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Current techniques for the prediction of side-chain conformations on a
fixed backbone have an accuracy limit of about 1.0-1.5 A rmsd for core
residues. We have carried out a detailed and systematic analysis of the
factors that influence the prediction of side-chain conformation and, on
this basis, have succeeded in extending the limits of side-chain prediction
for core residues to about 0.7 A rmsd from native, and 94 % and 89 % of
%1 and 4, dihedral angles correctly predicted to within 20° of native,
respectively. These results are obtained using a force-field that accounts
for only van der Waals interactions and torsional potentials. Prediction
accuracy is strongly dependent on the rotamer library used. That is, a
complete and detailed rotamer library is essential. The greatest accuracy
was obtained with an extensive rotamer library, containing over 7560
members, in which bond lengths and bond angles were taken from the
database rather than simply assuming idealized values. Perhaps the most
surprising finding is that the combinatorial problem normally associated
with the prediction of the side-chain conformation does not appear to be
important. This conclusion is based on the fact that the prediction of the
conformation of a single side-chain with all others fixed in their native
conformations is only slightly more accurate than the simultaneous pre-
diction of all side-chain dihedral angles.
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Introduction

ology are due to inadequate sampling or to an
inaccurate calculation of the conformational

Accurate prediction of side-chain conformation
is an important element in homology modeling, in
protein design and in flexible ligand docking.'~?
Prediction accuracy depends on the effectiveness of
the conformational search procedure and on the
quality of the force-field used to evaluate the con-
formational energy.* Due to the combinatorial pro-
blem that arises from the fact that there is
generally more than one conformation for each
side-chain, exploring all possible combinations of
side-chain conformations in a particular protein is
computationally intractable. This problem is
further complicated by the uncertainties associated
with the calculation of the conformational free
energies of proteins in solution. Indeed, the two
problems are related and it has been difficult to
determine if limitations in a particular method-
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energy. Here, we demonstrate that conformational
sampling is not a major problem and that even
crude energy functions are sufficient to yield accu-
rate predictions for buried side-chains.

Rotamer libraries, first introduced by Ponder &
Richards,” have been widely used in the prediction
of side-chain conformations. The Ponder &
Richards library consisted of 67 rotamers that rep-
resented most observed side-chain conformations
in subset of 19 well-refined proteins. Later work
expanded the number of rotamers (see for
example, Tuffery et al.° and Maeyer et al”), and
introduced backbone-dependent rotamer libraries
(see, for example, Dunbrack & Karplus8 and Bower
et al’). The use of a rotamer library reduces the
conformational search problem and reduces the
dependence of the result on the energy function.
This is because the most frequently observed rota-
mers tend to be energetically favored.'” An
underlying problem with the use of rotamers is
that there are many side-chains whose confor-
mation is not close to one of the conformations
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included in the rotamer library.'! This problem can
be addressed, as discussed below, by using a very
detailed rotamer library.

A number of approaches have been applied to
the conformational search problem. These include
simulated annealing,'*~'* genetic algorithms,'>°
Monte Carlo calculations,’'” dead-end elim-
ination>'®~%  segment matching,”® molecular
dynamics  refinement** and mean @ field
optimization.'”?>?® Most recently, the “‘Branch-
and-Terminate” method (B&T)*” was used in the
search of a combinatorial tree that represented a
protein. In some applications, the B&T method
was found to be 21 times faster than dead-end
elimination. However, there is always a tradeoff
between accuracy and speed (see, for example,
Voigt et al.?®).

Most side-chain prediction methods yield very
similar results. This is perhaps not surprising, since
all methods are, in many ways, closely related.
They differ from one another primarily in two
aspects; the selection of an initial conformation and
the survival criteria used to produce the next gen-
eration in an iteration procedure. Most current
methods yield rmsd values from native of between
1.0 and 1.5 core residues.>*® Expressed in terms of
torsional angle, the percentage of of x; and ¥,
correctly predicted to within 20° is about 80 % and
70 %, respectively.®> Prediction accuracy decreases
significantly when all residues are considered.
Recently, Samudrala & Moult* used an effective
statistical potential to obtain an accuracy of 1.72 A
rmsd for all residues in ten proteins that were
studied.

The accuracy achieved for core residues is close
to the 1.0 A rmsd limit suggested by Levitt et al.*
based on comparisons of different crystal struc-
tures of the same protein. However, by fixing all
residues, except the one being considered, in their
native conformation, Petrella et al.*® suggested a
somewhat lower limit, of 0.8 A tmsd. Here, we
carry out a detailed study of the various factors
that influence the accuracy of side-chain prediction
so as to determine the maximum accuracy obtain-
able under different conditions. On the basis of our
findings, we develop a new method for predicting
side-chain conformations. For core residues, we are
able to obtain accuracies of about 0.7 A rmsd or,
expressed in terms of the percentage of y; and ¥,
values correctly predicted within 20° from native,
accuracies of about 94% and 89 %, respectively.
This level of accuracy is obtainable only when an
extensive rotamer library, consisting of over 7000
distinct conformations, is used. However, the accu-
racy is dependent on the quality of the protein
backbone. On the basis of our results, we argue
that there is effectively no combinatorial problem
associated with the prediction of buried side-chain
dihedral angles and that essentially any method
that uses a detailed rotamer library can succeed.

Results and Discussion

Evaluation of rotamer libraries

Side-chain prediction accuracy depends heavily
on the rotamer library used. Current libraries are
often incomplete and too coarse grained. Figure 1
plots the number of rotamers as a function of the
number of proteins used to construct the library,
for three levels of rotamer resolution. In all cases,
the number of rotamers increases with the number
of proteins but, as might be expected, the slope
depends on the dihedral angle tolerance used to
define a rotamer. In all, 75 % of the rotamers come
from only four amino acids, Glu, GIn, Lys and
Arg, since they have more torsional degrees of
freedom than the other residues. Met, which like
Glu and GIn has three degrees of rotational free-
dom, has half the number of rotamers, perhaps
due to its lower abundancy in proteins. Figure 2
plots the percentage of rotamers needed to rep-
resent a given percentage of all rotamers in a
library versus the percentage represented. As an
example, for the 10° library obtained from a set of
297 proteins (Figure 1), 62% of the rotamers
(62 % x 7562 = 4696) can represent 86 % of the resi-
dues in the database from which the rotamer
library was created; for 40° rotamer library, only
24% of the rotamers (24% x 994 =241) are
needed. These results are consistent with the fact
that side-chain dihedral angles tend to cluster
around energy minima corresponding to those of
the isolated residues.

We used the first test set of 15 proteins to deter-
mine the ability of a given rotamer library to rep-
resent proteins not included in the creation of the
library. The optimal representation of a particular
residue is obtained by choosing the rotamer with
the lowest rmsd from the native conformation. As
evident from Figure 3, the accuracy of a rotamer
library is only weakly dependent on the number of
proteins in the library. Even though, for 20° resol-
ution, there are almost six times the number of
rotamers in the 2312 protein library than in the 135
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Figure 1. Number of rotamers plotted as a function of
the nunber of proteins in the database.
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Figure 2. Number of rotamers needed to represent the
side-chains present in the 297 protein database plotted
against the percentage of the rotamers in the database.

protein library (1844 versus 10315; see Figure 1),
the rmsd of their best representation of the test set
is not that different, 0.41 A versus 0.36 A (Figure 3).
(The small maximum for the 1372 protein library is
probably due to the removal by chance, of several
rotamers that were particularly well matched to
certain residues in the 15 protein test set). In con-
trast, the quality of the representation is strongly
dependent on the resolution of the library that is
used. As shown in Figure 4, using rotamers com-
piled from 297 proteins, 10° rotamers can reg—
resent the 15 proteins with an accuracy of 0.26 A,
compared to 0.6 A for 40° rotamers. The complete-
ness of the library becomes increasingly important
as the resolution of the library decreases. For the
40° rotamer library, the rmsd of its best represen-
tation of the test set increases from 0.6 A to 1.2 A
when the percentage of its representation of the
original set of 297 proteins decreases from 100 % to
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Figure 3. The rmsd of the best rotamer representation
from the native for different databases. The numbers
shown above the curve are the number of chains in the
database from which the rotamer library was derived.
Results are for a complete 20 ° rotamer library.
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Figure 4. The rmsd from native of the best rotamer
representation for rotamer libraries with differening per-
centage representation. The rotamer libraries were com-
piled from the database of 297 chains.

84 %; the increase is just from 0.2 7 A t0 0.39 A for
the 10° library.

Given these results, it appears most practical, if
CPU time is a concern, to use a high-resolution
library taken from a limited set of proteins. In the
following, we have used a library that represents
100 % of the rotamers in the database of 297 pro-
teins, which includes 7562 rotamers in total.

Accuracy limit of side-chain prediction

Prediction accuracy depends on several factors,
such as the choice of force-field, combinatorial
complexities, quality of the rotamer library, quality
of the protein backbone and bond angle and length
parameters. We have studied each of these factors
separately in order to determine their effect on pre-
diction accuracy. All the following studies were
done on the first set of proteins listed in Table 4.

Effect of force-field

In this series of tests, bond lengths and angles
were set to their experimental values in order to
remove any effect of uncertainties in these par-
ameters. The combinatorial problem was elimi-
nated by predicting side-chain conformations, one
residue at a time, while all others were held fixed
in their native conformation. The native confor-
mation was added to the rotamer library for each
residue, so as to eliminate effects arising from the
quality of the library. The only remaining factor is
the quality of the force-field, in particular the rep-
resentation of torsional potentials, van der Waals
forces and electrostatic interactions.

The CHARMM?!' and AMBER?? force-fields were
used, each with a distance-dependent dielectric
constant. Table 1 suggests that for these force-
fields, including only van der Waals and torsion
energy terms yields the best results. The inclusion
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Table 1. Side-chain prediction accuracy using different force-fields

CHARMM?22 AMBER96
Core Core All
rmsd Y1/ A1+ 2 a b a b a b
vdw 0.55 92/87 1.75 73/59 0.64 91/84 1.75 72/56
vdw + tor 0.38 97/95 1.25 88/76 0.44 96/92 1.39 86/72
vdw + tor + crg 0.56 95/89 1.50 81/65 0.64 92/84 1.51 79/61

Side-chain predictions were performed for one side-chain each time with all others fixed at the native conformations. The native
conformation is included in the rotamer library. vdw denotes the van der Waals interactions, intrinsic torsional energy, crg denotes
charge-charge interactions with a distance-dependent dielectric constant. a, rmsd; b, percentage of y,/%; ; » correctly predicted to
within 20°; core implies residues that are more than 90 % buried. A 10° rotamer library sampled from 297 proteins with 100 %

representation was used to obtain the results shown.

of partial charges decreases prediction accuracy,
since solvent effects have not been accounted for.
Including solvent effects using continuum methods
has not been found to yield a s gmﬁcant improve-
ment in prediction accuracy.”’?® The explicit
inclusions of individual water molecules does
improve accuracy, primarily due to a more realistic
representation of packing effects.’ It is likely that
an improved representation of solvent effects is
important for surface residues. However, given the
corresponding cost in CPU, we have simply
ignored electrostatic interactions, an approximation
that seems particularly well-suited for core resi-
dues. It appears then, that if solvent effects are not
taken into account, the most accurate prediction of
buried side-chain conformations is obtained when
only van der Waals and torsional terms are used to
evaluate conformational energies. Most previous
work did not include intrinsic dihedral energies in
side-chain predictions.

In order to determine if the approximately 0.1 A
rmsd preference of CHARMM with respect to
AMBER (Table 2) is due to the ten pre-minimiz-
ation steps applied to the original coordinates
using CHARMM, we repeated the calculations
using non-minimized structures. The results were
very similar, with CHARMM yielding rmsd values
of about 0.40 A versus 0.46 A for AMBER. This
means that CHARMM is slightly better than
AMBER in our side-chain prediction. All results
given below are obtained using CHARMM. Table 2
suggests that, under optimal conditions, side-chain
prediction accuracy for core residues can be as low
as 0.38 A rmsd with 97 % and 95% of the dihedral
angles predicted to within 20° for y; and ¥, . »,
respectively. The most severe approximation made
in obtaining these results is clearly the restriction

Table 2. Side-chain prediction accuracy obtained using
the best rotamer initial conformations

Core All
rmsd X1/ Y42 rmsd A1/ Kas2
(a) 0.39 97/95 1.30 88/76
(b) 0.47 97/92 1.32 87/74

(a) Native conformation included as rotamer; (b) native con-
formation not included.

of all side-chains but one to their native confor-
mations, which removes the combinatorial com-
plexity of the problem. The effect of this
approximation is explored in the following section.

The effect of the combinatorial problem

Since side-chain prediction is an N-body inter-
action problem, finding the correct global energsy
minimum is NP-hard and is thus impossible.*
Here, we will demonstrate that, in practice, the
combinatorial problem poses no significant limi-
tations on prediction accuracy. In the previous sec-
tion, the combinatorial problem was removed by
placing all side-chains but the one being tested in
their native conformation.

We first test the effects of removing the native
conformation as one of the rotamers for the side-
chain being tested. The calculations reported in
Table 2 were repeated but without fixing any side-
chains in their native conformations. The native
conformation of each residue was retained in the
rotamer library but the initial conformation chosen
for each residue was the closest rotamer to native
rather than the native conformation itself. Predic-
tions were then carried out, as described above,
one residue at a time until convergence is obtained.
As can be seen in Table 2 (row (a)), the accuracy
obtained in this way is 0.39 A, close to the value of
0.38 A reported in Table 1. This indicates that only
trivial errors are introduced when rotamers are not
fixed at their native conformations. The next logical
step is to remove the native conformation entirely
from the rotamer library.

Row (b) of Table 2 is obtained from a set of cal-
culations identical with that used to produce row
(a) but in this case the native conformation is not
included in the rotamer library. This results in a
decrease in accuracy of 0.08 A rmsd relative to the
case where the native conformation is included.
Row (b) of Table 2 provides a realistic estimate of
the most accurate results possible if the native con-
formation is not known. That is, the best side-chain
prediction accuracy obtainable from current force-
fields is about 0.47 A rmsd, 97 % correct for ¥, and
92 % correct for x;,, . In the following paragraph
we examine if these limits can still be obtained
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when the best initial conformation is not known in
advance.

The lowest-energy conformation obtained in the
120 minimizations was used as the prediction for a
given protein. As shown in row a of Table 3, the
prediction accuracy for core residues is 0.51 A
rmsd, with 96 % and 92 % correct to within 20° for
%1 and ¥, 4, , respectively. Comparing row (a) of
Table 4 and row (b) of Table 3, it appears that an
arbitrary choice of starting conformation lowers
the prediction accuracy (relative to the optimal
choice) by only 0.04 A for core residues and 0.14 A
for all residues. This suggests that there is essen-
tially no combinatorial problem in side-chain pre-
diction. )

The accuracy of 0.51 A obtained in Table 3, row
(a), is close to what can be obtained in real appli-
cations. This is because the only simplification that
has been used involves the use of side-chain native
bond angles and lengths. The effect of this approxi-
mation will be explored in the next section. The
overall prediction accuracy depends critically on
the degree of burial, chemical nature and second-
ary structure assignment of the residue. As can be
seen in Figure 5, for totally buried residues, the
rmsd is only 0.36 A; when the residue is more than
90 % exposed, the rmsd increases to 3.68 A, no bet-
ter than random.? Of course there are uncertainties
associated with the experimental assignment of
surface side-chain conformers as well.

Side-chain bond angle and bond lengths

All the above calculations were performed using
native bond angles and bond lengths for side-
chains. In real applications these will not be
known; however, their effect is significant. For
example, if native dihedral angles are used to
reconstruct side-chain conformation based on the
standard bond angles and bond lengths in
CHARMM, the rmsd from native is as large as
0.26 A (data not shown). The calculations leading
to the results in row (a) of Table 3 were repeated

Table 3. Side-chain prediction accuracy using 120 differ-
ent initial conformations

Core All
rmsd X1/ %1 12 rmsd X1/ %1 42
(a) 0.51 96/92 1.46 85/72
(b) 1.04 91/83 1.67 81/62
(o) 0.80 94/87 1.59 83/65
) 0.62 95/91 1.49 85/68
(e) 0.71 94/89 1.56 84/66
3) 1.22 90/69 1.97 78/53
(g 1.37 88/68 1.78 81/56

(a) Native side-chain bond angles and lengths.

(b) CHARMM'’s bond lengths and angles.

(c) Coordinate rotamer library.

(d) Structure refinement performed on row (b).

(e) No pre-minimization, proline conformation predicted.
(f) Backbone-dependent rotamers.

(g) Results from Dunbrack’s SCWRL program.
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Figure 5. Side-chain prediction accuracy for residues
with different percentage burial.

using bond angles and lengths taken from
CHARMM. The results are reported in row (b) of
Table 3. Comparison of rows (b) and (a) in this
Table reveals an accuracy decrease for core resi-
dues of about 0.53 A rmsd and decreases of about

5% and 9% for correctly predicted y; and yx; ,»
values, respectively.

Interestingly, if we use the coordinate rotamer
library, the results are significantly improved as
shown in row (c). In this case, the accuracy
decrease relative to row (a) is just 2% and 5% in
x1 and 1., and 0.29 A in rmsd. Remarkably, the
effect of not knowing side-chain bond lengths and
bond angles is more severe than that of the combi-
natorial problem. This is not difficult to under-
stand, because the coordinate rotamer library
accounts, in part, for correlations in bond lengths
and bond angles with dihedral angles that are not
present in the standard rotamer library. In this
regard, it has been shown recently that all pub-
lished detailed rotamer libraries contain some rota-
mers that exhibit unacceptable steric clashes if
used with idealized geometries and explicit hydro-
gen atoms.** The total energy of a protein confor-
mation predicted using coordinate rotamers is
lower than that using dihedral rotamers. The
advantage of using coordinate rotamers decreases
if a 40 ° rotamer library is used.

Structure refinement

In order to determine if the 0.8 A result given in
row (b) of Table 3 can be improved, we carried out
a simple structure refinement for each of the 120
predictions made for each protein. The refinement
simply involved sampling conformations that
involved 42° rotations of each dihedral angle for
each residue. The procedure was carried out, one
residue at a time, with all other residues kept
fixed. The entire process was terminated when
further iterations produced no change in confor-
mation. As can be seen in row (d) of Table 3, the
accuracy is improved to 0.62 A in rmsd for core
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Table 4. Side-chain prediction accuracy for the first test set

Core All
PDB Res. R rmsd0 rmsd Y1/ A1+ 2 rmsd Y1/ A1 4 2
1cbn 46 0.83 0.051 0.44 100/100 1.45 92/69
lcex 214 1 0.057 0.67 98/96 1.48 85/82
5pti 58 1 0.091 0.2 100/100 1.55 83/74
lixh 321 0.98 0.061 0.44 92/92 1.34 83/71
2pth 193 1.2 0.052 0.5 95/91 1.55 86/68
5p21 166 1.35 0.068 1.22 89/79 1.82 78/59
laho 64 0.96 0.07 0.7 90/90 1.83 88/76
3lzt 129 0.92 0.07 0.45 100/92 1.59 89/68
1ctj 89 11 0.057 0.7 95/88 1.45 84/67
ligd 61 1.1 0.066 0.15 100/85 1.34 84/61
7rsa 124 1.26 0.067 0.5 97/85 1.91 81/55
laac 105 1.31 0.062 0.43 97/82 1.12 94/67
leca 136 14 0.079 0.31 98/94 13 86/70
1ple 99 1.33 0.072 0.36 95/93 1.14 83/70
lrcf 169 14 0.058 0.68 97/93 13 84/67

R is the structure resolution in A. rmsd0 relates to the difference between CHARMM22 ten-step pre-minimized structure and the
original structure. rmsd is the difference between the predicted side-chain conformation and the native. Dihedral angles within 20°
of the native value are considered to be correct. Res. is the number of residues in the target.

residues and by 1-3% for y; and y, , , respect-
ively.

The results in Table 3 row (d) were obtained by
comparing the predicted side-chain conformation
with pre-minimized structure instead of the orig-
inal one. The effect of comparing to the raw Pro-
tein Data Bank coordinates is to increase the
average rmsd for core residues by 0.003 A, while
the average rmsd for all residues decreases by
0.002 A. We also carried out calculations where no
pre-minimization was applied and where proline
conformations were predicted rather than kept
fixed. As can be seen in Table 4 row (e), the rmsd
for core residues increases slightly , to 0.71 A.
Table 4 shows results for each protein in the test
set; prediction accuracy for core residues ranges
from 0.15 A in 1igd to 1.22 A in 5p21.

Effects of rotamer library

The improvement in prediction accuracy
obtained here relative to previous work results
comes mainly from our use of an improved rota-
mer library. In order to illustrate this point, we
repeated our calculations using the same energy
function, search scheme, and definition of core resi-
dues but using Dunbrack’s backbone-dependent
rotamer library. The 1.22 A rmsd obtained for core
residues as shown in Table 3 row (f) is less accu-
rate than we obtained with a more extensive rota-
mer library. Under the same evaluation criteria, we
also repeated predictions with Dunbrack’s SCWRL
program.®’ The rmsd accuracy for core residues is
1.37 A (row (g)), which is similar to that listed in
row (f). The reason that our calculation using Dun-
brack’s rotamer library is slightly more accurate
than SCWRL is that we searched conformation
space more extensively.

Prediction results on the second test set

In the first test set, the prediction accuracy
obtained for core residues was 0.71 A rmsd. In
order to remove any possible bias that might have
been introduced from extensive testing on this set,
a second test set of proteins was chosen as
described in Materials and Methods. No pre-mini-
mization was carried out for this set, and predic-
tions were made for all proline residues. As shown
in Table 5, the average prediction accuracy
obtained for core residues is 0.74 A rmsd and 95 %
and 86 % for x; and y,,,, respectively. If agreement
with experimetnt is defined as being within 40° of
the native conformation, the accuracy for core resi-
dues improves to 96 % and 90 % for y; and y%i,,,
respectively. These results are very similar in accu-
racy to those obtained for the first test set.

Conclusion

We have carried out a systematic study of the
factors that determine the accuracy of the predic-
tion of side-chain conformation. A central result is
that prediction accuracy depends primarily on the
quality of the rotamer library that is used. The
essential elements in a good library include high
resolution and the use of different bond lengths
and bond angles for each rotamer in the library.
We found that the use of a backbone-dependent
rotamer library actually degrades results, since it
places unnecessary restrictions on the number of
rotamers that are used. The results obtained in this
work were based on a simple conformational
search method that could be improved easily with
more advanced methods reported in the litera-
ture.”” Nevertheless, predictions on a typical pro-
tein take only about two hours on an R10000
workstation. We are in the process of developing
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Table 5. Side-chain prediction accuracy for the second test set

Core All
PDB Res. R rmsd Y1/ Y142 rmsd X1/ N1s2
1b90 123 1.15 0.73 95/81 1.7 83/60
1cbe 95 1.1 0.49 92/88 1.37 77/66
1c9% 66 1.17 0.44 100/83 2.15 77/60
lec7 73 1.2 0.18 100/90 1.57 85/66
1cku 85 1.2 0.33 100/83 1.16 92/76
1cz9 162 1.2 0.64 100/88 1.86 91/74
lezp 98 1.17 0.81 92/87 141 84/67
1d4t 104 1.1 0.9 88/75 1.99 79/61
Imfm 153 1.02 0.49 98/82 2.07 75/56
1qj4 257 1.1 0.65 96/91 1.27 92/80
1qnj 240 1.1 1.03 90/80 1.65 79/60
1qlo 241 1.1 0.57 97/87 1.33 89/70
1qlw 328 1.1 0.63 94/85 1.6 85/72
1gtn 164 1.2 0.55 95/91 2.01 80/60
1qtw 285 1.02 0.67 96/89 1.64 85/70
1qu9 128 1.2 1.31 87/74 1.83 72/54
1vfy 73 1.15 0.25 100/100 1.57 81/60
1qq4 198 1.2 0.59 95/92 1.32 86/79
AVG 0.74 95/86 1.66 84/67

Symbols have the same meaning as in Table 4.

an energy-mapping, grid-based technique that
appears to result in speed-ups of one to two orders
of magnitude.

Perhaps the most surprising finding of this work
is that there does not appear to be a significant
combinatorial problem in side-chain prediction. In
fact, although 120 initial conformations were cho-
sen for each protein, about 10 % of these resulted
in conformations with rmsd to the native similar to
that (within 0.2 A difference) of the lowest energy
conformation. Thus, one could reduce the number
of starting conformations by almost an order of
magnitude and still obtain comparable results with
a corresponding reduction in CPU time. The appar-
ent lack of combinatorial complexity may be due,
in part, to restrictions placed by the main chain on
side-chain conformations. However, side-chain pre-
dictions based on main chain alone are less accu-
rate than those that address the full combinatorial
problem.*> Thus, as pointed out by Levitt et al.*
combinatorial packing is an important feature of
the side-chain conformation prediction problem.
However, as shown here, the combinatorial pro-
blem can be overcome easily without large CPU
cost.

For real applications, we have found that a pre-
diction accuracy of 0.7 A for core residues is easily
obtainable. This result might even be improved
somewhat in homology modeling applications,
where rotamer preferences from one protein might
be transferable to another. Nevertheless, the accu-
racy obtained in this work for core residues is close
to the limits imposed by experimental error, and
intrinsic protein motion, so that in this sense this
part of the problem may perhaps be viewed as
solved. This is far from the case for surface resi-
dues, where improvements in energy functions
and solvation models are clearly necessary.

A second part of the problem is that side-chain
prediction accuracy depends on the accuracy with
which the backbone is represented.'®*® We have
found similar results in our calculations on CASP4
targets (unpublished results). Since in many com-
parative modeling applications the backbone coor-
dinates are not known accurately, the results
obtained here are unlikely to be duplicated in
many real problems. However, this issue can be
thought of as separable from the side-chain predic-
tion problem for cases where the backbone confor-
mation is known. In fact, the results obtained here
suggest that an approach to refinement of hom-
ology models through alternate cycles of side-chain
and backbone optimization® may prove fruitful.

Materials and Methods
Selection and preparation of rotamer libraries
Test set of proteins

Two sets of proteins solved to high resolution were
selected from the Protein Data Bank (PDB) and used as a
test of our approach. The first set included 15 proteins
selected randomly from the culled PDB list of Dunbrack
in 1998 with resolution between 0.83-1.4 A. All proteins
in this list had a pair-wise sequence identity of less than
20%. The second set included all proteins deposited in
the PDB in 1999 with resolution better than 1.2 A and
that contained more than 40 residues. For multi-chain
proteins, we used only the first chain. The second test
contains 18 proteins. Hydrogen atoms were added using
What if.>” The first set of proteins was used to evaluate
the influence of different parameters on the accuracy of
side-chain prediction, while the second set was used to
test whether the parameters used for the first set were
also able to produce good results on an independent set
of proteins.

The conformational energies of the first set of proteins
were minimized with ten steps of steepest descent using
the CHARMM (PARAM?22) force-field®® The rmsd
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between the minimized and native structures was quite
small, usually less than 0.07 A (see Table 4). The purpose
of the minimization is to remove steric clashes that are
present in the crystal structures (see, for example, Petrel-
la et al?°). We will demonstrate below that the pre-mini-
mization has no significant influence in the side-chain
prediction.

Proteins used for the rotamer library

Rotamers were generated from nine non-redundant
databases created by Dunbrack in 1998 that contain
different numbers of proteins 135, 297, 533, 844, 1041,
1372, 1694, 1944, 2312 proteins, respectivelyt. All pro-
teins in the test sets listed in Tables 4 and 5 were
removed from the databases used to generate rotamers.
Hydrogen atoms were added to the remaining proteins
with the Whatlf program® and hydrogen atom coordi-
nates were subjected to energy optimization using the
CHARMM22 force-field.

Creation of rotamer library

For each database, we created three (10, 20, 40°)
rotamer libraries. As an example, in the creation of a 10°
rotamer library, two side-chains are considered to have
equivalent conformations if all of their corresponding
side-chain torsion angles are within 10° of one other.
Thus, the second side-chain will be represented by the
first and will not be used to generate a new rotamer.
Only the first four torsional angles were used to create
rotamers for arginine residues but, unlike previous rota-
mer libraries where the last torsion angle was assigned
as 180°,>%% we retained the native values for this angle
in each rotamer in the library. This led to somewhat
improved predictions, particularly for arginine residues.

Some rotamers occur more often than others and
some rotamers occur very infrequently. Generally, a
small portion of a complete rotamer library can represent
a large fraction of the side-chain conformations that are
observed in a set of proteins. A 90% rotamer library is
defined as representing 90 % of the conformations in the
database used to create it. In order to create such a
library, the following procedure is applied to each of the
20 amino acids. Using valine as an example, if there are
a total number of 100 distinct rotamers in the complete
rotamer library, and if the total number of valine resi-
dues in the database is 10000, we take the smallest num-
ber of rotamers from the complete rotamer library that
can represent 90 % (9000) of the valine residues in the
database.

In addition to representing rotamers in terms of
dihedral angles, as is normally done, we represented
rotamers in terms of Cartesian coordinates, thus main-
taining bond lengths and angles at their experimental
values for a given rotamer. We designate the two kinds
of libraries, dihedral angle and coordinate libraries,
respectively. As will be discussed below, the latter yields
more accurate predictions. As pointed out by a referee,
the rotamers we have selected do not necessarily lie at
the bottom of local energy wells and it is worth dis-
tinguishing the usage of the term used here and else-
where from the one that implies a local energy
minimum.

1 http:/ /www fccc.edu/research/labs/dunbrack/
index.html

Side-chain prediction method

Side-chain predictions were carried out on fixed poly-
peptide backbones, which includes N, C*, C, O and CP
atoms and their associated protons. We considered CP as
part of the backbone because its position can be deter-
mined uniquely given the coordinates of N, C* and C.
All the atoms on the backbone were fixed, except hydro-
gen atoms on CP, which must rotate with the side-chains.
No prediction was made for Ala or Gly. The side-chain
positions of cysteine residues forming disulfide bonds
were generated on the basis of geometric considerations.
In the first series of calculations, proline residues were
kept fixed in their native conformations. As will be
shown below, this simplification has only marginal
effects on the results. For each residue, all possible side-
chain conformations are generated either from the dihe-
dral angle rotamer library using bond angles and lengths
from CHARMM, or from their coordinate rotamer
library.

Given an initial conformation, energy minimization is
performed one residue at a time, while all other residues
are kept fixed. The minimization procedure simply tests
all rotamers for a given residue and picks the one that is
lowest in energy. The minimization proceeds from the
first residue to the last, and the procedure is repeated
until all the side-chain conformations retain the same
rotamer upon further iteration. Some rotamers can be
removed from consideration during this procedure. For
each residue, we ignored rotamers with over 100 kcal/
mol (1 cal =4.184]) interaction energy with the back-
bone. If more than 100 rotamers pass this filter, the first
100 with the lowest interaction energy with the backbone
are retained. A total of 120 different initial conformations
are used for each protein. The first calculation for each
protein begins with a conformation where each rotamer
is at its lowest energy with respect to the backbone. The
next 59 calculations use totally random initial confor-
mations. The remaining 60 calculations use initial confor-
mations that are obtained from a simple partial
randomization procedure applied to the lowest-energy
conformation obtained from the 60 previous runs in
which side-chains of negative or positive interaction
energy have 30% or 70 % probabilities, respectively, of
being replaced by a random rotamer. The set of side-
chain conformations assigned to a particular protein is
chosen as the lowest-energy conformation obtained from
the 120 sets of calculations. In some cases, a further
refinement procedure was carried out as described
below.

The program, SCAP, is available at honiglab.cpmc.
columbia.edu.

Accuracy analysis

The accuracy of side-chain conformer predictions is
usually assessed in terms of rmsd values from the native
conformation, or in terms of dihedral angle deviations
from native. As the two criteria are not consistent with
one another,® most of the time, both are used in this
work. In the calculation of rmsd, we considered only
side-chain heavy atoms, excluding CP atoms. There are
two ways to calculate rmsd among several proteins:
overall rmsd versus average rmsd. For example, in the
case of two proteins, the overall rmsd is calculated by
summing over all residues in both proteins while the
average rmsd is simply one half of the sum of rmsd for
each of the two proteins. The value of overall rmsd is
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usually larger than that of average rmsd and is used
here.

Only %, and yx;,, dihedral angles were considered
when accuracy was measured in terms of side-chain
dihedral angles. Other side-chain dihedral angles are not
evaluated, though they were allowed to rotate in the pre-
diction procedure. A dihedral angle was considered to
be predicted correctly if its value was within 20° of that
of the minimized native structure. The average side-
chain dihedral angle difference between the minimized
and native structure is less than 1°. In evaluating the
results, the symmetry in Asp, Glu, Phe, Tyr and Arg resi-
dues was taken into account, as was the equivalence in
the two terminal oxygen atoms in Asp and Glu residues
and the NH1 and NH2 atoms in arginine residues.

Prediction accuracy is correlated with the degree of
residue burial, measured in terms of the percentage of
the solvent-accessible area of the side-chain relative to
that of an isolated side-chain in an extended confor-
mation. Here, protein core residues are defined as resi-
dues that are more than 90 % buried. Definitions of core
residues in the literature have varied between 70 and
90 % burial. For example, Dunbrack & Karplus,® Shenken
et al,** and Maeyer et al.” used 90 % bural to define core,
while Holm & Sander (1991) used 80 %. The calculated
percentage burial is fairly sensitive to the description of
the amino acid in a random peptide. Holm & Sander!
defined the conformation of an individual amino acid by
placing it in an extended Gly-Gly-X-Gly-Gly peptide. On
the basis of this definition, about 40 % of the residues in
20 proteins were labeled as core. Dunbrack & Karplus®
used the peptide acetyl-X-NHCHj; as a reference state.
Our reference state is that of an isolated amino acid that
has a larger solvent-accessible surface area than an
extended peptide. In fact, although we use 90 % burial to
define our core residues, our use of an isolated amino
acid as a reference state results in a larger percentage of
residues labeled as core (45%) than were labeled by
Holm & Sander.!
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