionsYdrophobicity and the measure of hydrophobicity is given

FIG. 1. Basic construction of the model protein is shown. &oms are
numbered as 1, 2, 3, etc., whereas the side residues are showndy 3’,
etc. Note the varying size of the side residues.

in Sec. IX in terms of the hydropathy indeX.The interactions of the
Y side chain residues are mapped from the hydropathy index to
Il DESCRIPTION OF THE MODEL the values between 0.2 and 11.0 kJmolusing a linear

equation as given below,

The model presented here consists of two atoms per
amino acid residue along the sequeltsee Fig. L In this
figure, the smaller atom represents the backbopeatom

2

H max H min

Hi—H.
€ii = €mint (€Emax— €min)* (ﬁ) )



TABLE I. Sizes and equilibrium bond angle values for all the different tion V for the model protein is sum of the bondingE()
amino acids. The Kyte—Doolittle hydropathy scale and its translation to theoendi;ma(\/ ) torsional N ) nonbondin V ) and heli’x
LJ interaction parameter. . g Vo), ’ T/ CRYWE

forming potential ¥neli)

Amino acid SizéA)  Bond angle¢°) Hii €;(kJ molt)

Viota= Vet Vgt Vi+ Vit Vieiix- €)
ala 4.60 121.90 1.8 7.76
val 5.80 121.70 42 10.64 : )
leu 6.30 118.10 3.8 10.16 A. Bonding potential
ile 6.20 118.90 4.5 11.00 Bonding potential is the sum of the bonding energy be-
cys 5.00 113.70 25 8.60 tween the G atoms (backbone atomsand the side chain
met 6.20 113.10 1.9 7.88 ' it hed Ca
pro 5.60 81.90 16 752 residues with attached Gatoms,
phe 6.80 118.20 2.8 8.96 N
tyr 6.90 110.00 -13 4,04 _ 2
trp 7.20 118.40 -0.9 452 Ve (1/2)Kfi22 (Fii-1=To)
asp 5.60 121.20 =35 1.40
asn 5.70 117.90 -35 1.40 N
gln 6.10 118.00 -35 1.40 +(1/2)|<§E (re,—r5(i))?, (4)
his 6.20 118.20 -32 1.76 =1
glu 6.10 118.20 -35 1.40 . . . . .
ser 4.80 117.90 _08 4.64 whereN is the tqtal number of amino apld units present in
thr 5.60 117.10 -07 4.76 the model protein and each amino acid unit contains two
arg 6.80 121.40 —4.5 0.20 atoms, one ¢ atom and another side chain residue atom,
lys 6.30 122.00 -39 0.92 where
gly 3.80 109.50 -0.4 5.12
Mii—a=ri—ri4 6)
and
. . . . . . S __|,S
wheree;; is the interaction parameter of thth amino acid ri,i_|ri_ri|a (6)

with itself. €y, and epay are the minimum and the maximum \yherer; andr® are the position of thith backbone atom and
value of the interaction strength chosen for the amino acidsye ith side residue respectively, is the equilibrium bond
Hi; is the hydropathy index dith amino acid antH i and — |engih petween the Catoms and it is equal to 3.81 A(i)
Hinax are the minimum and maximum  hydropathy indexis the equilibrium bond length between tha C, atom and
among all the amino acids, wheré{q,—=4.5 andHuin  theith side chain residue. Values (i) depend on the size
=—4.5. Table | shows the hydropathy index for all the dif- o¢ \he side chain residue atoni, is the force constant of
ferent amino acids. _ _ the bonds between backbone atoms and is equal to

As discussed above, the interaction between strongly hyz3 5 k3 mor 2 A =2 whereasks is the force constant of the

* ! r

drophilic groups is small because of screening by the watef;nd between backbone and side chain residue aGnis
molecules. We assume the lowest interaction parameter, taken equal to 8.6 kJ mot A 2.

=0.2 kJ mofl ! for the most hydrophilic groufargining and
the highest interaction parametgr=11.0 kJ mof ! is cho-
sen for the most hydrophobic grodigoleucing according to
the hydropathy scal®. Next, Eq.(2) is used to calculate the B. Bending potential

interaction parameters for other amino acids. The bending potential around a central atom is the sum
Interaction parameters, sizes, and equilibrium bondy three bending potential terms involving two other back-

angles used in this model are shown in Table | for for 20pone atoms and one side chain residue. For example, in Fig.

different amino acids. All the amino acids are divided be-1 \hen 2 is the central atom, the bending angles will involve

tween two groups. Amino acids with positive hydropathy packbone atoms 1 and 3 and side chain residye 2
index is defined hydrophobic whereas those with negative

hydropathy index are taken to be hydrophilic. So the first _ 5
eight amino acids in Table | are hydrophobic and the rest are VG_(UZ)K"ZJZ (0i-1ji+17 00)
hydrophilic amino acids. An interaction between two differ-
ent amino acids are governed by the Lorentz—Berthelot rule,

N—-1

N

€ij = VEii €. +(1/2)Koi222 (67_1;,— 05(1))?
N—-1
IIl. FORCE FIELD +(1/2)Ka§1 (655i+2— 65(1))%, )

The model protein studied here contains energy contriwhere 6,_,; ;. is the angle formed by;_,,r;, andr;.,.
butions from various degrees of freedom because all thé;_y; ; is the angle formed by;_;,r;, andr?. 65, ., is the
bond lengths, bond angles, and torsional angles are flexiblengle formed by} ,r;, andr;, . 6, is the equilibrium bond
in this model. There are other potential contributions fromangle between any three backbone atoms, whefig@3 is
nonbonding and helix potential. The complete energy functhe equilibrium bond angle containing thh side chain resi-
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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 amino acids

due atom. The values dfi(i) is given in Table 1K, is the introduced an effective helix potentiédescribed beloyto

force constant for the harmonic bending potential and isfficiently incorporate the helix forming tendency.

taken to be 10.0 kJ mof rad 2. Note that in ana helix, the distances betweenand

i+2 and between andi+3 remain nearly constant. This

observation is exploited by putting a harmonic potential be-

tween the above mentioned atoms. The form of the potential
There are four torsional angles per bond between tyo Cis as below,

atoms except the terminal bonds which contains only two

torsional angles. Total torsional potential is given by

C. Torsional potential

N-3
Vhelix= iZS [ZKI3(r 2 1h)?
Vr=er2, (1/2)[1+cog34)], ®
¢ + 2K A=)l (10
whereer=1 kJmol .
wherer,, is the equilibrium distance and is equal to 5.5 A.
One more interesting observation about the helix formation
in a real protein is that the amino acids have different pro-
It is assumed that the nonbonding potential is given bypensity to form the helix. The reason is both entropic and
the sum of a pair of Lennard-Jones interactions, steric in origin. Many studies on helix propensity show that
o 12 o 6 alanine has the maximum propensity to form the helix,
( Fij ) )

, (9)  whereas glycine has the minimum except proline which
Fij rarely forms the helix. Again the formation of the helix is not

where the sum goes for the\2number of atoms constituting Only dependent on the the helix propensity of an individual

the model protein, anM is the number of amino acids in the @mino acid but also on its neighboring amino acids.

model protein. Sizes and interactions are the same for all the T0 incorporate the effect of helix propensity, the

C,, (backbongatoms. Size is equal to 1.8 A and the interac-force constants of the above harmonic potentk,) is

tion is 0.05 kJmot. On the other hand, sizes and interac-OPtained by mapping the helix propensity of a particular

tion parameters for the side chain residues are differen@Mino acid to a value between 17.2 kJ molalanine) and

Sizes are taken from Levi& and the interaction is deter- 0-0 kImol* (glycine) by using the linear equation given

mined by the hydrophobicity of a particular amino acids. AsPelow,

already mentioned, interactions for the side chain residues

are mapped from standard hydropathy index to values Ki= Kaianine~ HRi ( Kajanine~ Kgycine) (12)

between 0.2 to 11.0 kJ mot. The sequence of amino acids where Hp is the helix propensity value of thi¢h amino acid

is shown in Fig. 2 in one-letter code. The solid circles denot 43
ken f hol I i i he f
hydrophobic while the open circles denote hydrophilic aminc?al en from Scholtzt &l ™ Kaianine and K gycine are the force

acids. Table | gives the sizes, interaction parameters hydrop%\?gnsmnts for alanine and glycine, 17.2 and 0.0 kythol
o N o espectively. Ko ine having the least helix propensity be-
thy index H;), and equilibrium bond angle value for side P Y- proline g prop y

. S comes negative. The values k&f are given in Table 1.
residues ¢). Next, the influence of the neighboring amino acids has
been incorporated by introducing an effective helix propen-
E. Helix potential sity by taking an average force constantsifioramino acids
defined as below,

D. Nonbonding potential

VLJ:4izj eij

There are several driving forces towards helix formation
in proteins. Perhaps the most |mport§1nt one is the formation i173: LK+ K s 1+ K 0] (12
of hydrogen bond between two peptide groups separated by
sequence of four amino acffsand another one is the polar gng
and/or dipolar interaction. Note that the helix is not found to
be the ground state for interacting homopolymers. At high K =3[+ K 1+ Ko+ Kiisl. (13
stiffness, rod and toroid are the most stable féfnimit, in
the case of real proteins, the helix becomes the ground stawith the condition thak!~3,K!~4=0 as the force constant
for a certain sequence of amino acids. In the HP-36 proteinmust remain positive. Incorporation of the effective helix
the helix content is about 52%, i.e., 19 residues out of 3Gropensity takes care of the environment of an amino acid.
total residues are in helix configuration. The present mode$o if proline or glycine situates in between two alanine
does not contain the peptide group explicitly and all the atgroups, helix formation will be hindered considerably. The
oms are taken to be neutral. In order to take into account thebove formulation of helix potential is motivated by the
propensity of an amino acid to form am helix, we have work of Chou and Fasman about the prediction of helix for-



TABLE Il. Basic spring constant values of the individual amino acids usedB. The Brownian dynamics simulation and folding
in the V,,¢ix potential. Values obtained from a linear mapping from the helix ) . ) .
propensities. Brownian dynamics simulations have been performed on

the CBMC generated initial configurations. Time evolution

Amino acid Ki (k) mol A% of the model protein was carried out according to the motion
ala 17.20 of each bead as below,
glu 14.45 b.
e e F(t+AD=r(t) + kB—_'I_Fi(t)AtJrAriG, (14)
arg 13.59
lys 12.73 where each component dfr? is taken from a Gaussian
gin 10.49 distribution with mean zero and variancé(ArS)?)
ile 10.15 =2D;At.5241r.(t) is the position of théth atom(both the
22‘: g'g’g backbone atom and side chain resida¢ timet and the
trp 8.77 systematic force on thigh atom at timet is F;(t). At is the
tyr 8.08 time step used in the integration of the equation of motion.
phe 791 D, is the diffusion coefficient of théth particle, wherd; is
\tlf?l g-gé calculated from the solvent viscosity and the size of the
hi; 757 particle according to the Stokes—Einstein relation given be-
cys 5.50 low,
asn 6.02
gly 0.00 = keT , (15)
pro —37.15 67 7R,

where R; is the radius of thdth atom.kg and T are the
Boltzmann constant and temperature, respectively. The unit
of length iso(3.41 A) and the unit of time isr=0?/Dy. D,
mation. The neighbors of an particular amino acids wergs the diffusion coefficient obtained by usingas the diam-
considered rather than the helix propensity of a particulagter in the above equatiom.is approximately 1.2 ns in the
amino acid’® real unit for the reduced viscosity=10. The time stept is
taken equal to 0.0G1 At first, the protein is equilibrated at a
high temperature of 1000 K for 0.5 million steps. Then the
1IV. SIMULATION METHOD temperature is quenched suddenly from 1000 to 20 K at
t=0. The simulation was continued at 20 K temperature for
Simulation of the folding of a model protein consists of 9.5 mijllion steps. With the decrease in temperature, the pro-
two steps. First the initial configuration is generated by theeijn starts to fold with time and the dynamical properties
Conﬁguration bias Monte Carlo method for a certain highsuch as energy, radius of gyration, topo'ogica' Contact, etc.
temperaturg1000 K). Using the initial configuration gener- \vere monitored. The simulations have been carried outfor

ated by the Boltzmann sampling, Brownian dynamics simunumber of different initial configurations, wheré=584.
lation is carried out to monitor the dynamics of the folding

process. V. STATISTICAL PROPERTIES

A. Generation of the initial configuration L . .
9 Statistical properties discussed below have been ob-

There are several sophisticated Monte Carlo techniquesined by performing folding studies through Brownian dy-
such as configurational bias Monte Caffd? pivot  namics simulations fan different initial configurations. The
algorithm;’° recoil growth techniqué] parallel rotation conjugate gradient technique is performed on each of\the
algorithm?® etc. to generate lattice and off-lattice polymer folded states to get the minimized structures corresponding
configurations. Configuration bias Monte Caf@@BMC) has  to each folded state. Th& final folded configurations and
been improved recently by Siepmaret al. to coupled—  minimized structures were analyzed for the study of the dis-
decoupled CBMC growth in order to incorporate branchingtribution of energy, the structures of the folded states, topo-
in the polymef*® logical contacts, radius of gyration, root mean square devia-

In this work, we have constructed our model HP-36 pro-tion, and the relative contact order.
tein by the CBMC technique. The model contains branching E distributi
at every backbone atom as the one side residue is attached'to nergy distribution
each of the backbone atoms except for the terminal ones. The probability distribution of the total potential energy
Independent generation of the beads attached to a single oR€Ey) of the final quenched states fdv different initial
results in incorrect distribution of bond angf@sSo we have  configurations is plotted in Fig.(8). The width of the energy
generated both the side chain residue and the next backbob@ is taken as 4.0 kJmot. The distribution shows the
atom attached to a particular backbone atom simultaneousi@aussian nature. The solid line in FigaBshows the Gauss-
to have a correct angle distribution as discussed by Dij¥stra ian fitting. Similar probability distribution for the energy of
and Smitet al>® The resulting polymer has the correct bond the minimized configurations fER™) with a energy bin of
angle distribution. 4.0kImol ! is plotted in Fig. 8b). This distribution also



0015 F " " M " " ' ] the diffusion coefficient of the RMSD is known. Bryngelson
001 @ ] and Wolynes derived an expression (E).
2212 ] . ] In Bryngelson and Wolynes'sspin glass model of pro-
oott I ] tein folding, the energy distribution is Gaussian. Entropy of a
oot b diN[! ] particular state can be obtained from the degeneracy of the
0.009 [ 4 ] distribution. Entropy is maximum near the peak of the dis-
~, 0.008 | N tribution. So the peak in the energy distribution corresponds
2 o007} vl 1 to the entropically favorable states. It creates an entropic
0-006 I ) bottleneck for the movement towards the low energy native
zzzi | 1 state.
0008 L In addition, the distribution is useful in providing an
o002 [ ] estimation of the relative stability of the native state. It can
0.001 | ] be used to calculate th&-score of a protein which is a good
0 0 s measure of the validity of a knowledge-based potenfial.
-700 -660 -620 -580 -540 -500 -460 -420 . .
Total Energy (E,) Z-score of the misfolded states is calculated from the follow-
_ ing expression;
0.014 -
® z _ <E>misfolds_ Enative (17)
omz - T misfolds O misfolds ,
oot | A T | whereE, ;v iS the energy of the native statés) mistogsiS the
N mean energy, and soigs IS the standard deviation of the
s 0008 M A1 Y . Gaussian distributionZ ,sf01qs Of the model protein studied
?.Z H in this paper is around 3.®hich is close to the experimen-
0006 - 1 1 tally obtained Zscore values
0.004 | I
s002 - B. Hydrophobic topological contact
{ T T Mwﬂul The contribution that a hydrophobic residue makes to the
05 e T E— e L stability of a protein varies roughly with the extent of its
E™ burial >® So the number of hydrophobic topological contacts

FIG. 3. (a) Probability distribution of final energf?(Ey) is plotted for N C?n be well Corre_lated with the Stablllty .Of a protein. AS.
folded (quenche configurations(b) Probability distribution for the mini- discussed before, in the model HP-36 studied here, the amino
mized energyP(E[™) is plotted. The solid lines in the above figures show acids having a positive hydropathy index are called hydro-
the Gaussian fit. phobic while the ones having negative hydropathy index are
defined as hydrophilic. This way, 16 out of total 36 residues
in the HP-36 model protein are hydrophobic residues. The
shows a Gaussian behavior which is fitted to a Gaussiag, atoms have not been taken into account here as they are
function shown by the solid line in Fig.(8). The difference identical with respect to the interaction parameter. A hydro-
between the two Gaussian distributions for the quencheg@hobic topological contact is formed if two hydrophobic side
configurations and the corresponding minimized configurachain residues come within a distance of 8.5 A. Figuia 4
tions is in the position of the mean of the distribution. So theshows the correlation between the number of topological
relative depths of the local minima from different energy contactNy,,, With the potential energy of the system for
levels of the folded energy states can be regarded as more @r different initial configurations. There is a clear average
less the same. increase NNy, With the decrease in energy. The overall
The Gaussian energy distribution is a common phenomhehavior can be understood from the straight line fitting. It
enon in case of the minimalist models. If one assumes thathows an increasing slope ef0.08 with a decrease in one
the quenched states obtained here indeed are the representait of energy.
tive of the energy distribution, then the Gaussian distribution  The probability distribution of the topological contacts
can be used to obtain the energy surface of folding. The rate(Ntopo) is plotted in Fig. 4b). This distribution also shows
of folding can then be obtained by a mean fast passage timg Gaussian behavior and thus fitted to a Gaussian function

calculation® as given below, shown by the solid line in Fig.(®). This can be understood
1 - y from the Gaussian distribution of energy and the relationship
7(Eg)= ﬁf dyeﬁE(y)f dze PE@), (16)  of energy with the topological contact.
Eo b

whereE denotes energy which can be obtained from Gaussé Relative contact order
ian distribution. We have placed a reflecting boundarp at ™

on the left ofE, and an absorbing boundary&t. D(E) is Relative contact ordefRCO) is defined as the average
the diffusion coefficients in the energy space. One can alseequence distancketween all pairs of contacting residues
write Eq.(16) in terms of an order parameter like RMSD, if normalized by the total sequence lengfth,
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FIG. 4. (a) Number of topological contact between the hydrophobic groups, RCO

Niopo, IS plotted against total enerdyy for A" number of configurations.
The solid line shows a linear fit with a slope ef0.08. (b) Probability

distribution of topological contad®(Ne,o) is plotted usingV folded con-

figurations. The solid line shows the Gaussian fit.

FIG. 5. (a) Variation of relative contact ordgfRCO) with total energy is
plotted for\/ different configurations. The solid line shows the linear fit with
a slope of—0.0015.(b) Probability distribution of relative contact order
P(RCO) is plotted which shows a wide distribution.

D. Radius of gyration

1 N Figure Ga) shows the probability distribution of the ra-
RCO= ME AS;, (18) dius of gyration R,) for A number of different configura-

tions. The peak of the distribution is around 9.5 A. The re-
ported value for the radius of gyration of real native HP-36 is
also 9.6 A" The spread of the distribution is not large, from

wherelL is the number of contacts formed by the protéih. 8.5 to 11.5 A. Note that this distribution is not Gaussian and

is the number of hydrophobic residues in the protein angkewed towards larger values Bf,.

AS;=|j—i|, wherei andj form a contact. As mentioned To correlate the relation between the compactness of a

earlier, a contact is defined to be formed if the the two hy-structure and its stability, energy is plotted as a function of

drophobic side residues come within a distance of 8.5 A. Inadius of gyration for\/ configurations. Figure 6) shows

the model protein studied herd=16. the expected decrease in radius of gyration with the decrease

RCO obtained fromV folded states are plotted against in energy.

energyEy in Fig. 5@). 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, f&p. 5

signifies the increase in stability with more nonlocal contact  The structure of the real HP-36 protein obtained from

formation. The probability distribution of relative contact or- the protein data barik with the pdb id 1VII (Ref. 58 is

der P(RCO) is plotted in Fig. &) which shows a wide compared to the model protein by calculating the root mean

spread in the distribution showing the ensemble of statesquare deviation. First the center of masses of both the model

having many different levels of ordering. Note that Fige)5 and real protein are superimposed. Then keeping the real

correlates the RCO with stability, not with rate. protein fixed, model protein is rotated with respect to all

AES. Root mean square deviation
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10~ 2i=1 j=i+1
where rmodel |erodeI rmode1 and rreal_|rreal real| The

quantity PRMSD provides addmonal quanuﬂcation of the
spectrum of deviation of the folded protein structures from
the internal structure of the real protein. Figuré)7shows
the Prusp for A different folded states.
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FIG. 6. (a) Probability distribution of the radius of gyratld?(Ry) is plotted
for all the A folded configurations. The peak of distribution is around 9.5 A.
(b) R, is plotted against the total energy, for A/ configurations. The solid
line shows the linear fit with a slope of 0.01.

F. Characterization of the folded structures

Many of the folded states have close similarity with the
real native protein as can be seen from the RMSD values
reported for all theV folded structures in Fig.(d). However,
there are many states, mostly high energy states, that have
considerably higher RMSD valugsnore than 6 A These
high RMSD states arise due to entanglement and less corre-
lation between the hydrophobic residues. Folded states with
lower RMSD values show a considerably high helix content
and higher hydrophobic topological contacts and relative

orthogonal axegby all Euler angles and at each point the
RMSD is calculated from the equation below,

N
1
RMSD= \/N 2 (|rimodel_ rireabz,
i=1

real

(19

wherer;=" is the position of theith C, atom of the real
HP-36 protem in its native state!™°®is the position of the
ith C, atom in the model protein studied hend. is the
number of G, atoms present in the protein, wheXe= 36. contact order.

The lowest RMSD obtained in this fashion is taken as A representative backbone structure of the folded states
the RMSD of the model protein. Figure(@ shows the with the lowest RMSD amongst all the folded structures is
RMSD of all the N different structures {/=584) obtained shown in Fig. ). Figure &b) shows the backbone structure
by Brownian dynamics simulations. The calculated RMSDof the real HP-36 protein. The model structure shown in Fig.
shows a trend of decreasing energy with lower RMSD. How-8(a) has the 4.5 A RMSD as defined in EJ.9). In spite of
ever, we found that the folded state with the lowest RMSD ismany shortcomings of the model protein such as the absence
notthe lowest energy state. We attribute this to the neglect obf all the atoms, charge, explicit water or even the peptide
the solvation energy contribution to the solvent accessibl@atoms, there is a good agreement between the model and the
surface area. A recent study by Hansmann and Wille real protein structures. The model structure shows very high
showed that neglect of this solvation contribution can lead tdelix content as that of the real protein and the formation of
an error in the stabilization energy similar to the one ob-helices and bends occur nearly at the appropriate positions.
served here. This can be attributed to the introduction of the helix poten-

In order to further quantify the structure of the folded tial with an environment dependent helix propensity.
configuration of the model protein, pair contact deviation  Another interesting observation is shown in Figc)3
(Prmsp) Is defined as where the folded structure of the model protein is shown
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(b) FIG. 9. The solid line shows the variation of energy with time. The circles
show the minimized energies corresponding to a particular energy value at a
certain time. Inset shows the magnified plot of the change in the minimized
energy during folding.

tions of contact order and topological contact, etc. reveals
that there ardlifferent levelsof ordering present in the po-
tential energy landscape of the protein. The degeneracies in
the misfolded states due to different extent of contact forma-
tions (which show the deviation in the linear)fitmply that

both the backbone topology and ordering of the side chain
residue differ in different misfolded sates. One needs all the
three quantities to characterize the landscape and the path-
way (shown later in Fig. 1¥

VI. DYNAMICAL STUDIES

(©) The N initial configurations generated by the CBMC
were subjected to Brownian dynamics simulations to study
the pathways of folding. The model protein was equilibrated
first at a high temperature of 1000 K. Thent&t0, tempera-
ture was quenched from 1000 to 20 K and the folding dy-
namics of the protein was monitored. The dynamical studies
discussed below are obtained from the dynamical evolution
of the initial configuration which leads to the lowest energy
state amongV folded configurations. Time dependence of
various dynamical quantities revealsnaltistepfolding phe-
nomenon. There is an initial fast hydrophobic collapse which
is followed by slower decay. The final stage of folding oc-
curs after a long plateau.

FIG. 8. (a) Backbone structure of the model protein with the lowest RMSD A. Time dependence of the potential energy variation

amongst all theV folded states(b) Backbone structure of the real HP-36 in ; ; ;
the native state as obtained from its pdb fil®. Complete structure of the Flgure 9 shows the different stqges Of.dec.rease in the
model protein for the lowest energy folded state. The dark shaded atomRotential energy of the model proteirE() with time. An

denote hydrophobic while the light shaded atoms denote the hydrophilidlltrafast initial decay is observed which corresponds to the
side residues. Smaller atoms denote thea@ms. See the text for detail.  hydrophobic collapse of the protein. This ultrafast stage is
over within 10r. Subsequently, a comparatively slower evo-
lution follows until time 50@- At the final stage of folding, a
with both the backbone and side chain residue. The structuneery slow rearrangement takes place among the side residues
shows clearly that the hydrophobic beatt$ark shaded which causes the final decay to the lowest energy at around
atoms are inside the structure forming the hydrophobic core2400r. Thereafter, only thermal oscillations are observed
while the hydrophilic beaddight shaded atomsare outside. around the lowest energy. So the maximum tifabdout
These observation could not be obtained in case of a simpl&000r) is spent in the final stage.
polymer bead model of protef. The underlying evolvindthat is, dynamigt energy land-
Comparison of the energy distribution with the distribu- scape of the folding pathways has been analyzed by mini-
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mizing the configurations of the model protein formed dur-tures along the folding trajectories are plotted in the inset of
ing its natural time evolution. Solid circles in Fig. 9 representthe same figure. As before, when the energy of the system
the energy of minimized structur&" corresponding to the decreases very fast in the short time, all the trajectories show
time evolved configurations at a particular time. As the po-fluctuations in the inherent structure energy. The slow relax-
tential energy Ey decreases, energy of the underlying ation part of the energy corresponds to a large waiting time at
minima also changes to a lower value. At the initial time ofa particular local minimum before it changes to the another
collapse, the system goes over many minima, both low antbwer minimum.
high, but, at the latter stage of foldinthe system goes over
the monotonically decreasing minima to reach the folded
state The inset of the above figure shows the magnified dia-
gram forEY" for a shorter time window. It shows the change
in the energy minima with time. The energy minima corre-
sponding to the energy states after folding remain un-  The compactness of a structure can be understood quan-
changed. titatively by monitoring the radius of gyratioR,. So the

The dynamics of energy for a few more representativeime evolution of the radius of gyration can be regarded as a
folding trajectories is shown in Fig. 10. The inherent struc-good measure of the dynamics of collapse of a protein. In the

B. Time dependence of the radius of gyration
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21l configurations.
&

10 |

g L

8 1 1 1 1 1 1 1 1

-100 400 900 1400 1900 2400 2900 3400 3900

time (7)



0.52

49 +
47
45 +
43 +
44 +
39
37 ¢
35
33 r
31 r
29
27 ¢
25 -
23 +
21
19
17
15
13 ) ) . \ L . ‘ | 0.26
-100 400 900 1400 14900 2400 2900 3400 3900 0.04 . . . ) . . R |
time (1) 100 400 800 1400 1900 2400 2900 3400 3900
time (1)

0.5
048
0.46 |
0.44
042
04
0.38 |

Noopal®)

RCO(T)

0.36 |
034
0.32 |
03
0.28 |

FIG. 12. Increase Ny, with time is shown by the circles. The solid line
is to guide the eye. FIG. 13. The circles show the increase in the relative contact ¢RIED)
with time. The solid line is to guide the eye.

model protein studied here, the change in the radius of gyra?- Dynamics of growth in relative contact order

tion with time is plotted in Fig. 11. The solid line shows the RCO is already defined in Eq18). Although relative
time evolution ofR,, whereas the symbols with the dashed contact order was introduced to correlate it with the rate of
line show theR, for the corresponding minimized configu- fo|ding,>® time dependence of the relative contact order
rations. After quenching of temperature tat0, there is @  serves the purpose of depicting the dynamics of folding with
sudden decrease R, which can be correlated with the huge time. Figure 13 shows that the relative contact order in-
fall in energy due to the hydrophobic collapse. A slower ratecreases with time. As the contact order is calculated only
of decrease again follows after the initial impact which con-from the sequence separation, the increase in RCO with time
tinues until 500. Thereafter, the radius of gyration does Notsignifies the progressive participation of residdas from
change for a long time until 24@0where a sudden decrease gne another along the contour lengti form a contact with

is observed again. The dynamical behavioiRgfis consis-  time. Time dependence of the RCO also shows a multistep
tent with that of the energy except that there is a small deprocess. A comparison of the RCO will,,, suggests that

crease in energy even in the plateau regiofRpf This can  the model protein studied here form a single hydrophobic
be attributed to the detailed dynamical motions and the reaisgre which is the characteristic of a globular protein.

rangement of the atomR,, leading to the locally minimized
structureginherent structurésalso shows many oscillations, g pynamics of folding through RMSD
but there is an overall trend towards the more compact struc-

ture with folding. Folding of the model protein can be quantitatively de-

picted by monitoring the RMSD of the structure with its
native state. Here RMSD of the model structure is calculated

with respect to the experimentally obtained native structure
C. Dynamics of contact formation

Hydrophobic topological contadd,,, as defined in the 1 rerer
previous section, is formed when two hydrophobic side resi- 45
dues come within a distance of 8.5 A. So the dynamics of 10
Niopo Can furnish a more detailed and microscopic aspect of
folding than energy and radius of gyration. Figure 12 shows of
the increase in topological contasf,,, with time. Ny, also - g5k
shows the similar dynamical behavior consistent vithand T eb
R,. There is a stiff initial increase i, followed by a a 755_
slower rate of formation which continues until 50@scil- s
lations in terms of formation and breaking of contact con- . 75_
tinue until 2400- when another overall increase in topologi- '55_
cal contact is observed. Note that, topological contact is 65_
formed by only the hydrophobic beads. So it can be con- '55_
cluded from the similar dynamical behavior by, with 42; |

]

o by by by by by by ey by
500 1000 1500 2000 2500 3000 3500 4000

that of energy andk,, that mainly the hydrophobic residues (
time (1)

govern the nature of protein folding. Formation and breaking
of the contacts in the folded state due to thermal oscillationg g 14. variation of RMSD is plotted against time. Note that, RMSD
is observed in the long time. decreases with time. The solid line is to guide the eye.
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FIG. 16. Time variation of energy is shown for two different trajectofas
EG. 15. Time dependence of the average contact pair E)rrelation functiognd(b) for a quench to a high temperature of 100 K. In the in&@tand (b)
Cp(t) is plotted. The solid line denotes the dynamics@i(t) for the show the minimized energy values obtained for a particular energy for the
hydrophobic side residues and the dashed line shows the same for the badkajectory(a) and(b), respectively.
bone atoms attached to the hydrophobic side residues.

the backbones atoms shows multistep relaxation processes,

of the real protein following Eq(19). Figure 14 shows the \yhereas the dynamics @fp(t) for side residues shows more
decrease of RMSD along with time. Although the RMSD of ocjllations as a result of different dynamical behavior
the model protein does not reach a very low value, a S'gn'f'among different types of amino acids.

cant decrease in RMSD with time is observed. The dynami-

cal behavior of the RMSD is c0n5|ster_1t with the time depe_n-V”. EFFECT OF QUENCH-TEMPERATURE
dence of energy and other topological parameters which

signify that the chosen model and the Brownian dynamics A similar Brownian dynamics study has been carried out

simulations are consistent. by quenching the initial configurations to a higher quench
temperature ) of 100 K, keeping all other parameters un-
F. Dynamics of distance pair correlation changed. The higfi, folding studies show similar dynami-

) . ) . cal behavior(the initial collapse and the slower long time
Dynamics of folding can be probed microscopically by gecay except that the intensity of fluctuations is large here
monitoring the dynamics of pair separation between differengnqg can be seen in Fig. 16. This is due to the high tempera-
amino acids along the sequence. Dynamics will be differenfyre  Even at the temperature 100 K, many structures re-
for different pairs. For many amino acid pairs, the distance okemple the real protein with low RMSD valudswest ob-
separation is expected to decrease as the folding occurs. Tgped is 4.2 A As expected, the magnitude of the change in
widely different time scales of movement of all the different ihe radius of gyration and contact order parameter is less
pairs together give rise to an overall dynamics of folding resyits not shown Figure 16 shows the variation of energy
which is reflected in the macroscopic quantities. Here, th&yith time for two different trajectorie§(a) and (b)]. The
effective dynamics of pair separation can be described byhset shows the time variation of the minimized energy cor-

introducing a new pair correlation function as defi“edresponding to the time evolution of potential energy of the

59
below, two different trajectories. The system seems to explore many
dii(t)—dii () fluctuating local minima in the initial time of folding. How-
Ci(t)= d7(0)—dl()’ (21)  ever, here at high temperature, more frequent crossover of

the local minima is observeteven in the very long time

whered'! (t)=r;(t)—r;(t). r; andr; are the positions of the |eading the system towards the deeper minima with tisee
ith andjth atom, respectively. andj can be the indices of the inset of Fig. 16

either backbone or side residue atom. Detailed dynamics of
the contac(t) pair correlation functidD'F',(t)_WiII be described /| cORRELATION WITH THE THEORY
elsewheré? Here we present an analysis of an average conoe pROTEIN EOLDING

tact pair correlation functioﬁp defined below as, . - .
The dynamics of the relevant quantities discussed above

— 2;>iC'p’>(t) can be correlated with the theories of protein folding. Early
Ce(t)= m (22) statistical mechanical theories by Dill and co-workeasd
) J . by Bryngelson and Wolynésvere based on the heteropoly-
Figure 15 shows the dynamics of the average contact pajher collapse and reordering of the residues. Both the theo-
correlation functionCp(t) for the hydrophobic side residues ries are based on two order parameter model of protein fold-
and the backbone atoms attached to them separately by thi&y where the order parameters are packing fractjoand
solid and dashed line. Time dependenceCgf(t) for both  fractionp of residues in the native state. A simplified version
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FIG. 17. Variation of the energy with radius of gyrati&) and topological contadilsy, is plotted.(a), (b), (c) show three different folding trajectories. The
increase in time along the curve is shown by the arrows.

of the the free energy function for the collapse and orderingearrangement start to build up. So, there is a long waiting
transition can be obtained in terms of the two order paramtime before another drift occurs in the value the macroscopic

eters as given belof¥, variables such as energR,, topological contact, etc. As
2 discussed before, from the microscopic point of view, the
Flp,n}  1+p (1-p) : : : : )
=-— n+plogp+(1—p)log +1 dynamics of pair separation has a very complicated dynam
NT T N ics spanning different time scales. Figure 17 shows the 3D
1 3 diagram of energy with respect Ry, and topological contact
+|=—1]log(1—7)+ EN*4’377*2’3 Nyopo fOr three different folding trajectories. The arrows indi-
K cate the increase in time. Figure 17 shows an elegant descrip-
2 tion of the folding dynamics.
+ 3N log 7. (23

This free energy functionaF{p,7n} shows two minima IX. CONCLUSION

againstp and » which are separated by a free energy barrier.  Extensive Brownian dynamics simulations have been
The minimum for the lowp and low 7 correspond to the carried out using an off-lattice model for HP-36 protein on
extended state and the minimum for higland high» cor-  many different configurations to capture the structural, statis-
respond to the folded state. tical, and dynamical aspects of protein folding. The struc-
The initial hydrophobic collapse observed here, followedtures obtained by the folding of the model protein resemble
by the slow ordering, is in good agreement with the abovequite well the structure of the native state of real HP-36. The
theories. The energy of the hydrophobic collapse has a steepdius of gyration was also found to be close to the experi-
decrease and hardly involves a barrier. The folding processiental value. The absence of water has been incorporated
encounters a barrier in the later stage where the ordering arttirough the hydrophobicity of the amino acids and has been
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