
Abstract. An e�ective approach for evaluating folding
free-energy surfaces of explicit all-atom models is
developed and examined. This approach is based on
using the potential of a simpli®ed protein model as a
reference potential for calculating the free energy of the
corresponding explicit model. Preliminary results are
presented for the folding free energy of a 12-residue
helix. The potential of the method for studies of protein-
folding processes is discussed, emphasizing the ability to
determine the di�erence between the results of simpli®ed
and explicit models. This can help in establishing the
validity of simpli®ed folding models.
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1 Introduction

Many current simulations of protein folding involve the
use of a simpli®ed representation where each sidechain is
replaced by a single interaction center [1±6]. While this
representation is extremely e�ective, one would like to
know what features of the folding process are missing in
such a seemingly oversimpli®ed approach. One way to
address this question is of course to try to use an explicit
all-atom model [7±9], but this approach is extremely
expensive and is not yet practical for all but small
proteins.

In this work we develop an approach that allows one
to explore the question of the relationship between the
simpli®ed and the all-atom model and also provide an
e�ective way of evaluating the folding free-energy sur-
face of all-atom models. Our approach is based on the
use of a simpli®ed model as a reference potential and
then using the di�erence between the all-atom and
simpli®ed potentials to obtain the all-atom free energy.
This approach is similar in some respects to the clas-
sical quantized path approach used by us in studying

quantum mechanical nuclear e�ects in chemical reac-
tions in condensed phases [10, 11]. The present paper
formulates our approach and presents preliminary re-
sults that explore its e�ectiveness. This is done by
evaluating the free-energy curve for the folding of a 12-
residue helix.

2 Methods

As seen from Fig. 1, a protein molecule can be represented by an
explicit model and a coordinate set r or a simpli®ed representation
and a coordinate set R. The coordinate set R and a set of rigid
rotation coordinates U can be used to generate the coordinate set r.
The potential surfaces (force ®elds) that correspond to the simpli-
®ed and the explicit representations will be referred to here as Usp

and Vep, respectively. Now it is quite practical to use Usp to estimate
the free-energy surfaces for the folding process. This can be done by
applying a free-energy perturbation coupled with an umbrella
sampling approach. The corresponding free energy will be expres-
sed as [12]

exp ÿbDgsp�X �
� � � exp ÿbDG km� �� � d�X 0 ÿ X �h

� expfÿb�Usp�X 0� ÿ Um�X 0��g
�

m �1�

exp ÿbDG km� �� � �
Xmÿ1
m0�0

ln expfÿb�Um0�1 ÿ Um0 �gh im0 ;

where X is the folding reaction coordinate, b is 1=kBT with kB and T
denoting the Boltzmann constant and temperature, respectively.
The delta function d X 0 ÿ X� � is assigned a value of 1 when X 0 � X ,
and is 0 otherwise. The average . . .h im designates an average over
the Um mapping potential, which is given by

Um � Usp � Vc km� � ; �2�

In the present work the constraint potential Vc km� � is given by

Vc � 1ÿ km� �Kc

ÿ
Rg ÿ Ri

g

�2 � kmKc

ÿ
Rg ÿ Rf

g

�2
; �3�

where km is the mapping parameter, Kc the constraint force con-
stant, Rg the radius of gyration of the protein, and Ri

g and Rf
g are

the initial and ®nal constraint radii of gyration, respectively. The
initial constraint radius of gyration, Ri

g, is set to that of a native
protein and the ®nal constraint radius of gyration, Rf

g, is set to a
larger value to induce unfolding. During simulation, the value of kmCorrespondence to: A. Warshel
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changes discretely from 0 to 1, thus driving the protein from the
native state to the unfolded state. In this work, we choose the
radius of gyration as the reaction coordinate.

Trying to apply the same approach used in Eq. (1) to obtain the
free-energy function for the folding process in the all-atom repre-
sentation is very demanding and might encounter major conver-
gence problems. Here, however, one may exploit a trick used in
several related problems such as calculations of quantum me-
chanical free energies of reactions in condensed phases [13±15] and
in evaluating nuclear quantum mechanical e�ects in condensed
phases [10, 11, 16]; that is, we consider the cycle of Fig. 2 where the
all-atom free-energy function Dgep X� � is obtained by using Dgsp X� �
and then we evaluate the free-energy changes of moving from Usp

to Vep in selected points along the reaction coordinate.
The free-energy di�erence DDgsp!ep is obtained by

DDgsp!ep X� � � qep X� �
qsp X� � ; �4�

where qep X� � and qsp X� � are the contributions to the corresponding
total partition functions Qep and Qsp from the given X so that
Q � R q X� � dX . For convenience, we will ®rst consider the ratio
between the total partition functions, since the same derivations
can also be applied to Eq. (4).

Qep

Qsp
�
R
dR
R
dr exp ÿbVep R; r� �� �R

dR
R
dr exp ÿbUsp R� �� � ; �5�

where Vsp, the potential for the explicit model, and Usp, the
potential for the simpli®ed models, are, respectively,

Vep�R; r� � V 0mcÿmc�R� � Vsc�r;R� �6a�
Usp�R� � V 0mcÿmc�R� � Usc�R� ; �6b�
where Vsc r;R� � and Usc R� � are the other interactions such as main
chain±sidechain, sidechain±sidechain interactions and others for
the explicit and the simpli®ed models, respectively.

Qep

Qsp
�
R
dR dr exp ÿb V 0mcÿmc R� � � Vsc r;R� �� �� 	R
dR dr exp ÿb V 0mcÿmc�R� � Usc R� �� �� 	

�
R
dR exp ÿbUsp

ÿ �
dr exp ÿb Vsc ÿ Usc� �� �R

dR exp ÿbUsp

ÿ � R
dr

�
Z

dr exp ÿb Vsc ÿ Usc� �� �=
Z

dr
� �

sp

� exp ÿb Vsc ÿ Usc� �� �h ifp
D E

sp
�7�

The notation . . .h ifp represents an average over the coordinates
of explicit atoms in each sidechain with a constraint potential
Vfp � 0 (note that fp designates free potential). The term
exp ÿb Vsc ÿ Usc� �� �h ifp can also be written as

exp ÿb Vsc ÿ Usc� �� �h ifp �
R
dr exp ÿb Vsc r;R� � ÿ Usc R� �� �f gR

dr

� F exp bUsc R� �� � ; �8�
where

F �
R
dr exp ÿbVsc r;R� �� �R

dr

�
R
dr exp ÿbVsc r;R� � ÿ 0� �R

dr exp ÿb0� � � exp ÿbVsc� �h ifp : �9�

Finally we obtain

Qep

Qsp
� exp ÿb Vsc ÿ Usc� �� �h ifp
D E

sp
� F exp bUsc� �h isp : �10�

Returning to Eq. (2), we have

exp�ÿbDgep�X �� � qep�X �
Qep

� Qm

Qep

qep�X �
Qm

� exp�ÿb�Vep ÿUm��

 �

fp

D E
m

� d�X ÿX 0� expfÿb�Vep�X 0� ÿUm�X 0��g

 �

fp

D E
m

:

�11�
Similarly we have

exp�ÿbDgsp�X �� � exp�ÿb�Vsp ÿ Um��

 �

fp

D E
m

� d�X ÿ X 0� expfÿb�Usp�X 0� ÿ Um�X 0��g

 �

fp

D E
m
: �12�

We can also write

DDgsp!ep � Dgep X� � ÿ Dgsp X� � �13�

DDgsp!ep X� �
� d X ÿ X 0� � exp ÿb Vep X 0� � ÿ Usp X 0� �ÿ �� �
 �

fp

D E
sp
: �14�

Since in our simulation, the trajectories are propagated on Um
instead of on Usp, our ®nal equation is

DDgsp!ep X� �

�
d X ÿ X 0� � exp ÿb Vep X 0� � ÿ Usp X 0� �ÿ �� �
 �

fp

D E
m

d X ÿ X 0� � exp ÿb Usp X 0� � ÿ Um X 0� �ÿ �� �
 �
fp

D E
m

: �15�

Fig. 1. A schematic illustration of the relation between the
simpli®ed and the explicit models. R and r indicate the coordinates
of the simpli®ed and the explicit models, respectively

Fig. 2. The thermodynamic cycle used to calculate the folding free
energy Dgfold. The free energy change Dgsp from the unfolded to the
folded simple model is calculated by the free-energy perturbation
method. The free-energy changes DDg�f�sp!ep and DDg�u�sp!ep are
obtained by umbrella sampling over X , the reaction coordinate
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For convenience, we used the radius of gyration as the reaction
coordinate X in our simulation, but it should be noted that other
choices of reaction coordinates can also be used in our approach.
The simpli®ed protein model originally introduced by Levitt and
Warshel [1, 17] was used with some modi®cations in our simula-
tions. In this model, the sidechain groups are approximated by
e�ective van der Waals spheres while the atoms of the backbone are
treated explicitly. The sidechain atoms interact with each other
through an 8±6 interaction [1, 17], The original nonbonded pa-
rameters were further re®ned by the BFGS optimization [18±21].
The parameters were re®ned by minimizing the root-mean-square
deviations between the calculated and observed values of both the
atom positions and the protein sizes, i.e., the radii of gyration. The
optimized nonbonded parameters are given in Table 1. The free-
potential (fp) mapping of the all-atom representation was done by
varying the torsional coordinates of the sidechains, while keeping
the bond lengths and bond angles their standard values. The force
®eld of the explicit all-atom model involves the standard ENZY-
MIX parameters [22] except that the nonpolar hydrogens were
considered in the united atom representation. The e�ect of the
solvent was considered implicitly by using the noniterative Lan-
gevin dipoles solvent model [23]. This model also includes a ®eld-
dependent hydrophobic term. The Langevin dipole solvent model
was used for both the explicit and simpli®ed protein models. The
addition of the Langevin dipole model to the simpli®ed-potential
model is expected to change the folding energy but to have a
smaller e�ect on the folded structure. Thus we kept the parameter
sets that were obtained without the Langevin dipole model and
these were re®ned using only structural information. A more con-
sistent parametrization procedure that will include the simpli®ed-
potential and Langevin dipole model is left for subsequent studies.

3 Results

To examine the e�ectiveness of our approach we took as
a test case the folding of a 12-mer helix, Gly-Trp-Glu-
Ile-Pro-Glu-Pro-Tyr-Val-Trp-Asp-Glu. As a ®rst stage
we performed simulations using the simpli®ed model.
The simulations involved trajectories of 1fs-time steps at

300 K and a total time of 2 ns. The free-energy curve
Dgsp�X � of the simpli®ed model was obtained using
Eq. (1) changing k from 0 to 1 in 11 steps and is shown in
Fig. 3. As seen from the ®gure a reasonable behavior is
obtained when the folded form is at a lower free energy
than the unfolded form. It should be noted that, except
for the use of the size-constraint potential given by
Eq. (3), no other constraint force was used to drive the
conformational change of the 12-mer helix. The main
challenge of the present work is not the evaluation of
Dgsp�X � but the evaluation of the corresponding free
energy of the explicit model. The simulations were
averaged over four runs and the corresponding results
are given in Fig. 3. Our ability to evaluate the energy of
the explicit model was examined using Eq. (11) with Usp

as a reference potential (the resulting free energy is
Dg�11�ep ) and by a direct mapping of the explicit all-atom
potential (the resulting free energy is Dgdir

ep ). Both
simulations were done with the same conditions as
those used for the simpli®ed model. The result of the
simulations is shown in Fig. 4 . Although the simulations
of Dg�11�ep and Dgdirep are not identical they do show
similarity that should be improved with better conver-
gence. These results are obviously quite preliminary and
are meant mainly to introduce our mapping idea.
Nevertheless, these preliminary results illustrate the
potential of the present approach in evaluating the
free-energy surface of folding processes.

4 Concluding remarks

The present work develops a new approach for calcu-
lations of the folding free energies of all-atom protein
models. This new approach is based on using the
potential of a simpli®ed protein representation as a
reference potential for calculating all-atom free energies.
The use of the simpli®ed reference potential allows one
to speed up the calculations in a substantial way. Here
we take advantage of the fact that the free energy
associated with large conformational change can be
evaluated in two steps. First we estimate the energetics
of moving from the initial to the ®nal regions of the

Table 1. Optimized nonbonded parametersa

Amino acids r0 e0

A 2.8 0.05
L 3.5 0.21
I 3.8 0.21
C 3.1 0.10
M 3.8 0.21
P 3.4 0.39
F 4.1 0.16
Y 4.2 0.45
D 3.4 0.21
N 3.3 0.21
T 3.4 0.16
R 4.1 0.39
K 3.8 0.27
G 2.3 0.03
V 3.5 0.16
W 4.4 0.45
E 4.4 0.27
Q 3.7 0.27
H 3.8 0.33
S 2.9 0.10

a The simpli®ed nonbonded potential for interaction between pro-

tein residues is given by the 8-6 potential, i.e., eij 3
r0ij
rij

� �8
ÿ 4

r0ij
rij

� �6� �
;

where e0ij �
��������
e0i e

0
j

q
and r0ij �

��������
r0i r0j

q
Fig. 3. The free-energy curve Dgsp�X � as a function of Rg
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landscape using the simpli®ed potential. Next we
evaluate the free energy associated with moving from
the simpli®ed to the explicit potential in the initial and
®nal regions. The ability to map from the simpli®ed to
the explicit potential should o�er the option to examine
the relationship between both approaches. In particular
it would be exciting if we ®nd that the change from the
simpli®ed to the explicit representation does not lead to
a major change in Dg�X �. This would help examine the
range of validity of the simpli®ed representation and to
establish to e�ect of the detailed structure of the
sidechains. Our method has been examined in a
preliminary way by considering the free-energy curve
for the folding of a 12-residue helix. This study
demonstrates the main feature of the method and its
potential for folding studies. Obviously more extensive
studies of the folding of proteins rather than a single
helix are essential in order to determine the range of
applicability of the method and such studies will be
reported in the future.

The present approach can help in providing better
parameters for the simpli®ed representation. This can be
done by ®nding parameters that minimize the di�erence
between Dgsp and Dgep. Furthermore, our model can
provide an e�ective tool in rational drug design; that is,
calculations of protein±ligand interactions involve major
sampling problems, and require very long simulation
times in order to obtain converging results by all-atom
models (see discussion in Ref. [24]). This problem can be
reduced by evaluating ®rst the binding free energy using
a simpli®ed model for both the protein and the ligand,
and then calculating the binding free energy of the
explicit model using the present approach.
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Fig. 4. The free energy curve Dgep�X � (solid line) obtained by
Eq. (11) �Dg�11�ep � and the corresponding curve (dashed line) obtained
by direct mapping of the explicit model (Dgdirep ) as a function of Rg

of the simpli®ed model. The ®gure also includes the curve Dgsp�X �
(dotted line). The error range of the calculations is approximately
3 kcal/mol
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