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Folding and unfolding of chicken
villin headpiece: Energy landscape of
a single-domain model protein
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Folding and unfolding of a thermostable chicken vil-
lin headpiece subdomain, a 36-residue protein (HP-
36), is studied by wusing Brownian dynamics simula-
tions. The hydropathy scale of amino acids is used to
obtain the varying interactions among the amino
acids. A qualitative picture of the energy landscape
funnel is obtained from simulations. Although there
are several states near the minimum of the folding
funnel, we could identify a stable native configura-
tion. The energy of the folded protein scales with the
hydrophobic contact parameter, as found in recent
analyses. The model also allows for a description of
cold denaturation by the salt-induced modification of
the ‘effective’ interactions among the various amino
acids. In this model, the Kinetics of denaturation is
found to be considerably different from that of fold-
ing—folding, seems to face more barriers and involves
a more complex pathway.

THE folding of an extended, unfolded protein to its
unique three-dimensional folded native state is a highly
complex problem which has attracted a great deal of
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interest in recent yearsl’3 . Recent theoretical studies

have suggested that the size, stability and the topology
of a protein influence the folding rate and mecha-
nisms™*. Recently, the concept of the free-energy land-
scape-guided folding® has been introduced, which has
drawn a lot of attention. However, it is fair to say that a
quantitative understanding of many facts of the protein-
folding problem is still not within our reach.

Early statistical mechanical theories of protein fold-
ing have considered single-domain proteins“‘6 because
of their simplicity. These initial theories were followed
by a series of studies, which vastly improved our under-
standing of protein folding7‘8. For example, Zwanzig et
al” showed that a small energy bias (of the order of a
few kpT against the locally unfavourable configurations
can reduce the Levinthal’s time to a biologically sig-
nificant size. Later, Zwanzig8 extended this model by
introducing the reversible accessibility of the final
folded state to study the kinetics of protein folding.
Onuchic er al’ have introduced and elaborated on the
concept of energy landscape. According to this latter
development, the folding kinetics is determined by an
energy landscape and for foldable proteins this resem-
bles a funnel with a fiee energy gradient towards the
native structure. The introduction of the concept of
folding funnel providled a much-needed breakthrough in
understanding the pathways of protein folding.

Duan and Kollman’ carried out the first ever one-
microsecond simulation of a protein in aqueous solu-
tion. They have studied the thermostable chicken villin
headpiece subdomain, a 36-residue protein (commonly
known as HP-36 protein) in the aqueous solution by

explicit representation of water molecules. They found
a native-like structure with two pathways.

Earlier, Shakhnovich and coworkers'®!" have per-
formed a lattice model simulation study and obtained

the density of states. Their 3-dimensional figures (with
energy, number of topological contacts and number of
configurations as the coordinates) had a nice funnel-like
structure. However, for a continuum (that is, off-lattice)
model like the one treated here, the problem is more
difficult. In particular, it is a difficult task to simulate
folding of a model protein by the conventional simula-
tion techniques such as molecular dynamics/Monte
Carlo or all-atom simulation’ or even by the Langevin
dynamic  simulations'?>. To overcome these difficulties
we use the off-lattice Brownian dynamics (BD) simula-
tion technique. BD simulation has the advantage that it
does not include the detailed description as all-atom
simulations (that is, does not include water molecules),
but includes the qualitative features by an implicit rep-
resentation  through  the  intermolecular  interactions
which are now modified to reflect the hydrophobicity of
each amino acid. In this study we report the construc-
tion of an energy landscape by carrying out the BD
simulation study of a minimalist model HP-36 protein.
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We note in this connettion that earlier, Rojnuckarin et
a® obtaned the folding times of a four-hdix bundle
protein modd by carying out the BD smulations. Their
sudy showed the reliadbility of the minimdis models in
obtaining the quditative feestures of the protein folding.
We dso dudy the HP-36 protein unfolding by modd-
ling the interactions, to account for the sat effects or
the effects of urea—that is, the commonly known cold
denaturation.

In this work, we sudy the HP-36 protein usng the
hydropathy scde of the condituting amino acids. A rep-
resentative  stable  structure  of  this  protein  (obtained
from the Protein Data Bank) is shown in Fgure 1. The
reason for studying this particular protein is tha it is the
smdlet monomeric  polypeptide  characterized, consgt-
ing of only naurdly-occurring amino acids, that
autonomoudy folds into a uniqgue and thermogtable
structure without disulphide bonds or ligand binding™*.

We modd HP-36 protein as a necklace of different
kinds of beads. Each bead in the sequence represents
the correponding amino acid in the protein  sequence
There ae 36 beads in the chan, snce the number
of resdues in the origind protein  sequence
(MLSDEDFKAV FGMTRSAFAN LPLWKQQNLK
KEKGLF) is 36. All the beads are assumed to be of the
samemassand Sze.

As pointed out by Kauzman'® and dso Tanford!®
many years ago, one of the mgor driving forces of pro-

Figure 1. One of the stable structures of thermostable chicken
villin headpiece subdomain, a 36-residue (HP-36) protein (PDB
code: 1VII).
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ten folding in agueous media is the hydrophobic/
hydrophilic nature of amino acids. This can be best rep-
resented by the hydropathy scale'®l’. This scde a-
ranges the dandard freeenargies of trander  from
aqueous solutions to pure liquid hydrocarbons and pro-
vides a measure of hydrophobicity. In a certan sense,
the hydropathy scae provides a quantitative measure of
the liking of a paticula amino acid for waer. Depend-
ing on the hydropahy vdues we have categorized 4l
the amino acids present in the HP-36 sequence into
three classes, (i) hydrophobic, (i) weekly hydrophilic,
and (iii) grongly hydrophilic. In Table 1, the clasdfica
tion of amino acids is presented. The classficaion is
done according to the following criterion. If the hydro-
pathy vaue is podtive, the amino acid is hydrophobic.
On the other hand, among the hydrophilic amino acids
(hydropathy vaue is negative), if the hydropathy vadue
is smdler than —25 it is strongly hydrophilic, otherwise
it is weakly hydrophilic. In Figure 2a, a schemdic rep-
resentaetion of the hydrophobic scade is presented. Fig
ure 2b shows a pictorid representation of the colour
code of the hydropathy vaues of both the origind se
quence and the smplified sequence due to the present
categorization.

It should be made clear a this point that the transfer
of hydropathy scde to intermolecular potentiad is to be
understood as a ‘solvent-averaged potentid’. This can
dso be conddered as a potentid of meen force, wedl-
known in cadloids. Also, such a transfer of hydropho-
bicdty to inter-atomic potentid was perhgps firg done
by Dill'® and coworkers in their ldtice smulations. As
can be sen from Table 2, interaction between two
gsrongly hydrophilic groups is least favoured because
water will shiedd them, while that between two hydro-
phobic groups is srongly attractive. Thus, these poten-
tids ae dl waer-avaaged. In Table 2 we lig the

Table 1. Classification of the amino acids constituting the HP-36
protein, according to the hydropathy values

Amino acid Category
AFLMPV Hydrophobic
GSTW Weakly hydrophilic
DEKNQR Strongly hydrophilic
Table 2. Interaction parameter (g;) value for al the six different
interactions in the folding of model HP-36 protein
Nature of the interaction e
Hydrophobic—hydrophobic 20e
Weakly hydrophilic—weakly hydrophilic 03e
Strongly hydrophilic—strongly hydrophilic 03e
Hydrophobic—weakly hydrophilic l10e
Hydrophobic—strongly hydrophilic 0.8e
Strongly hydrophilic—weakly hydrophilic 03e
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Figure 2. Schematic representation of modelling of the HP-36 protein (shown in Figure 1) by using the hydropathy
vaues. a, Schematic representation of the hydropathy scale. The hydrophilic nature decreases from blue to red;
b, Pictorial representation of the colour code of the hydropathy values of both the original sequence and the simplified

sequence used in the present study.

Table 3. Interaction parameter (&) value for all the six different
interactions in the unfolding of model HP-36 protein

Nature of the interaction |
Hydrophobic—hydrophobic 03e
Weakly hydrophilic-weakly hydrophilic 10e
Strongly hydrophilic—strongly hydrophilic l10e
Hydrophobic—weakly hydrophilic 08e
Hydrophobic—strongly hydrophilic 0.8e
Strongly hydrophilic—weakly hydrophilic l10e

interaction drength parameter values for dl the sx dif-
ferent interactions.

It is wdl-known that a protein can be denatured or
unfolded from its ndive date by adding <dts (like gua
nedenium chloride) or chemicd agents like urea This is
sometimes cdled cold denaturdion. It is believed that
these agents modify the interactions of water at the pro-
ten-water inteface. Recent computer Smulation  stud-
ies”® seem to suggest that the role of urea is to provide
an energetically favourable environment of the hydro-
phobic groups in water. This provides the required driv-
ing force for wunfolding. In the ocontext of our
hydropathy scale, an agueous solution containing urea
makes the hydrophobic groups less attractive to each
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other. Therefore, to motivate the unfolding of the folded
proten, we have changed the interaction among the dif-
ferent reddues (polymer beads) to reflect the atered
scenaio in the presence of urea in solution. This gives
rise to a nice unfolding of the folded state, whose dy-
namics has been reported here. The modified interaction
parametersfor thiscase arelisted in Table 3.

The beads in HP-36 interact via a dte-gte Lennard—
Jones (LJ) potentid. Neighbouring beads are connected
via harmonic springs. The tota potentid energy of the
chain can be written &s,

U=Up + U+ Us, @
where Uy, represents the bonding potential,
N
2 2
Uyo=a k(ri-r..D°, @

i=2

with k=9 in this study. N is the number of beads in
chan and r; is the postion of bead i. The interaction
between non-bonded beeds is represented by the L-J
like potentid,

5 12 60
UL =g, 8% @
gef g elg g
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Figure 3. Variation in (a) mean square radius of gyration and (b)
energy during the folding of a model HP-36 protein obtained from
BD simulations is shown as a function of time.
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Figure 4. Histogram representation of the number of configurations
found in BD simulations with the energy between E and E + DE.

where s is the LJ collison-diameter and €; represents

the interadtion dtrength. The diffness is  introduced
through the bending potential Us,
Us = S(cosq— 1)?, @)
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Figure 5. Energy landscape (the funnel) for the model HP-36 pro-
tein obtained from BD simulations. Configurations correspond to
various energy states (unfolded, transition and native state). X-axis
denotes the number of configurations with energy E.

\

Figure 6. Full 3-dimensional plot of energy landscape obtained
from BD simulations for a model HP-36. Q represents the distance
from the native state in terms of topological contacts, while N repre-
sents the number of configurations.

where we st the chain diffness S=1. For convenience
we define & =ekgT, where kgT is the themd energy.
The unit of time t, is b* Dy, where the single-beed dif-
fuson coefficient is denoted by Do. The length is scaed
by b, the bead diameter, asusud.

The time evadudion of the modd protein is done ac-
cording to the following equation of motion?®,

r]-(t+Dt)=r]-(t)+|:—°TFj(t)Dt+DxG(t), (5)
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Figure 7. Snapshots of the unfolding of a model HP-36 protein as observed in BD simulations. Interaction

parameters for the unfolding case are listed in Table 3.

where rj(t) is the postion of the jth bead a time t and
the systematic force on j is denoted by F(f). The ran-
dom Brownian displacement, DXC(t), is teken from a
Gaussian digtribution with zero mean and 2Dt variance.

For each ftrgectory, an initid configuration is se
lected from the Monte Carlo-generated equilibrium con-
figurations a € =0.1. The temperature of the initid
configuration is then ingtantaneoudy reduced by 0.le
ater 257 10° BD seps Five such quenches each with
a gap of 25" 10° seps have been incorporated, to fa
clitaae the folding. Further smulations for 25 million
BD deps ae caried out (subsequent to the quenching)
to obtan the find configuration. Such a procedure is
repegted for the modd proteins with 1000 different con-
figurations. More deals on the smuldion scheme can
be found in asimilar study on homopoly mers™®2L,

In eech dmulatiion run, after choosng an initid con-
figuration, the folding is followed till a sable find date
is reeched. It is important to note that in each smulation
only one proten is smulaed to obtan the correspond-
ing find energy. In Fgure 3, the vaidion in mean
square radius of gyration (Figure 3a) and energy (Fig
ure 3b) during the folding of a single modd proten is
shown. Ogillaions in both energy and R,® reved that
the protein experiences bariers during folding. We will
discuss this point in detail later. In order to obtain a list
of find energies, we had to repeat such smulations for
N number of indgoendent single proteins sampled from
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an equilibrium digribution. In other words, we have
caried out N different smulation runs with independent
protein configurations (with the same sequence) to ob-
tain N number of find energies.

After the execution of the gmulaion, the energy
landscape is obtained in the following fashion. The en-
ergies correponding to the find dates obtained from
BD dmulaion are didributed into the bins of width
O5E. This gives an energy versus Ne histogram, where
Ne is the number of configurations with energy E This
is shown in Figure 4. These higograns ae then reor-
ganized in the ascending order of number of configura
tions (Ng). The result, the evolution of funnd-like
enegy landscgpe, is shown in Fgure 5. In the same
figure, configurations corresponding to the native date,
misfolded, unfolded and meagtable dates ae dw
shown. This figure shows that the fast formation of na
tive dae requires funnd landscape. It is important to
note that this funne is multi-dimensond E(N, Q), as
shown ealier by Bryngdson and Wolynes' and dso by
Chan and Dill°, axd N ad Q represent the number of
configurations and the digance from the native date in
teems of topologicd contacts, respectivdy. In Figure 5,
we have dso shown Q vaues for a few daes Figure 6
shows the full 3-dimensiond picture of the energy land-
scgpe. Recently, Gutin e all® dso obtaned a quaita
tively dmilar  multi-dimensiona  energy landscape by
carying out the latice Monte-Calo smulaions. These
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two figures clealy demondrate that the present mini-
mdig modd is rdiable in obtaning the quditative fea
tures of protein folding. This is one of the man results
of the present study.

The naive configuration (corresponding to the mini-
mum in the energy funnd) is chosen for the unfolding
sudy. The protein unfolding sSmulation is caried out in
an exactly opposite manner to that of the folding, but
with different interactions (given in Table 3). In the
sudy of unfolding, the interaction energies among the
vaious amino acids are changed indantaneoudy a time
t=0. Snapshots of the unfolding of the HP-36 protein
found in BD dmulations ae shown in Fgure 7. As
shown in this figure, the completdly folded initid con-
figuration gradualy unfolds by bresking the naive con-
tacts to reach the fully extended sate. To emphasize
this point, in Figure 8, we have plotted the number of
topologica contacts as a function of time For compari-
son, the variation in Nygpo during the folding is dso
shown (inset). As shown in the man figure, Nipo IS
maimum a t=0 which corresponds to the native date.
In the unfolding case, variaion in number of topologi-
cd contacts (man figure) shows exactly the opposite
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Figure 8. Variation in the number of hydrophobic topological con-
tacts shown as a function of time. The main figure shows the result
for unfolding, while the inset represents that for the folding. As can
be seen, during the unfolding, Nwpo Shows an opposite trend to that
observed in case of folding.
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Figure 9. Time dependence of energy and mean square radius of
gyration during the unfolding of a model HP-36 protein obtained
from BD simulations.

trend to that of the folding (inset). On the whole, Niopo
decresses  during the unfolding, while it incresses dur-
ing folding. This figure dearly demonstrates the role of
topologica contacts intern the importance of the hydro-
phobic forcesin protein folding/unfolding.

In Fgure 9, the increese in energy during unfolding is
shown. In the inst we show the same for the mean
square radius of gyraion. It is intereing to note the
oxillatory dynamics, aso recorded for topologica con-
tact formation in Fgure 8 Such ogdllations seem to
indicate that the polymer, when unfolding, faces a bar-
rier. Note that oscillaions in the energy and in the mean
suare radius ae lager for folding. Of course these
oxillations may be very much dependent on the effec-
tive potentids used in this sudy. They indicae the
presence of bariers dong folding and unfolding, except
that there seem to be more bariers during folding and
dso the pathway seems to be more complicated. In par-
ticular, the dynamics during folding shows considerably
more ogdllaions in the find dage of folding, which is
relatively smooth for unfolding.

Given the complexity of the red proteinfolding
problem, the ability of such a minimdis modd to cap-
ture many of the essentid features of protein folding is

CURRENT SCIENCE, VOL. 82, NO. 2, 25 JANUARY 2002
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quite interesting. The present study suggests that it may
be possible to obtain the qualitative information on
folding mechanism, folding rates and also about the
stability, by modelling the more complex proteins in a
similar way.

Future studies will explore the sensitivity to the po-
tential employed and also focus on generalizing the set
of potentials to accommodate more realistic potentials.
Also, we have not made any study of the formation of
the specific contacts that characterize the native state.
Work in this direction is under progress.
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