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Abstract Protein structure prediction remains an un-
solved problem. Since prediction of the native structure
seems very difficult, one usually tries to predict the
correct fold of a protein. Here the “fold” is defined by
the approximate backbone structure of the protein.
However, physicochemical factors that determine the
correct fold are not well understood. It has recently been
reported that molecular mechanics energy functions
combined with effective solvent terms can discriminate
the native structures from misfolded ones. Using such a
physicochemical energy function, we studied the factors
necessary for discrimination of correct and incorrect
folds. We first selected correct and incorrect folds by a
conventional threading method. Then, all-atom models
of those folds were constructed by simply minimizing the
atomic overlaps. The constructed correct model repre-
senting the native fold has almost the same backbone
structure as the native structure but differs in side-chain
packing. Finally, the energy values of the constructed
models were compared with that of the experimentally
determined native structure. The correct model as well
as the native structure showed lower energy than mis-
folded models. However, a large energy gap was found
between the native structure and the correct model. By
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decomposing the energy values into their components, it
was found that solvent effects such as the hydrophobic
interaction or solvent shielding and the Born energy
stabilized the correct model rather than the native
structure. The large energetic stabilization of the native
structure was attained by specific side-chain packing.
The stabilization by solvent effects is small compared to
that by side-chain packing. Therefore, it is suggested
that in order to confidently predict the correct fold of a
protein, it is also necessary to predict correct side-chain
packing.
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Introduction

Phrases such as ““protein structure prediction is one of
the most important but unsolved problems in the field of
molecular biology” are already classical, but they still
hold true. These statements refer to the cases when there
is no apparent homology between the sequence of a
protein of unknown structure and sequences of known
structure. The ultimate goal of the protein structure
prediction problem is the prediction of the native
structure which is defined by both the backbone and
side-chain conformations. It is believed that the native
structure of a protein is of the lowest energy confor-
mation. Therefore, given the correct energy function,
predicting the native structure is equivalent to finding
the conformation with the lowest energy. Since finding
the global minimum conformation seems very difficult,
one often tries to predict the native “fold” of a protein.
Although the definition of a “fold” is in general artifi-
cial, it is usually interpreted as a set of similar backbone
structures of proteins. A problem arises when one tries
to find the native fold because a structure with the native
fold is not necessarily the same as the native structure,
and therefore there are no known physical factors that
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determine the native fold. For the prediction of the
native fold, coarse-grained protein models, in which
residue-wise interactions are taken into account, are
often used. Then the fold at the minimum of such resi-
due-wise interaction potentials is assumed to be the
native fold. Threading in general and some ab initio
methods utilize such a strategy, but their success
is currently limited. Typical residue-wise interaction
potentials are derived from structural databases (Sippl
1995). Not only because the structural databases contain
the sources of errors and noises, but also because the
functional form of the potential depends on one’s intu-
ition, it is often difficult to identify what is wrong with
the potentials, which in turn makes it difficult to improve
them. It is therefore preferable to use more physically
well-grounded potential functions. Although the “true”
potential function is difficult to know, the conventional
molecular mechanics force fields should be the best
possible choice.

Since the pioneering work by Novotny et al. (1984), it
has widely been believed that the molecular mechanics
energy function is unable to discriminate the native
structure from the misfolded ones. However, some
authors recently have begun to claim that a molecular
mechanics energy function combined with a hydration
term can discriminate the native structure from the
misfolded structure. Janardhan and Vajda (1998)
investigated the use of a molecular mechanics energy
function combined with solvation and entropic terms for
selecting near-native structures among homology-based
models. They showed that the solvation and molecular
mechanics energy terms are useful for selecting models
with good side-chain packing and well-built loops,
respectively. Vorobjev et al. (1998) developed an elabo-
rate method to calculate the conformational free energy
of proteins, combining molecular dynamics simulation
with explicit and implicit solvent models. Their method
incorporates conformational entropy as well as the sol-
vation free energy. They applied the method to the
native and misfolded structures of nine small proteins
and found that the native structures always gave lower
conformational free energies than the misfolded ones.
Lazaridis and Karplus (1999b) have developed an
effective energy function that combines the conforma-
tional potential function with a simple solvent model.
Their effective energy function was successful in dis-
criminating the native structures from misfolded struc-
tures and hundreds of decoys (Lazaridis and Karplus
1999a).

In the present study, we investigate the physico-
chemical factors that are necessary for discriminating
between the native folds and misfolds. To do so, we
construct “‘near-native’” models as representatives of the
native (i.e., correct) fold. The backbone structure of a
near-native model is almost the same as that of the
native structure, but its side-chain conformation is
different from that of the native structure. These near-
native models are constructed by the same procedure
as misfolded models. From comparison of the energy

components of the native structure and near-native and
misfolded models, it became possible to identify the
factors that are necessary for the prediction of the native
fold.

Materials and methods

Force field

For the energy minimization of all-atom models, we used the
AMBER all-atom force field (Weiner et al. 1986) with a distance-
dependent dielectric constant (e=2r, where r is the distance
between two interacting atoms) with or without implicit solvent.
We employed the implicit solvent model of Ooi et al. (1987), which
is based on the solvent-accessible surface area. We call this
hydration free energy “OONS.” In order to incorporate the surface
area-based implicit solvent into energy minimization, we used the
analytical method of Richmond (1984) with minor modifications
(Wesson and Eisenberg 1992). For the final evaluation of the total
energy, the electrostatic energy based on the continuum dielectric
model of the protein-water system was used instead of the Cou-
lomb energy with the distance-dependent dielectric constant (see
below).

Decoys

In order to test the general ability of our energy function, we first
apply it to the problem of discriminating the native structure out of
hundreds of decoys. The four-state reduced decoy sets created by
Park and Levitt (1996) were obtained from a web site (http://
dd.stanford.edu/). Each decoy set consists of more than 600 decoy
structures. The structures of the Park and Levitt decoy set were first
energy-minimized for 300 steps using the AMBER potential func-
tion, excluding electrostatic and hydrogen bond terms, with the
positional restraints on the backbone heavy atoms. Another 100
steps of conjugate gradient energy minimization were carried out
using AMBER with the implicit solvent term. We used only three
sets (lctf, 1r69, 3icb) out of the seven sets by eliminating those
having disulfide bonds or iron-sulfur clusters in order to make the
comparison of different structures possible. Also the decoy set for
2cro (434 Cro protein) was not used because it is similar to 1r69
(434 repressor).

Generation of models for correct and incorrect folds

We arbitrarily selected seven proteins of various structural classes
(all o, all p, o/B, and o+ ) which are composed of approximately
100 amino acid residues. These proteins are called “‘target’ proteins
(Table 1) and we construct correctly and incorrectly folded models
of these target proteins. All the protein structures were obtained
from the Protein Data Bank (url: http://www.rcsb.org/pdb/) and
the names of all the proteins in this paper are referred to by their
Protein Data Bank (PDB) codes. The target proteins do not have
disulfide bonds in the structural core. For those having a disulfide
bond (i.e., IrgeA and 1thx), we deleted the disulfide bonds so that
all the cysteine residues are treated in their reduced form. The
backbone structures of correctly or incorrectly folded models of a
target protein were selected using a conventional threading method
in the following manner. Each target sequence was threaded
through structures whose number of residues was larger than that
of the target in a fold library without gaps using the threading
program S3 (Ota et al. 1999). The program S3 employs a sequence-
structure compatibility function which is statistically derived from
a structural database. The compatibility function consists of four
terms: side-chain packing, hydration, local conformation, and
hydrogen bonds. These terms are similar to those of Matsuo et al.
(1995), but local structures are treated in more detail (Ota et al.
1999). The candidates for the predicted structures were selected



Table 1 Target proteins

Target® Nres® Class® Name Ref

1Imb4 92 All o Lambda repressor  Clarke et al. (1991)

ImolA 94 o+ p Monellin Tomic et al. (1992)

Iplc 99 All Plastocyanin Guss et al. (1992)

IrgeA 96 ot p Ribonuclease Sa Sevcik et al. (1993)

1thx 108 o/f Thioredoxin Saarinen et al. (1995)

2hmzA 113 All o Hemerythrin Holmes and Stenkamp (1991)
3chy 128 o/p CheY protein Volz and Matsumura (1991)

#The Protein Data Bank (PDB) codes of the target proteins. The fifth letter, if present, indicates the

chain identifier

® Number of residues of the target protein
¢Structural classification according to the SCOP database (Murzin et al. 1995)

from those giving the top 10 scores. Those candidates are called
“templates” and are listed in Table 2. In order to avoid non-
compact structures, only those proteins whose sequences were
longer than the target by at most five residues were used; the ob-
tained template structures are indeed compact (Table 2).

Since only the backbone atoms are represented explicitly in the
threading, we next have to build the side-chain conformations in
order to apply the molecular mechanics energy function. The model
building was done as shown in Table 3 using the program EM-
BOSS (Nakai et al. 1993), which was originally developed for
structure determination by NMR spectroscopy. EMBOSS can
perform efficient conformational sampling by simulated annealing
mass-weighted molecular dynamics in four-dimensional space
(Havel 1991; Nakai et al. 1993). A random coil was given as the
initial conformation. After the simulated annealing in four-
dimensional space, the weight k4 of the fourth-dimensional energy
is increased to compress the fourth coordinate and to obtain the
three-dimensional structure. From stages 1 to 4 in Table 3, the
distance geometry force field was used, which consists of only local
geometry terms and long-range soft repulsion terms, but with no
attractive term. Positional restraints on all the backbone atoms
were imposed throughout the optimization steps so that the
backbone structure of the model becomes the same as the coarse-
grained model used in the threading. Note that side-chain confor-
mations are determined only by the repulsive term, that is, they are
determined simply by minimizing the atomic overlaps with each
other and with backbone atoms. A residue-based cutoff scheme was
applied. A cutoff length of 6 A was used through the stages 1-4 in
Table 3, and 12 A was used when a minimization involved the
AMBER force field. The interaction tables were updated every 100
steps through stages 1-4, and every 20 steps for all other cases. For
comparison, the native structure of each target determined exper-
imentally was also minimized for 500 steps of the conjugate gra-
dient method with positional restraints on the backbone atoms. By

Table 2 Templates obtained by ungapped threading

the minimization, the native structures deviated from the experi-
mental structures by a root mean square deviation (RMSD; all
heavy atoms) of at most 0.3 A.

Computations were done on a VPP500 (Fujitsu) with vector
processors and AP3000 (Fujitsu) workstations with Ultra SPARC-
11 (296 MHz) CPUs. A typical modeling procedure from stage 1 to
stage 4 took about 1 h for each model on the VPP500. One hundred
steps of conjugate gradient minimization with AMBER and the
implicit solvent term took about 3 min for each model of 1thx (108
residues) on the AP3000.

Continuum electrostatics calculation

In order to evaluate the electrostatic energy, especially the contri-
bution from the reaction field of the protein-solvent system, con-
tinuum electrostatics calculations (Nakamura 1996) were carried
out for the models constructed by the procedure described above.
The electrostatic potential is obtained by numerically solving the
Poisson equation:

V- e(r)Vi(r) = 74ani5(r —r;) (1)

where e(r) and (r) are the dielectric constant and the electrostatic
potential at the position r, respectively, ¢; and r; are the charge and
the position of the ith protein atom; €(r) is set to ¢, in the protein
region, and to ¢ in the solvent region. The protein region is defined
by the excluded volume, which in turn is defined by the van der
Waals radii of the protein atoms. In order to avoid the divergence
of the electrostatic potential due to the self-Coulomb energy of the
point charges of the protein atoms, we solve the above equation
twice, once for the protein-solvent system (e; = 80) and again for the
protein in a vacuum (e; = €,). Thus we obtain two solutions Y*°'and
WY, respectively. By taking their difference, we obtain the reaction

Target Correct Incorrect misfolded! R, ratio®
NN* HM" MA®

1Imb4 1Imb4 - - 1frrA 1molA 1nsgB 1pdr IrgeA lris 1sxl 2hgf 2rgf 0.93 (0.05)
ImolA ImolA - - 1hsbB Inct 1plc 1prtF Iris 1stfl 1sx] 2acy 2rgf 0.95 (0.03)
Iple Iplc - - lag2 laudA IbftA 1depC 1hsbB 1lktA 11t5D Itlk 1tul 1.06 (0.04)
IrgeA IrgeA - - laps laudA 1hsbB liuz Inct 1pcs 1stfl 1tiiD 2ncm 1.04 (0.04)
Ithx Ithx 2trxA Itof 1bcpD 1cewl lcsyA lkpeA 1picA 1rbIM Irtu 1.06 (0.06)
2hmzA 2hmzA 2mhr lcd8 1dutA lhed 1kbSA 1pbk 1rot 1tvdA 2rspA 1.02 (0.04)
3chy 3chy - - 1351 1a25A 1adl laizA 1bbhA 1bff 1cpq 1ftpA 1kuh 1.06 (0.07)

#The templates for “near-native” models
®The template for a “homologous” model
¢The template for “misaligned”” models
4The templates for “misfolded”” models

¢ Average ratio (and its standard deviation in parentheses) for the
radius of gyration of constructed models to that of the native

structure
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Table 3 Protocol of simulated annealing optimization

A random coil is generated as the initial structure®

Stage 1 500 steps conjugate gradient minimization
(kap=0.05)"
Distance geometry force-field
5000 steps molecular dynamics
at 1000 K (k4p=0.05)
Distance geometry force field
Atomic mass 1000 Da, step size 50 fs,
coupling constant 40 ps
100,000 steps molecular dynamics to 1 K (k4p =0.05)
Distance geometry force field
Atomic mass 1000 Da, step size 50 fs,
coupling constant 40 ps
Cooling rate 1 K/100 steps
3000 steps conjugate gradient minimization (k4p =10.0)
Distance geometry force field
500 steps conjugate gradient minimization
AMBER force field with OONS®

Stage 2

Stage 3

Stage 4

Stage 5

#Positional restraints on all the backbone atoms are imposed
throughout the stages

The weight of the fourth dimension
°For the calculations shown in Fig. 3B, OONS was not included

field, Y™ = %' — y¥%  from which the self-energies and
Coulomb interaction energies are eliminated. Finally, the
electrostatic energy of the protein-solvent system (E, ) is given by:

Ep—s — %Z ql_lpreact(ri) + Z/

i<j

qiq; 2)
ol

The second sum on the right-hand side of this equation is the
Coulomb interaction energy, which is calculated only for 1-4 and
1-5 interacting pairs of atoms, as is done for usual calculations with
the AMBER force field. In this case, no distance cut-off is applied
for the Coulomb interaction term. During the development of this
study we tested a few different values for the dielectric constant of
the protein region, €,. Using low values for ¢, (such as 2 or 4), the
native structures did not always yield a lower electrostatic energy
than misfolded models (data not shown). The best result was
obtained when we set e,=10. Therefore, €, is set to 10 in the
continuum electrostatic calculation shown later in this paper.

The charges and van der Waals radii of the protein atoms were
taken from the values of the AMBER all-atom force field. Note
that the continuum electrostatic energy is not used in minimization
of the models, but it is simply applied to the models constructed by
minimization with the AMBER force field with a distance-depen-
dent dielectric constant.

The calculations of the continuum electrostatics were done on
the VPP500. It took 5-10 min before a set of calculations was
complete for each model.

Results and discussion
Discriminating the native structure from decoys

In order to test the energy function, we first calculated
the energy values of a large number of decoys created by
Park and Levitt (1996) for three proteins (lctf, 1r69, and
3icb). All the decoys were energy minimized according
to the procedure described above. Figure 1 shows the
minimized energy values (AMBER + OONS) for the
decoy sets. For all three cases, the native structure has
an energy lower than any decoys. For 3icb, there is one
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Fig. 1A—C Results for the Park and Levitt (1996) decoy set. The
horizontal axis is the RMSD (A) of the decoy from the native
structure. The vertical axis is the minimized energy of the decoys.
The dashed line indicates the energy of the native structure

decoy which has only 0.7 kcal/mol higher energy than
the native. However, this structure is actually very close
to the native one with a C, RMSD of less than 2 A.
Therefore, the energy function in the present study is
proved to be sufficiently good for use in discrimination
of the native structure from misfolded structures.

Evaluation of the structures selected by threading

The conventional ungapped threading search was per-
formed for each target in Table 1 using the program S3
(Ota et al. 1999). The 10 structures giving the best 10
scores of S3 were selected as the template structures for



the target, and were subject to all-atom modeling and
energy minimization by the method described above. In
all the cases we tried, the native conformations were
ranked at the top as expected (Jones and Thornton
1996). The selected structures are summarized in Table 2.
All the templates are of protein-like structures in that
they are compact and contain significant amounts of
secondary structures. A model based on the native
backbone structure itself is called the ‘“‘near-native”
model. Note that the side-chain conformations of the
near-native models are completely reconstructed in the
same manner as other models. Structural differences
between the native and reconstructed near-native struc-
tures are shown in Table 4. For the target 1thx, two
homologous structures (2trxA and 1tof) were inciden-
tally found (Table 2). The alignment of 1thx and 2trxA

Table 4 The difference between reconstructed near-native models
and the native structures

5

is correct. We call the model ““1thx-2trxA” (the model of
the target ““1thx” based on the template “2trxA”) the
“homologous” model. The alignment of 1thx and 1tof is
partly incorrect (Fig. 2A); thus we call the model 1thx-
Itof the “misaligned” model (Table 2). Based on the
alignments by the threading, the sequence identity of the
templates 2trxA and Itof with the native sequence of
Ithx is 42.6% and 17.6%, respectively. The backbone
RMSD of the models 1thx-2trxA and 1thx-1tof from the
native structure (1thx) is 1.2 A and 3.7 A, respectively.
For the target 2hmzA, one homologous structure (2mhr)
was found by threading and their alignment is partly
incorrect (Fig. 2B) with the sequence identity of 33.6%;
thus the model 2hmzA-2mhr is another misaligned
model. Its backbone RMSD from the native (2hmzA) is
3.4 A. The native, near-native, homologous, and mis-
aligned models are defined to be “‘correct” models.
Other models are of totally different fold from the native
structure with RMSDs of more than 8 A; thus they are
called ‘“misfolded” models and accordmgly they are

Model RMSD (A) 1 correct (%)° defined to be “incorrect” models (Table 2).
Backbone® AllP 7! 7 After the all-atom modeling and the energy minimi-
zation, the electrostatic energy based on the continuum
1mb4-1lmb4 0.136 1.62 78.6 800 dielectric model was calculated for each model. The
{g}glﬁ) llcmOIA gg? {2(5) ;gg Z; resul'Fs of the energy calculatipns are shown in Fig. 3A.
IrgeA-IrgeA 0.104 1.51 82.4 333 Inthis figure, the total energy is defined as the sum of the
1thx-1thx 0.130 1.57 64.3 88.9  AMBER energy without the Coulomb interaction terms,
2hmzA-2hmzA 0.117 2.01 65.5 792 the OONS hydration free energy, and the electrostatic
3chy-3chy 0.123 155 750 857 energy E, s obtained by Eq. (2). Large energy gaps of
Average 0.121 1.66 73.3 73.1  more than 100 kcal/mol were found between the native

#RMSD for backbone heavy atoms between the native and near-
native model

®RMSD for all the heavy atoms between the native and near-native
model

®The fraction of correctly predicted y angles of buried residues.
Residues are defined to be buried if the solvent-accessible surface
area is less than 10% of the extended Gly-X-Gly conformation. y
angles with deviation from the native of less than 40° are consid-
ered to be correct

Fig. 2A, B The alignments of A

structures and the near-native or any misfolded models.
Although the near-native structures have much higher
energies than the native, their energies are nevertheless
lower than those of the misfolded ones (Fig. 3A). Even
the misaligned models have fairly low energies compared
to the other misfolded models. It is because their back-
bone topologies are similar to those of the native as
mentioned above and in Fig. 2. The homologous model

misaligned models obtained by

ungapped threading. A The
alignment for the model 1thx-
Itof. B The alignment for the
model 2hmzA-2mhr. The
region bound by a solid box
coincides with the correct
alignment. The region bound
by a dotted box indicates incor-
rectly aligned sites. The sec-
ondary structures (““H” for «
helices, “E” for f§ strands) are
also shown. The alignment sites
with identical residues are
marked with asterisks
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Fig. 3A, B Total energies of the native structures, correct and
incorrect models. The horizontal axis indicates target proteins. The
symbols are defined as follows: @, native structures; O, near-native
models; +, homologous model; A, misaligned models; x, misfolded
models. See Table 2 for the nomenclature of the models. A The sum
of the bond length, bond angle, torsion angle, improper torsion
angle, 1-4 and 1-5 van der Waals, and hydrogen bond terms of the
AMBER force field, the OONS hydration free energy, and the
continuum electrostatic energy. B The AMBER force-field energy
with the dielectric constant e =2r

1thx-2trxA has higher energy than the near-native
model 1thx-1thx, and lower energy than the misaligned
model 1thx-1tof. This trend is reasonable, considering
the structural similarity of these three models to the
native structure of 1thx. This result shows that the
present energy function is also able to discriminate the
correct folds from incorrect ones. In the following sec-
tion, we examine combinations of energy terms in search
of physicochemical determinants of the native structure
and the correct fold.

Solvent effect

In order to see the effect of the solvent, we carried out
the minimization without the hydration term (Fig. 3B).
In this case, the compared energy is the AMBER force
field with a distance-dependent dielectric constant
(e=2r). The native structures always have lower energies

than any other near-native or misfolded structures. Al-
though the near-native structures have lower energies
than the misfolded structures, the energy difference is
small (less than 15 kcal/mol) for targets such as 1lmb4
and 1molA. Also, the homologous model 1thx-2trxA
has higher energy than the misaligned model 1thx-1tof,
in contrast to the result for the total energy discussed
above (Fig. 3A). It seems that the solvent effect is
important for stabilizing near-native structures rather
than the native structure. The solvent effects are further
discussed in the following paragraphs.

The “hydrophobic interaction” is believed to be a
dominant factor in stabilizing protein structures (Dill
1990). In the present study, the hydration effect is taken
into account in terms of the implicit solvent model of
Ooi et al. (1987). Figure 4A shows that the correct
structures, including the native, do not necessarily have
lower hydration free energies than incorrect structures.
This trend was also observed by others (Wako 1989;
Vorobjev et al. 1998; Lazaridis and Karplus 1999a).
Makhatadze and Privalov (1995) showed that the main
contributors to the hydrophobic interactions are van der
Waals interactions in addition to the hydration effect.
Therefore, we compared the sum of the van der Waals
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Fig. 4 A The hydration free energy. B The “hydrophobic energy,”
which is the sum of the van der Waals energy and the hydration
free energy. The symbols are defined in Fig. 3



energy and the hydration free energy as the ‘“hydro-
phobic energy.” Figure 4B shows that all the correct
structures can be readily discriminated from their mis-
folded counterparts. The difference in the hydrophobic
energy between the native structure and near-native
model is in most cases less than 50 kcal/mol, which is
small compared to the difference in the total energy
(compare Fig. 4B with Fig. 3A). This fact suggests that
the hydrophobic interaction stabilizes near-native
structures more than the native structure itself.

The electrostatic energies E,, ; based on Eq. (2) are
shown in Fig. 5A. Except for the target 2hmzA, the
native structure has the lowest electrostatic energy, and
for most cases the near-native model has the next lowest
electrostatic energy. For the target 2hmzA, there are
buried glutamates which bind to irons in the experi-
mental structure. Since these irons are ignored in the
calculation, the electrostatic energy of the native struc-
ture of 2hmzA is not the lowest. This exception dem-
onstrates the importance of the Born energy, which
penalizes the buried charges. To see the importance of
the solvent shielding and the Born energy, we also
examined the Coulomb energy as calculated with a dis-
tance-dependent dielectric constant, e=2r (Fig. 5B). In
this case, although all the native structures have the
lowest Coulomb energy, the near-native models show
the energy value close to, or even higher than, their
misfolded counterparts. The stabilization by the solvent
shielding and the Born energy, in other words, the
contribution of the solvent to the electrostatic energy,
seems more important for the near-native models than
for the native structures.

Side-chain packing

Vorobjev et al. (1998) reported that the “packing ener-
gy,” that is, the sum of the local geometry terms (bond
lengths, bond angles, and torsion angles) and the van der
Waals energy, was in favor of the native structure. Our
results are consistent with their observation (Fig. 6A).
The native structures have about 100 kcal/mol more
stable packing energies than other models. This amount
of stabilization is significant compared to the hydro-
phobicenergy (Fig. 4B) and electrostatic energy (Fig. 5A).
We also find that the near-native structures have lower
packing energy than any other misfolded structures, but
the energy difference is marginal in a few cases. While
the native structures always have significantly low van
der Waals energy, the van der Waals energy alone can-
not necessarily discriminate near-native from misfolded
structures (Fig. 6B). Therefore, local geometry and van
der Waals energies are consistent only for the correct
models, but this consistency alone is not enough to give
the correct models significantly lower packing energy
than the misfolded ones. In other words, the packing
energy is a good index for discriminating the native
structure, but it is not so for discriminating near-native
structures. The native structure of a globular protein
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Fig. 5 A The electrostatic energy calculated by solving the Poisson
equation for the protein-solvent system (see the section Continuum
electrostatics calculation). B The electrostatic energy calculated
with a distance-dependent dielectric constant (e =2r). The symbols
are defined in Fig. 3

shows specific and close packing of the side chains
(Richards and Lim 1993). The constructed near-native
models have the side-chain conformations similar to the
native structures (Table 4), but Figs. 3 and 6 show that
the differences are significant from the energetics point
of view. Note that the differences in van der Waals
energy between the native structure and near-native
models are about 50 kcal/mol, which is small compared
to the difference in the packing energy. This shows that
not only the close packing but also the less distorted
local geometry contributes significantly to the stabiliza-
tion of the native structure.

Janardhan and Vajda (1998) reported that the sol-
vation term was important, but the molecular mechanics
energy was useless for selecting near-native models with
good packing. However, their molecular mechanics en-
ergy did not include the van der Waals term, and their
electrostatic energy did not incorporate the solvent
shielding and the Born energy. Therefore, their result for
the molecular mechanics energy is more or less similar to
Fig. 3B in our case. However, they used the atomic
solvation parameters whose reference state was an or-
ganic solvent to complement the absence of the van der
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Waals term, whereas the reference state of the parame-
ters by Ooi et al. (1987) is the vacuum. Hence, their
solvation free energy corresponds to the hydrophobic
energy in our case (Fig. 4B). The results of Janardhan
and Vajda (1998) are actually consistent with our
observations.

Sahasrabudhe et al. (1998) applied a homology
modeling method (Li et al. 1997) to model the structure
of an RNA-binding protein using two kinds of template
proteins, a ferredoxin-like fold as the correct fold and
cold shock protein A as an incorrect fold. They found
that the former had a plausible negative value of the
energy, while the latter showed an unrealistically high
value (Sahasrabudhe et al. 1998). In addition to the
molecular mechanics energy in vacuum, they used
structural restraints derived from both the backbone and
side-chain conformations of the template. Consequently,
the side chains of their incorrect model were forced into
unrealistic conformations, hence the unrealistically high
energy. In our case, no restraints were imposed on the
side chains. Therefore, the side chains of the incorrect
folds can adopt relatively relaxed conformations com-
pared to the case of Sahasrabudhe et al. (1998). Never-

theless, our result (Fig. 6A) indicates that structures with
good packing (i.e., the native structures) can be readily
discriminated even in the absence of any artificial
restraints for side-chain conformations.

Implications for structure prediction

We have shown that stabilization by solvent effects such
as “hydrophobic energy,” solvent shielding, and the
Born energy are good indexes for the discrimination of
near-native models from misfolded ones. Also the ho-
mologous model 1thx-2trxA was found more stable than
the misaligned model 1thx-1tof when solvent effects were
included (Figs. 3A, 4B, and 5A). These results indicate
that the solvent effects do not depend on structural de-
tails, but depend on more global features such as the
pattern of hydrophobic and hydrophilic residues in the
three-dimensional space. Hydrophobicity and the Born
energy are effectively taken into account in the com-
patibility functions for threading (Nakamura 1996). This
is one of the reasons for the success of threading in
predicting approximately correct folds.

Although the hydrophobic energy can well discrimi-
nate the global fold of the native structure (Fig. 4B), its
contribution is rather small compared to that from the
packing energy (Fig. 6A). In fact, the large energy gap
between the native structure and near-native model
comes mainly from specific side-chain packing (Figs. 3A
and 6A). Consequently, the lack of detailed treatment of
side-chain packing may be the reason for the false pos-
itives often found by threading. In fact, some attempts
have been made that incorporate more or less detailed
representations of side-chain packing into statistical
potentials and their results show significant improve-
ments in recognizing the native folds (Matsuo et al.
1995; Samudrala and Moult 1998). However, since
threading involves alignment of the target sequence to
structures, exact modeling of side-chain conformations
is in principle impossible. Also, it is difficult to model the
side-chain conformations based on a distantly related
template structure whose backbone structure differs to
some extent from that of the native structure of the
target protein (Chung and Subbiah 1996). Therefore, we
cannot adopt any conventional algorithms for side-chain
packing prediction which require the rigorously fixed
backbone conformation (Levitt et al. 1997). Instead, we
have to allow the backbone to move to an extent so that
correct side-chain packing can be achieved. The present
study treats the backbone conformation restrained to a
given template, but allows it more or less to move. In
order to solve the more general side-chain packing
problem allowing backbone movement, and to reach the
true native from a near-native structure, it will be nec-
essary to employ powerful conformational sampling
techniques such as generalized ensemble methods (e.g.,
Nakajima et al. 1997; Sugita and Okamoto 1999). The
computation might be accomplished by sufficient and
adequate conformational sampling in the optimization



process, as far as the native structure is located at the
global minimum of the energy surface of the protein
molecule. Attempts along this line are currently under
way.

Concluding remarks

For all of the seven protein sequences examined in the
present study, the native conformation, minimized from
the X-ray structure, was always the lowest in total en-
ergy among those conformations selected by threading.
This fact, together with the test runs performed for
decoy models (Fig. 1), validates the energy function
employed. Misfolded conformations always have rela-
tively higher energies, and correct models including the
near-native and homologous models, were situated in
the middle between the native and misfolded confor-
mations (Fig. 3A). The near-native model, reconstructed
according to the native backbone as the template, has an
almost identical backbone conformation to the native
(Table 4), but different side-chain conformations which
were attained by minimizing atomic overlaps. Therefore,
a distinct energy difference between the native and the
near-native conformations (Fig. 3A) is mainly attributed
to the difference in the side-chain conformations be-
tween them. However, the difference is little (Fig. SA) or
small (Fig. 4B) in electrostatic and hydrophobic ener-
gies, respectively, indicating that these energy terms are
relatively insensitive to the side-chain conformation. On
the other hand, the packing energy alone seems to yield
the net change between the native and near-native
structures (Fig. 6A), although the distinction between
the near-native and misfolded models becomes some-
what less clear in the packing energy than in the total
energy. Taking all these results into account, the ener-
getic contributions to a native protein are summarized
into two categories: one mainly depending on the to-
pology or backbone conformation of a protein molecule
(i.e., electrostatic and hydrophobic terms), and the other
depending on the detailed side-chain conformation (i.e.,
packing energy). The importance of both contributions
to the protein stability delineates the limit of the
threading treatment in which the side chain is in principle
simplified as a norm and therefore detailed side-chain
packing must be totally neglected. Given an approxi-
mately correct topology (backbone conformation)
alone, the next step for us is to realize the true native
conformation for whole protein atoms. This would be
one of the necessary steps toward ab initio predictions.
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