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Abstract

This paper reviews a recently developed method for calculating the total conformational free energy of a solute
macromolecule in water solvent. The method consists of a relatively short simulation by molecular dynamics with

Ž .explicit sol̈ ent molecules ES to produce a set of microstates of the macroscopic conformation. Conformational
internal solute energy and entropy are obtained from the simulation, the latter in the quasi-harmonic approximation

Ž .by analysis of the covariance matrix. The implicit sol̈ ent IS surface energy]dielectric continuum model is used to
calculate the average solvation free energy as the sum of the free energies of creating the solute-size hydrophobic
cavity, of the van der Waals solute]solvent interactions and of the polarization of water solvent by the solute’s
charges. We have earlier applied this method to calculate the conformational free energy of native and intentionally

Ž .misfolded globular conformations of proteins the EMBL set of deliberately misfolded proteins , and have obtained
good discrimination in favor of the native conformations in all instances. These results are summarized and further
analyzed to show that, on average, three major component terms of the free energy all contribute in favor of
discrimination. We discuss possible improvements of the ESrIS method. It is shown how the force field can be made
self-consistent by adapting the parameters for calculation of surface and polarization free energies closely to the
molecular mechanics force field used in the dynamics simulation, using established simulation methods to compute
free energies for cavity formation and a charging process with the molecular mechanics force field to provide a set of
Ž .quasi-experimental reference data that can be used to refine the parameters of the continuum models. The

˚2Ž .molecular surface area together with a microscopic surface free energy near 70 calr mol A is found to be a
consistent descriptor of the cavity free energy. Preliminary results indicate that a linear-response approximation for
the polarization of water solvent reaction near typical polar and charged protein groups is accurate to within
approximately 90%. Q 1999 Elsevier Science B.V. All rights reserved.

Keywords: Misfolded proteins; Conformational free energy; Implicit solvation; Continuum dielectric; Molecular dynamics

U Corresponding author.
1On leave from the Novosibirsk Institute of Bioorganic Chemistry, Novosibirsk, 630090, Russia.

0301-4622r99r$ - see front matter Q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S 0 3 0 1 - 4 6 2 2 9 8 0 0 2 3 0 - 0



( )Y.N. Vorobje¨, J. Hermans r Biophysical Chemistry 78 1999 195]205196

1. Introduction

The goal of distinguishing between different
conformations of macromolecules in terms of a
free energy based on a strictly physical potential
has been elusive. While free energy perturbation
methods, based on microscopic simulation of a
macromolecule with explicit solvent, may in prin-
ciple be suitable, this in practice meets with tre-
mendous difficulties due to the large molecular
size, the need to sample adequately over solvent
and solute conformations and properly evaluate

w xlong-range electrostatic interactions 1,2 . This
paper reviews an approach that combines explicit

Ž . Ž .sol̈ ent ES and implicit sol̈ ent IS models to
the calculation of the conformational free energy
of a macromolecule in aqueous solution that has

w xbeen recently presented elsewhere 3 . The ESrIS
method uses a microscopic simulation with ex-
plicit solvent in order to provide a representative
sample of microstates of a given macroscopic
conformation. The free energy is evaluated with
an accurate expression for the free energy of a
macromolecular solute in a solvent, in terms of
the solute’s average solvent-mediated energy and
a conformational entropy that accounts for the
solute’s internal degrees of freedom. We have
shown that by this approach we were able to
distinguish incorrectly folded conformations of a
series of proteins from the corresponding correct

w xfolds 3,4 . In this paper, we analyze in more
detail the components, which are evaluated as
part of the total conformational free energy in
the ESrIS method.

In the following section we review the formula-
tion of ESrIS. Following this, we review the re-
sults on the incorrectly folded proteins, and pre-
sent some results regarding the models used to
evaluate the hydrophobic solvation free energy
and of the implicit solvent continuum dielectric
model.

2. Formulation of the ESrrrrrIS method for
calculating conformational free energy

An accurate calculation of the free energy of a
macromolecule in an aqueous solution requires
evaluation of the partition function and thus the

w xvolume of accessible phase space 1,2,5,6 . While
it is possible to estimate the free energy of a
structurally highly organized system from the re-
sults of a simulation, the same is not true for the
solvent. To avoid the difficult problem of properly
sampling solvent configuration, we have adopted
an implicit description of solvation, and thereby
obtained a partition function of the solute in
which the interactions with the solvent are repre-

Žsented through a solvation potential a potential
.of mean force that depends explicitly on the

solute’s coordinates.
The partition function, Z of a solute molecule

Ž . Ž .coordinates x in a solvent coordinates y can be
written as the ratio of the partition functions for

Žsolution and pure solvent systems containing
. w xidentical numbers of solvent molecules 7 , i.e.

� w Ž . Ž . Ž .x4dx dy exp yb U x qU x,y qU yH H m m,s s,s

Zs
w Ž .xdy exp ybU yH s ,s

Ž .1

Ž .Here U x is the intra-molecular potential en-m
Ž .ergy, U x,y is the potential energy of the so-m,s

Ž .lute]solvent interactions and U y is the poten-s,s
tial energy of the solvent]solvent interactions.
This can be rewritten as a partition function with
solvent-mediated interactions between atoms of

w xthe solute molecule 8,9

� w Ž . Ž .x4 Ž .Zs dx exp yb U x qDW x 2H m

w Ž . Ž .xwhere the sum U x qDW x presents an ef-m
fective configurational energy, and

w Ž .xexp ybDW x

� w Ž . Ž .x4dy exp yb U x,y qU yH m,s s,s
Ž .s 3

w Ž .xdy exp ybU yH s ,s

Ž .Here DW x is the free energy of solvation of
the solute molecule with conformation x. Con-
sidering scaled molecule]solvent interaction with
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coupling parameter l, the solvation free energy
Ž .DW x can be written in the framework of the

free energy perturbation method

1

Ž .DW x s dlH
0

Ž . � w Ž . Ž .x4U x,y dy exp yb lU x,y qU yH m,s m,s s,s

� w Ž . Ž .x4dy exp yb lU x,y qU yH m,s s,s

Ž .4

and this provides an expression suitable for a
microscopic simulation. Considering a three-step
sequential ‘turning on’ of different types of so-

Ž .lute]solvent interactions in Eq. 4 , one sees that
Ž .the solvation free energy DW x can be decom-

w xposed into parts 10]13 , namely, G , the freecav
energy of creating the empty solute-sized cavity in
the solvent, G , the free energy of inserting thes,vdw
solute molecule into the solute-sized cavity, i.e.
turning on the van der Waals interactions between
the solute atoms and the solvent molecules, and
G , the free energy of solvent polarization, i.e.pol
the excess free energy of charging the solute
atoms in the solvent from charges set to zero to
their regular values, the excess being relative to
the same process in vacuo, i.e.

Ž .DWsG qG qG 5cav s,vdw pol

Ž .where the terms in Eq. 5 describe elementary
physical processes that can be treated individu-
ally.

Finally, presenting all phase space of a solute
molecule as a sum of sub-spaces A,B,.., each of
which describes a distinct macroscopic solute con-

Ž .formation, it follows from Eq. 2 that the free
energy A of a solute molecule in a macroscopicA
conformation A can generally be presented in
terms of average configurational energy and en-
tropy over the molecular degrees of freedom x

² Ž .: ² Ž .: Ž .G fA s U x q DW x yTS 6A AA A m conf,A

²:where denotes an average over micro-con-A

figurations of the conformation A, U representsm
the intra-protein conformational energy and S isA
the entropy of the conformation A.

Ž .The solvation free energy DW x is written as a
sum of terms for cavity formation, solute]water
van der Waals interactions and electrostatic
polarization of solvent by the polar components

Ž .of the solute. As a result, Eq. 6 becomes

² : ² :G fA s U q U yTSA AA A m,sh m,coul conf,A

² : ² : ² : Ž .q G q G q G 7A A Acav s,vdw pol

where the intramolecular potential energy Um
Žhas been represented as a sum of short-range i.e.

.angle deformation and van der Waals terms,
U and electrostatic Coulombic interactions,m,sh
U .m,coul

In the ESrIS method, a representative set of
microscopic configurations x of a solute in aA,i
solvent is generated by MD simulation with ex-
plicit solvent along a relatively short trajectory
Ž . Ž .50]100 ps . Of the six terms in Eq. 7 , three,

² : ² : ² :namely U , U and G are accu-m,sh m,coul s,vdw
mulated as averages during the molecular dy-
namics simulation. The free energy of van der
Waals interactions between solute and solvent,
G can be accurately approximated by the po-s,vdw

w xtential energy of these interactions 14 , Us,vdw
which can be calculated easily during a molecular
dynamics simulation.

Ž .G sU 8s,vdw s,vdw

ŽPerturbation theory of liquid structure provides
a theoretical justification that liquid structure un-
dergoes negligible changes during the process of
‘switching on’ the van der Waals forces between

w x .solute and solvent 15 .
The entropic term, TS is estimated in theconf,A

harmonic approximation from the covariance ma-
trix of the positional fluctuations during the dy-

w xnamics trajectory 3,16]20 . This term pertains
only to the conformational fluctuations of the
solute molecule, and is not to be confused with
the total entropy.

Finally, the remaining two terms, the free en-
ergy for formation of the cavity G and the freecav
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energy of solvent polarization, G , which arepol
difficult to estimate by microscopic simulations,
are found with models in which the solvent is
treated implicitly with an appropriate physical
model, as a continuum. As will be discussed, the
free energy for formation of the cavity is well
approximated with a term given by the product of
the molecular surface and a microscopic surface
tension and the free energy of solvent polariza-
tion, G is found by modeling the solvent as apol
continuum dielectric, with Poisson’s equation.
These two terms are calculated for a set of evenly
spaced conformations from the trajectory. A
molecular surface is computed with the SIMS

w xprogram 21 , which is smooth, invariant to rota-
tion and translation and tessellated more uni-
formly than the molecular surface produced by
Connolly’s program. The continuum dielectric
model is evaluated with use of an adaptive multi-

Ž w x.grid boundary element method FAMBE 22 .
wThe SIMS and FAMBE programs are avail-

Žable from the authors on request vorobjev@
. Žfemto.med.unc.edu or via the internet http:rr

femto.med.unc.edurSIMS and http:rrfemto.
. xmed.unc.edurFAMBE .

As was already mentioned, we have found the
ESrIS method to reliably discriminate the cor-
rectly folded protein from deliberately misfolded

w xstructures in the EMBL data base 3,4 . Averag-
ing over microstates enhances the accuracy of the
free energy estimation for the macroscopic con-
formation. Our results show the solvation free
energy to be a significant part of the total confor-
mational free energy. The success of the ESrIS
method is determined by the accuracy and stabil-
ity of the molecular dynamics model and on the
efficiency, accuracy and stability of the methods
used to calculate the molecular surface of the
solute and for solution of the Poisson equation in
the dielectric continuum model.

3. Application to misfolded proteins

3.1. Free energies of the EMBL set of misfolded
protein structures

We have applied this new method of free en-
ergy calculation to the so-called EMBL set of

deliberately misfolded protein structures. These
misfolded protein models had been generated by
selecting pairs of proteins with known structures
with equal number of residues. Using the back-
bone conformation of the X-ray crystal structures,
the sequences were swapped and the side chain
structure optimized using a fast Monte Carlo
algorithm with a simple energy function. The
misfolded models had then been subjected to 500
steps of steepest descent energy minimization.
The models were named AAA-on-BBB, where

Ž .AAA is the Protein Data Bank PDB identifier
for the sequence and BBB is the PDB identifier

w xof the backbone coordinates 4 .
Ž .The terms of the total free energy Eq. 7 have

been calculated for families of the native and
misfolded structures. In all cases the calculated
conformational free energy, G is lowest for theA
native fold, i.e. with this formulation of the free
energy, each native structure is, correctly, found
to be more stable than misfolded structures of the

w xsame sequence 3 .
Fig. 1 shows how in one case the total confor-

mational free energy varies along the equilibrium
trajectories for native and two misfolded struc-
tures; it is obvious that the differences in the
mean values of the free energy, which for this
case are 141 and 138 kcalrmol, are highly sig-
nificant. The total free energy difference between
the native folds and the different misfolded mod-
els varies between 11 and 190 kcalrmol.

It is interesting to separate the contributing
Ž .terms into classes: i The electrostatic term, which

is the sum of the internal Coulomb energy and
the polarization free energy, U qG , favorsm,coul pol

Ž .the native conformation in all but two cases. ii
The cavity term, which is the sum of the cavity
free energy and the solvent]solute energy, G qcav
U , favors the native state in all but one case.s,vdw
Ž .iii The local packing energy, which is the sum of
the energy for geometry deformation and the
intramolecular van der Waals energy, U qgeom

Ž .U is found to always favor the native fold. ivm,vdw
The free energy term related to the protein con-
formational mobility, yTS , favors the nativeconf
fold structure in only a single instance, but makes
a very small contribution to the free energy dif-
ference between native and misfolded structures.
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ŽFig. 1. Total free energy along molecular dynamics trajectories for the protein 2ci2 native conformation, filled circles and solid
. Ž . Ž .line , and misfolded conformations 2ci2-on-2cro open circles and dashed line and 2ci2-on-1sn3 open squares and dotted line .

4. Discussion

We wish to conclude with some comments
about the method and its contributing factors,
regarding the validity of various assumptions on
which the ESrIS approach is based and to the
possibility of improving the accuracy of the free
energy estimate.

As we have seen above, three of the four dif-
ferent terms contribute to the discrimination
between native and misfolded conformations. The
small conformational entropy term is the excep-
tion, and this may correspond to the fact that our

Žtreatment of this term has not been complete see
.below . The term representing the internal pack-

Ž .ing iii above discriminates correctly in all cases
investigated. However, one should consider this
correlation as no more than an incidental result,
that may reflect the manner in which the mis-
folded conformations were prepared. The confor-
mational free energy is a unique measure of
stability; the problem in the past has been that
this could not be estimated with sufficient accu-
racy, but this has been overcome with the ap-
proach used here. The most excellent correlation

can not justify using a component of the free
energy in order to replace the whole.

Analysis of known protein structures has pro-
vided heuristics that can be used as an alternative
to a physics-based potential in order to score
alternative folded structures of the same polypep-

w x Žtide chain 23]26 . The use of these scores we
deliberately avoid the word ‘potentials’ in connec-
tion with scores based on statistical analyses of

.known protein structures is attractive because
they tend to be based on rather simple models,
and to be rapidly evaluated. Ultimately, the accu-
racy of such scores is determined by how well
they track the conformational free energy, i.e. a
perfect heuristic score should vary monotonically
with the latter. This suggests that it will now be
possible to evaluate the quality of a heuristic
scoring method by computing and comparing the
conformational free energy and the heuristic score
of a wide series of conformations.

4.1. Model parameters

It will be important to optimize the accuracy of
the model used to compute the conformational
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free energy. We propose that this can be done by
following the principle of self-consistency that
was enunciated some time ago by Lifson as a rule
to use in the development of empirical or semi-
empirical force fields. In our application on mis-

Ž .folded proteins, the terms in Eq. 7 have been
computed using independent parametrizations for

Ž .three models: i the molecular mechanics force
Ž .field used in the dynamics simulations; ii the

parameters used to calculate the free energy of
Ž .cavity formation; and iii the parameters used in

the evaluation of the continuum dielectric model.
These three parameter sets have been established
independently with reference to different sets of
experimental data. A way should be sought to
confine the model to a self-consistent set of
parameters.

We propose to achieve this using the molecular
mechanics model as the reference. This model is
complete, in the sense that it can be used to

Ž .reproduce with varying accuracy any physical
property not involving bond breaking and making
and similar properties that require treatment with
quantum mechanics. The molecular mechanics
force field includes models of water molecules
that allow the simulation of liquid water and
aqueous solution, and techniques to compute free
energies for cavity formation and solvent polar-
ization with use of this model are well es-
tablished. Therefore, it is possible to make the
optimum choice of parameters for cavity forma-
tion and solvent polarization with a continuum
model of solvent, by requiring agreement with
free energies computed with the all-atom, molec-
ular mechanics model, on the basis of a reference
set of molecules. The accuracy of the method will
then be determined by what is arguably the best
currently available model. Of course, if that model
is changed for the sake of greater accuracy, then
the parameters used for the continuum models
also will have to change.

4.2. Ca¨ity term

Experimental data, microscopic simulations on
small systems and scaled particle theory show
consistently that the cavity free energy changes

w xlinearly with the surface S of the cavity 27]36

Ž .G fg S 9cav micro

The proportionality factor, g is a microscopicmicro
surface tension. It remains to determine an opti-
mum choice for the proportionality between sur-
face area and cavity free energy.

Simulations with an explicit water model show
the free energy of creating an uncharged ‘bubble’
in an aqueous solution to be proportional to the
macroscopic surface of the cavity, with an interfa-
cial surface tension similar to the experimental
gas-solvent surface tension, g for bubblesmacro

w xwell exceeding a water molecule in size 37 .
The value of the microscopic surface free en-

ergy, g used to compute G is smaller be-micro cav
cause, on a molecular scale, the microscopic sur-
face of an interface is much more irregular and
somewhat larger than the corresponding macros-
copic surface. For planar atomic arrays of densely
packed van der Waals atomic spheres either in
contact or inter-penetrating up to 30%, one finds
the smooth macroscopic surface to be smaller
than the irregular microscopic surface by a factor
of approximately 0.66. Correspondingly, the mi-
croscopic surface free energy should be smaller
than the macroscopic surface tension of water by

Žthe same factor. With g equal to 102 calr molmacro
˚2 ˚2. Ž .A , this gives a value of 67 calr mol A for
g , in good agreement with the estimate of 70micro

˚2Ž .calr mol A that has been found to optimize the
correlation between the results of free energy
estimates and experimental data for stability and
protein]protein binding of mutant proteins
w x38,39 .

The consistency of the molecular mechanics
force field and the continuum model in reproduc-
ing the cavity term is demonstrated by the agree-
ment between the distance dependence of DGcav
for a pair of methane molecules in continuum
solvent and of potentials of mean force from
Monte Carlo and MD simulations in explicit sol-

w xvent, Fig. 2 40,41 .

4.3. Sol̈ ent polarization

The term for the solvent polarization, G andpol
the intra-protein electrostatic energy, U makem,coul
very large contributions to the total conformatio-
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Fig. 2. The solvent-induced potential of mean force between two methane molecules in water. v, the ESrIS method; `,^,
w x w xmicroscopic simulations via Monte Carlo simulation 40 , and via molecular dynamics 41 .

nal free energy. In addition, we have found a
large anti-correlation for all studied proteins and
conformations along their MD trajectories, simi-
lar to what was observed in a simulation of a

w xpentapeptide in explicit water solvent 42 . Thus,
consistency of the models used to compute these
two terms is highly desirable.

The polarization free energy can be identified
with the work done in a charging process in which

Ž .the charges, q of the protein superscript 1 are
gradually ‘turned on’ by multiplication with a

Ž .factor l lying between 0 and 1 , as a result of
Ž .which the solvent superscript 0 is polarized. This

can be written in terms of a polarization-related
potential, V , or in terms of summation overpol
explicit solute]solvent Coulomb terms

1 1² Ž .:G s dl lq V r lÝHpol i pol i
0 i

q0
1 j1² : Ž .s dl lq 10Ý ÝH li rij0 i j

This expression is used to compute G in simu-pol
lations with thermodynamic integration or pertur-

bation, and has been applied to numerous small
w xmolecules 6,30,43]48 . For a small solute

molecule simulation times of 100 ps are needed
w xto attain a sufficiently precise answer 47 , and

this is more for larger solutes. Fig. 3 shows con-
vergence of the polarization free energy of a
dipeptide from simulations in aqueous solution.
Similar calculations for a molecule the size of a
protein clearly require a large computational ef-
fort.

Faster calculation of the polarization free en-
ergy can be made with one or both of two approx-
imations, the linear response model and the
macroscopic electrostatic model. With a linear

w xresponse approximation 15 , V varies linearlypol
with the extent to which the charges are turned
on,

Ž . Ž . Ž .V l slV ls1 11pol pol

Ž .It then follows with Eq. 10 that

1 2 1Ž . ² Ž .: Ž .G l s l q V r 12aÝ ls1pol i pol i2
i
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Fig. 3. Reproducibility of values of the polarization free energy computed via slow charging as a function of simulation time for
Ž y q q.dipeptides Ace-X-Nme in explicit SPC-water XsGly, Ala, Val, Glu , Lys , Arg . ^, Polar groups; and v, charged side chain

groups.

1 1² Ž .:G s q V rÝ ls1pol i pol i2
i

q0
j1 11 0,1² : Ž .s q s U 12bÝ Ý ls1i C2 2riji j

i.e. when a linear response model holds, the
polarization free energy is one-half the
solute]solvent Coulomb energy. When this is as-
sumed to hold, the polarization free energy can
be estimated from simulations for a single solute
molecule charge distribution, and there is no need

w xto explicitly perform the charging process 48]50 .
Even then, the solvent potential V in a simula-pol
tion of lysozyme in explicit solvent showed slow

w xconvergence 51 , and low precision achieved in
practice may outweigh the higher accuracy
achievable in principle, relative to use of a contin-
uum dielectric model.

In a majority of molecular dynamics simula-
tions of polar and charged molecules a linear

w xresponse was observed 30,43]48 . Apparently, it
is sufficient for the solute’s partial charges to not

exceed 1 e, and for the electrostatic field near the
˚Ž . w xsolute surface not to exceed 50 kTr e A 46 .

Fig. 4 shows the results of simulations of dipep-
tides with charged and polar groups held in fixed
conformations. The solute]solvent electrostatic
energy is found to be reasonably closely propor-
tional to l2, as is expected on the basis of a linear

Ž .response model, Eq. 12a , and these results pro-
vide a basis for use of models in which the solvent
is treated as a continuum dielectric with linear
polarization.

ŽAccording to results of these simulations data
.not shown , equating one-half the solute]solvent

Coulomb energy computed in simulations at full
charge with the polarization free energy, which is

w Ž .xcorrect for the linear response model Eq. 12b ,
overestimates the polarization free energy by 20%
for a polar group and underestimates it by 10%
for charged groups. These relative errors trans-
late into absolute errors of approximately 1
kcalrmol for polar groups and 10 kcalrmol for
charged groups, and hence, the use of the linear
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w Ž .xFig. 4. The polarization free energy computed via the slow charging method Eq. 10 as a function of the square of the fraction of
Ž . Ž . qŽ . yŽ .charging, l, for dipeptides Ace-X-Nme, where XsGly ` , Ala I , Lys ' and Glu B .

response model can easily introduce relatively
large errors.

It remains to be seen if these errors can be
smaller with use of a continuum dielectric model.
The polarization free energy computed with the
continuum dielectric model that we have used
depends on parameters, namely, the atomic par-
tial charges, and the atomic radii and the radius
of the solvent molecule which together define the
boundary between the interior of the solute
Ž .where the dielectric constant is low and the

Ž .solvent where the dielectric constant is high . In
accord with the principle of self-consistency of
the force field, the partial charges have been
chosen equal to those used in the molecular
mechanics model, which leaves only the atomic
radii as adjustable parameters. These can be cho-
sen to optimize the consistency of the explicit and
implicit models, with use of a test set of molecules
Ž .including some macromolecules in a number of
conformations, for which precise polarization free
energies can be computed via a charging process
w Ž . Ž .xcf. Eqs. 12a and 12b . This test set then re-

places the sets of experimental solvation free
energies that have traditionally served as refer-
ence for optimization of the parameters of cont-

w xinuum dielectric models 11,43 .

4.4. Macromolecular entropy

In the calculations reported here, the free en-
ergy term related to the protein conformational
mobility, yTS makes only a small contribu-conf

w xtion 3 to the total conformational free energy of
Ž .Eq. 7 . This is not unexpected, as only a small

fraction of the modes correspond to global mo-
tions, and only these can be expected to depend
significantly on the overall molecular fold
w x3,16,17,52 . Because of computational limitations,
the mobility of only the C a atoms was used in the
analysis. It remains to be determined if this is
sufficient, or if the mobility of other atoms should
be included. In particular, the freedom of side
chains to assume multiple conformations may
have to be represented. As a first step, this may
be done explicitly by assessing the freedom of
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surface-exposed side chains to assume different
conformers in terms of an absence of bad con-
tacts with other parts of the protein.

Improvements of the accuracy of the conforma-
tional free energy calculated with the ESrIS
model, and application to other problems of bio-
logical structure are the subject of ongoing work.
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