
All in one: a highly detailed rotamer library improves both
accuracy and speed in the modelling of sidechains by dead-end
elimination
Marc De Maeyer1, Johan Desmet2 and Ignace Lasters1

Background: About a decade ago, the concept of rotamer libraries was
introduced to model sidechains given known mainchain coordinates. Since then,
several groups have developed methods to handle the challenging combinatorial
problem that is faced when searching rotamer libraries. To avoid a combinatorial
explosion, the dead-end elimination method detects and eliminates rotamers that
cannot be members of the global minimum energy conformation (GMEC).
Several groups have applied and further developed this method in the fields of
homology modelling and protein design. 

Results: This work addresses at the same time increased prediction accuracy
and calculation speed improvements. The proposed enhancements allow the
elimination of more than one-third of the possible rotameric states before
applying the dead-end elimination method. This is achieved by using a highly
detailed rotamer library allowing the safe application of an energy-based
rejection criterion without risking the elimination of a GMEC rotamer. As a result,
we gain both in modelling accuracy and in computational speed. Being
completely automated, the current implementation of the dead-end elimination
prediction of protein sidechains can be applied to the modelling of sidechains of
proteins of any size on the high-end computer systems currently used in
molecular modelling. The improved accuracy is highlighted in a comparative
study on a collection of proteins of varying size for which score results have
previously been published by multiple groups. Furthermore, we propose a new
validation method for the scoring of the modelled structure versus the
experimental data based upon the volume overlap of the predicted and observed
sidechains. This overlap criterion is discussed in relation to the classic RMSD
and the frequently used ±40° window in comparing �1 and �2 angles. 

Conclusions: We have shown that a very detailed library allows the introduction of
a safe energy threshold rejection criterion, thereby increasing both the execution
speed and the accuracy of the modelling program. We speculate that the current
method will allow the sidechain prediction of medium-sized proteins and complex
protein interfaces involving up to 150 residues on low-end desktop computers.

Introduction
The amino acid sidechain placement in a given mainchain
template is an essential but not trivial task in protein
homology modelling. Even for small proteins, the degrees
of freedom for the sidechains lead to an enormous number
of combinatorial possibilities, thereby hampering a brute
force approach to identifying the global minimum energy
conformation (GMEC). A first step in breaking down the
combinatorial barrier goes back to the pioneering work of
Janin et al. [1] and Bhat et al. [2]. In a survey of protein
structures it was observed that sidechains adopt a limited
number of conformers that correlate with stereochemical
and energetic constraints. Subsequently, this analysis was
extended by James and Sielecki [3] on a set of well
refined protein structures (mainly serine proteases) and by

Benedetti et al. [4] on oligopeptides. The observation that
conformer distributions were rather narrow for well
refined structures motivated Ponder and Richards [5] to
elaborate a rotamer library to study allowed sequences in
clusters of residues. At the same time, the rotamer concept
was further detailed by several other groups [6,7].

Recently, new methods have been developed to further
narrow down the computational complexity. Two recent
survey articles [8,9] on homology modelling approaches
review the different methods for sidechain placement. A
number of prediction methods locating the sidechain con-
formations in a fixed known backbone structure have so far
been proposed: Monte Carlo simulation [10–12]; genetic
algorithm [13,14]; approaches where clusters of residues
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are examined instead of the whole protein [5,13,15]; simu-
lated annealing [16,17]; lowest energy conformation
searching [18]; systematic search procedures in the context
of the backbone atoms combined with extensive local
energy minimizations [19]; local 3D homology modelling
[20]; combined sequence and sidechain conformation
network [21]; a self-consisted field method to iteratively
refine a conformational matrix of protein sidechains [22];
segment matching method [23]; the dead-end elimination
(DEE) method [24] and the DEE and fuzzy-end elimina-
tion (FEE) theorem [25–29]. Interestingly, the DEE
method in combination with a Monte Carlo approach has
recently been successfully applied in a protein design
automation cycle as proposed by Dahiyat and Mayo [30].

The DEE method is based on a simple criterion that
allows elimination, with mathematical rigour, of rotamers
that cannot be members of the GMEC. Applying this crite-
rion iteratively leads to a collapse of the conformational
search space [24,31]. Of course, while representing
sidechains as rotamers, the found solution will depend on
the rotamer library used. It is a prerequisite that enough
rotameric states are included in the rotamer library to ascer-
tain that the predicted sidechain conformations correspond
to the observed X-ray structure [32]. Therefore, it is desir-
able to design methods that allow work with very detailed
libraries while keeping the combinatorial explosion under
control. Here, we present a detailed library containing 859
elements to describe the sidechain rotameric states, which
allows us to safely apply an energy-based rejection criterion

without risking the elimination of a GMEC rotamer. In
order to validate the present method, which we call high
energy threshold reduction (HETR), we have applied it to
19 proteins varying in size from 30 to 323 residues
(Table 1). The time reduction using the HETR method
has been evaluated, as well as the influence of the predic-
tion score by extending the rotamer library. 

An overview of the different criteria used in validating the
predicted structure shows a need for a more consistent
evaluation method. We present in this paper a method
that is based on the sidechain volume overlap between the
modelled and the observed X-ray structures. Compared to
other methods, HETR overcomes problems related to the
use of �1, �2 angles and/or the root mean square deviation
(RMSD) as evaluation criteria.

Results
The rotamer library
It has been shown by Schrauber et al. [32] that most
rotamer libraries suffer from incompleteness, resulting in
an inability to correctly predict each of the sidechain con-
formations. In this work, we have started from the rotamer
library used in the work of Lasters et al. [29] containing 275
rotamers distributed over 17 amino acid types. This library
was created from the standard Ponder and Richards library
[5], completed with all physically possible rotamers (stan-
dard gauche and trans conformations) not present in the
original set and supplemented with 65 additional rotamers
originating from the lack of well defined rotameric states
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Table 1

Overview of the 19 studied proteins.

PDB code Protein name No. residues* No. rotatable† Resolution (Å) Hetero groups R factor

1gma Gramicidin A 30 24 0.86 Ethanol amine 0.071
1crn Crambin 46 26 1.0 PO4 + K 0.114
8rxn Rubredoxin 52 32 1.0 Fe(II) + SO4 0.147
5pti BPTI 57 36 1.0 PO4 + K 0.197
2sn3 Scorpion neurotoxin 65 41 1.2 2-Methyl-2,4-pentadiol 0.192
1igd Protein G immunoglobulin binding 61 49 1.1 — 0.169
351c Cytochrome c 82 53 1.6 Heme 0.195
1rga Ribonuclease T1 104 77 1.7 Ca + GMP 0.145
2wrp DNA-binding regulatory protein 104 85 1.65 SO4 + Na 0.180
1lz1 Lysozyme 130 95 1.5 — 0.187
1rpg Ribonuclease A 124 97 1.4 2-Methyl-2,4-pentadiol + CPA 0.172
2aza Azurin 129 98 1.8 Cu + SO4 0.157
1mba Myoglobin 146 100 1.6 Heme 0.193
1ifc Lipid-binding protein 131 113 1.19 — 0.169
1arb Serine protease (hydrolase) 263 183 1.2 — 0.149
2ptc B-trypsin + BPTI 281 200 1.9 Ca 0.187
1cse Subtilisin Carlsberg + Eglin C 337 241 1.2 2 Ca 0.178
3tln Thermolysin 316 242 1.6 4 Ca + Zn 0.213
3app Penicillopepsin 323 245 1.8 — 0.136

*Total number of residues in the protein. †Number of rotatable residues.



for the amide plane orientation and carboxylate groups of
asparagine, glycine, aspartic acid and glutamine [29]. Com-
bining this library with the analysis of Schrauber et al. [32]
leads to the new basic rotamer library with 330 elements.
In addition, by taking one or more user-defined steps
around the rotamer � angles, an even more detailed library
is obtained. In the work of Ponder and Richards [5], this
step-size corresponds to the standard deviation in � angle
distribution in their analysis of 19 well resolved and refined
proteins. In all tests described in this study, we expanded
the library by taking two steps of 10° around the �1 angle
of the aromatic amino acids (Phe, Tyr, His and Trp), and
for each of these new rotamers we took two steps of 20°
around the �2 angle. This enlarges the rotamer library to
859 elements, referred to as the ‘large library’ (the large
rotamer library, before expansion, is listed by residue type
in Supplementary material published with this paper on
the internet). To assess the modelling accuracy as a func-
tion of library size, we also studied a library, referred to as
the ‘small library’, of 213 rotamers. This small library is a
subset of the large library and has been used previously in
the work of Desmet et al. [24].

Determination of the HETR cut-off value
For each of the 19 proteins studied, we have determined
the GMEC rotamer ig for all rotatable sidechains i by apply-
ing our previously described method [24,25,29] and using
the present enlarged rotamer library. Subsequently, for
each ig, the template energy E(ig) is tabulated as the inter-
action energy of ig with the template atoms plus the self-
energy of rotamer ig. Denoting by E(ir) the template energy
of any rotamer ir, we determined for each rotatable residue i
the rotamer im of minimum template energy E(im). From

the difference in template energies E(ig) – E(im), it is possi-
ble to evaluate to what extent the ig rotamers coincide with
the im rotamers. In the typical case of ribonuclease A (PDB
code 1rpg; Fig. 1), 42 out of the 96 rotatable residues are not
in the minimal rotamer mainchain conformation. For the
protein series 2sn3, 5pti, 2ptc, 1lz1, 1rpg, 8rxn, 351c, 2aza,
1igd, 1crn, 1gma and 1mba, using the large rotamer library
with 859 elements and using no HETR cut-off, the
maximum energy difference for any of the rotatable
residues between the minimal energy of each of the
rotamer orientations with the template and the final GMEC
rotamer energy with the template was, respectively, 5.9, 5.1,
8.6, 4.6, 5.2, 2.8, 4.6, 4.8, 2.7, 1.5, 4.2 and 5.5 kcal mol–1.

From these data, we deduce that if the large library is
used, a HETR criterion of 10 kcal mol–1 is allowed. This
means that all rotamers in a window of 10 kcal mol–1 above
the im rotamer have to be taken as valid possibilities in the
DEE computations. Application of the HETR criterion
leads on average for the 19 studied proteins to an extra
reduction of 30% of the number of possible rotameric
states before applying the DEE method. Such reduction is
not possible when working with the smaller library.
Indeed, in view of the coarseness of such a library, the
10 kcal mol–1 criterion is no longer safe and no reliable
low-energy cut-off criterion can be identified. For
example, for the protein series 2sn3, 5pti, 2ptc, 1lz1 and
1rpg using the small library, the differences become more
important: 5.4, 4.6, 8.8, 11.0 and 15.0 kcal mol–1.

Computer time
All our computations have been performed on a Silicon
Graphics R4000 computer (single CPU). As can been
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Figure 1

Difference in template interaction energy of
the rotamers im and ig for the rotatable
sidechains of ribonuclease A (PDB code
1rpg) exceeding a 0.5 kcal mol–1 energy
difference. While im denotes the rotamer
having the least interaction energy with the
template, ig corresponds to the GMEC
conformation. Black bars indicate the
differences for our small library (213 rotamers)
and white bars indicate the differences for our
large library (859 rotamers).
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deduced from Figure 2, the computer time needed
increases roughly linearly with the number of residues of
the protein, although some unpredictable variations are
possible. All time data comprise the time from the initial
read of the PDB file up to the write-down of the predicted
model structure. The time reduction upon application of
the HETR criteria goes from a factor of 3 to 6. The time
gain grows with the size of the protein as is shown in
Figure 3. Clearly, this gain originates from the fact that the
eliminated rotamers are discarded from the pairwise
rotamer–rotamer calculations, thereby increasing the
dead-end computational efficiency.

Validation criteria in the literature
In Table 2, we present an overview of published sidechain
prediction work. Besides inevitable differences in the used
energy model and the level of detail of the used rotamer
library, a rather wide range of validation criteria are used.
In general, the correctness of prediction is evaluated sepa-
rately for buried and exposed classes of residues. Some
groups use the (slightly extended) definition of Miller et al.
[33] that buried residues have less than 10% exposed of
their maximal accessible solvent area. Others
[11,14,15,17,19,20,22,27,34] consider a more permissive
threshold of 20–40% accessible surface area (ASA) exposed
to the solvent. Levitt [23] considers a more absolute value
and considers as buried residues having less than 70 Å2,
and quoting a residue sidechain as incorrect if its RMSD
exceeds 2 Å. Most studies include the RMSD between the
modelled and the experimental X-ray structure, with the
exception of Eisenmenger et al. [19] who give RMSD
values of the modelled sidechain versus a ‘regularized’ X-

ray structure. Some studies [11,14,15,17,19,20,23,34,35]
include C� atoms, although these are in general taken from
the starting structure or include the more rigid disulphide
bonds and proline residues in the RMSD calculations.
However, this may favourably affect the score, especially
for the smaller proteins. Another important evaluation cri-
terion is the comparison of sidechain dihedral angles
between computed and X-ray observed structures. There
is a considerable variation in the definition of the tolerance
on �1, �2 separately or on the combined �1+�2 used in the
evaluation process. In the following sections, we address a
novel criterion based on volume overlap and discuss this
criterion in relation to both the �� and the RMSD criteria.

Volume overlap in relation to the ��
As has been pointed out by Schiffer et al. [18], a method is
needed to evaluate the correctness of modelled sidechains
that is sensitive to spatial errors or functional interactions
but insensitive to alternative fitting of the electron density
map. Similar to the real space fit [36], and also inspired by
the work of Schiffer et al. [18], we propose the use of the
van der Waals’ volume overlap to evaluate how well the
volume of the predicted sidechain volume overlaps with
the observed X-ray structure. In a similar fashion to the
real space fit, the calculated volume overlap becomes
independent of individual � angle comparisons and evalu-
ates the sidechain as a whole entity.

In using the sidechain volume overlap as a tool to judge the
correctness of the prediction, we need to decide below
which percentage of overlap a modelled sidechain may be
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Figure 2

Dependency of the total execution time versus the number of rotatable
residues for each of the 19 studied proteins. Each of these proteins is
labelled by its PDB code.
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Plot illustrating the gain in execution time using the HETR method
(grey bars) as compared to the dead-end elimination without the HETR
criterion (black bars) for five selected proteins marked by their PDB
code. Proteins on the x-axis are ordered by increasing execution time.
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considered as correctly positioned. We systematically com-
pared by visual inspection the observed (X-ray) and mod-
elled sidechain positions. Sidechains that were considered
to be correctly modelled consistently satisfied a ≥70%
volume overlap criterion. To validate this criterion more
objectively, we have computed the sidechain volume
overlap for all residue types in all their possible conforma-
tions taken from the rotamer library with respect to a refer-
ence rotamer (to be defined below). Subsequently, the
conformations were sorted by increasing volume overlap
and for each amino acid type a plot was made showing the
percentage volume overlap versus the sorted conformation
number. For each type of sidechain this analysis was
carried out for two reference rotamers corresponding to the
two statistically most preponderant rotamers [32]. Typical
curves are shown in Figure 4. It is observed that there is a

transition between regions of low and large volume
overlap. This transition is most marked for the aromatic
residues and is less pronounced for hydrophobic residues
such as leucine. In all cases, the 70% criterion selects
rotamers in the upper part of the high volume overlap
region. It is worth noting that this criterion is much more
severe than the often used ±40° window around the �1+�2
angle (see Table 2). Firstly, because it evaluates the
residues as a whole, thus including all � angles. Secondly,
because it rejects combinations of �1+�2 angles that while
satisfying the ±40º window have nevertheless a low volume
overlap. This is exemplified in Figure 5, where we have
plotted for the residues leucine and tryptophan the volume
overlap with the statistically most occurring conformer
[32]. While a ±40° difference in �1 and �2 corresponds to a
58% volume overlap for leucine, this dramatically drops to
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Table 2

Overview of currently known sidechain prediction studies. 

Reference Proteins Scoring % ASA† Included in comparison No. rotamers 
modelled criterion* in library 

C� Pro Cys 

De Maeyer et al. (this study) 19 70% overlap 10/25 N N N 859
Desmet et al. [31] 4 40° 10 N N N 213
Dunbrack & Karplus [35] 6 40° 10 Y Y Y Backbone dep.‡

Eisenmenger et al. [19] 7 40°§ 25 Y N Y —
Holm & Sander [11] 33 30°# 20 Y Y Y 316
Hwang & Liao [34] 12 40° 20 Y Y Y —
Keller et al. [28] 15 40° — — — — 109
Koehl & Delarue [22] 30 40° 30 N Y Y 108
Laughton [20] 8** 30° 40 Y Y Y —
Lee & Subbiah [17] 9 40° Most buried Y N Y —
Levitt [23] 8 rms > 2Å < 70Å2 Y Y Y —
Schrauber et al. [32]†† — 20° 10 — — — 81/109
Tanimura et al. [27] 11 40° 30 N — — 101/263/624
Tufféry et al. [14] 15 — 25 Y Y Y 110
Wilson et al. [15] 4 ‡‡ 20 Y Y Y 84

—, denotes that the value is not applicable or not available from the
corresponding article. *Unless otherwise indicated, the scoring
criterion is given for the angular ��1 and ��2. †Accessible surface
area, defines buried residues. ‡Backbone-dependent rotamer library.
§Comparison is done versus a ‘regularized structure’. #For �1 only.

**Compares for all dihedral angles. ††Although not a sidechain
placement method, this study is included since it evaluates the
‘rotamericity’ of proteins. ‡‡Scoring of the model is done by
determining the fraction of the sidechains that have been assigned to
the same rotamer of the ‘lowest error structure’. 

Figure 4

Calculated volume overlap for all rotamer
conformations present in the library with the
two statistically most occurring conformations
for (a) tyrosine (�: �1 = –65°; �2 = 98° and
❍: �1 = 180°; �2 = 75°) and (b) leucine
(�: �1 = –177°; �2 = 65° and ❍: �1 = –64°;
�2 = 177°). The conformations have been
sorted by their volume overlap.
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only a 33% volume overlap for tryptophan. To highlight
this statement further, we show in Figure 6 a stereoscopic
view of the maximal ±40° variation around the statistically
most occurring rotamer conformation of the tryptophan
sidechain, to be compared with the allowed variability for a
volume overlap of 70%. It is clear that the 70% criterion
imposes a higher extent of spatial equivalency between
modelled and X-ray observed sidechain conformations.

The volume overlap criterion is also a more robust crite-
rion to assess the prediction accuracies obtained with
varying library sizes. To illustrate this, we have predicted a
series of proteins using both the large and the small
rotamer libraries. The correctness of prediction was judged
with both the 70% volume overlap and the �� = 40° crite-

ria. The large library contains 859 rotameric states, while
the smaller library, being a subset of the larger one, con-
tains only 213 rotamer elements. As is seen from Figure 7a,
it is clear that both criteria reveal essentially the same
scoring values when working with a very detailed library,
suggesting that convergence is obtained as the size of the
rotamer library increases. Comparing both methods for the
small library (Fig. 7b), it is seen that the 70% criterion is a
more severe criterion as compared to the 40º method. That
the 70% volume overlap is a more consistent criterion as
compared to the �� = 40° criterion follows from
Figure 7c,d, where we plot for each of these criteria the
scoring values obtained for both libraries. The �� = 40°
criterion yields scoring results that are often superior when
using a small library (Fig. 7c). Such observation is contrary
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Figure 5

Calculated contour plot of the volume overlap
as a function of the variation in �1 and �2
around the statistically most occurring rotamer
for (a) leucine (�1 = –64°; �2 = 177°) and
(b) tryptophan (�1 = –65°; �2 = 100°).
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Figure 6

Stereoscopic view illustrating for the
tryptophan sidechain (a) the 70% volume
overlap and (b) the �� = 40° criteria. The
reference conformation is shown in bold. The
conformations shown by thin lines correspond
to the maximally allowed deviations according
to the used criterion. For the �� = 40°
criterion, these conformations are simply
derived by adding/subtracting 40 from the
reference �1 and �2 dihedral angles. For the
70% volume overlap criterion, a ��1 = 20°
and ��2 = 7° was used as deduced from
Figure 5b.
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to expectations since the smaller library is a subset of the
larger one. However, the results obtained using the 70%
criterion consistently show that a better score for the class
of all residues (Fig. 7d) as well as for the core residues
(Table 3) is obtained when using the more detailed library
thereby validating further the use of this criterion.

Volume overlap in relation to RMSD
The relationship between sidechain volume overlap and
RMSD of modelled and experimentally determined
sidechains is plotted in Figure 8 for the typical case of
ribonuclease T1 (PDB code 1rga) [37]. One can observe

several regions in this plot. First, the area above 70%
volume overlap and below 1 Å, where a nice linear correla-
tion between the volume overlap and the RMSD is
observed. Second, the zone above 70% volume overlap
but having a high RMSD value, which contains exposed
asparagine, glutamine and histidine residues for which the
amide or imidazole ring is flipped in comparison with the
experimental X-ray structure. Inspection of the X-ray
structure reveals that these amide flips are indistinguish-
able from each other, since there is no hydrogen-bonding
preference observed. Third, the lower left zone containing
only serines, all of which are solvent-exposed. Fourth, the
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Figure 7

Comparison of the two scoring methods for
each of the seven proteins shown (marked 
by their PDB code). (a) Results for the 70%
volume overlap criterion (�l) and the �� = 40°
scores (�) for the large (859 rotamers) library.
(b) Results for the 70% volume overlap
criterion (�s) and the �� = 40° scores (�)
for the small (213 rotamers) library. 
(c) Comparison of the �� = 40° scores for
the large (�) and the small (�) libraries. 
(d) Comparison of the results for the 70%
volume overlap criterion for the large (�l) and
the small (�s) libraries. The scores are
computed for the ensemble of rotatable
sidechains.
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Table 3

Score results for core residues as a function of library size. 

Small library Large library

PDB code ASA ≤ 10% ASA ≤ 25% ASA ≤ 10% ASA ≤ 25%

5pti 80.0 84.6 100.0 92.3

351c 91.7 81.0 100.0 95.2

2sn3 85.7 85.7 100.0 92.9

1rpg 85.2 86.7 92.6 86.7

1mba 76.3 78.6 89.5 89.3

2ptc 86.7 79.6 93.3 85.8

1lz1 96.8 91.7 95.8 95.8

Mean 86.1 84.0 95.9 91.1

Standard deviation 6.8 4.6 4.3 4.0

Percentage of correctly predicted residues using the 70% volume
overlap criterion for the proteins listed in column 1 using both our small
(213 rotamers) and large (859 rotamers) libraries. Two classes of core

residues have been considered: residues having 10% or 25% of their
maximum ASA values.



central and lower right zone of this figure, containing
residues that can be considered as being wrongly pre-
dicted. Interestingly, alternative conformations are some-
times reported for residues located in this zone. If a
modelled sidechain would match such an alternative con-
formation it would nevertheless lead to a bad score since
the most predominant conformation is taken as the refer-
ence to compute the RMSD or the volume overlap. An
interesting case is seen for Asn36 in ribonuclease T1. As
reported in the PDB file (1rga), this residue shows two
alternative sidechain conformations with occupancy
factors of 0.6 and 0.4. The open symbols in Figure 8 show
the volume overlap and RMSD computations using each
of these conformations as a reference. With respect to the
alternative of highest occupancy, a 2.15 Å RMSD and a
28% volume overlap is seen, whereas the corresponding
values are 1.59 Å and 82.7% relative to the lowest occu-
pancy position. Thus, the predicted conformation for
Asn36 corresponds to the lower occupancy position. Con-
sequently, at least some of the bad predictions as revealed
by the plot in Figure 8 may be accounted for by alterna-
tive sidechain conformations.

Prediction quality comparison with other methods
As explained above, we favour the 70% volume overlap
scoring method over the ±40° difference on �1 and �2.
Since in many studies the RMSD is used as a validation
method, we have compared the sidechain RMSD results
for the buried residues with those of other investigators

(Fig. 9). We include in this plot only those investigators
who studied at least four of the six proteins shown in this
figure. Unfortunately, Dunbrack and Karplus [35] did not
include RMSD values and consequently these experi-
ments could not be added to the plot. With respect to the
work of Laughton [20], we included only the results
obtained with the random rotamer selection. Contrary to
our calculations, almost all other studies included in the
RMSD the C� atoms and the more restricted prolines and
disulphide bridges. Depending on the size and the amino
acid composition of the protein, the inclusion of C� atoms
can lead to an important decrease in RMSD, while adding
the disulphides and prolines brings the RMSD value
further down. Given the variety of definitions for buried
residues (Table 2; Fig. 9) and the small number of core
residues for crambin (1crn) and BPTI (5pti) the RMSD
values for these two proteins have to be interpreted with
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Figure 8

Plot correlating the volume overlap and RMSD obtained by comparing
the modelled and X-ray observed sidechains in the case of
ribonuclease T1 (PDB code 1rga). The two open circles correspond to
two alternative conformations reported for Asn36.
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Plot comparing the RMSD score results obtained by various groups for
the core residues of a number of proteins shown on the x-axis. The
definition of core residues based on ASA is as described in Table 2.
Core residues in the present study are defined as residues that in the
X-ray structure have an ASA < 25% of their maximal possible value.
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great care. One wrongly predicted sidechain in the twi-
light zone around the 20–30% ASA of a protein may give
rise to a large variation in RMSD.

Overall and for each individual protein, our method scores
best relative to the other methods. In addition, the present
work shows the least spread in RMSD. The mean RMSD
value for our experiments is only 0.7 Å, with a standard
deviation of 0.2 Å. This value has to be compared with a
mean RMSD over all 19 studied proteins of 0.78 Å with a
standard deviation of 0.35 Å (Fig. 10). The next best is the
prediction of Hwang and Liao [34] with a RMSD value of
1.1 Å ± 0.3. It might be argued that the low RMSD in the
present study originates from a more restricted definition of
buried residues (≤25% of maximum ASA) as compared to
the work of Laughton et al. [20] and Koehl and Delarue [22].
However, this is not the case, since in the work of Hwang
and Liao [34] an even more narrow definition for buried
residues (20% ASA as compared to our 25% value) was used.

Scoring by residue type
In total, combining the 19 studied proteins, 2135
sidechain orientations have been predicted. Figure 11
shows the distribution of residue types together with the
score results using the 70% volume overlap criterion. It is
observed that for the hydrophobic residues isoleucine,
valine and leucine, we obtain an average score of 88% cor-
rectly predicted residues. The aromatic groups are the
best predicted with an average score of 92%. It is clear that
a large fraction of the hydrophobic and aromatic residues
are located in the interior of the protein or in patches on
the surface of the protein. Thus, in these patches and in
the buried environment of the protein, the energy model
is apparently well suited to accurately predict the
sidechain conformations. On the other hand, the polar and
charged residues are less well predicted, but for most of
them the prediction rate rises above 70% correct when
they become buried.

Discussion
The homology modelling of protein structures is a rapidly
evolving field as reviewed recently [8,9,38]. With respect
to the modelling of sidechains, given a set of backbone
coordinates, different approaches based on the rotamer
concept have been proposed as reviewed above. Each of
these approaches provides an original strategy to avoid the
combinatorial explosion that the modeller faces when
searching the combination of rotamers that shows the least
energy. Recently, Eisenmenger et al. [19] have challenged
the existence of a combinatorial barrier in sidechain place-
ment. These authors argue that each sidechain can be
modelled by taking into account only the environment of
the template’s backbone atoms. However, this view is
moderated by the recent work of Tanimura et al. [27], who
have demonstrated that sidechain–mainchain and
sidechain–sidechain interactions work concurrently to sta-

bilize the protein structure. That the GMEC rotamer ig
often does not coincide with the rotamer im of least tem-
plate interaction energy is exemplified in Figure 1 where
we have plotted for ribonuclease A (1rpg) the difference in
interaction energy with the template for the ig and im
rotamers using both the small and the large rotamer
libraries. The template is here defined as all mainchain
atoms, all C� atoms, all proline, glycine, alanine and disul-
phide-bonded cysteine residues. To further illustrate this
observation, we depict in Figure 12 the ig and im rotamers
for Arg20 of BPTI (2ptc) together with the X-ray struc-
ture. It is observed that the Arg20 has been correctly pre-
dicted (ig) as compared to the X-ray structure. The lowest
energy conformation (im) for this arginine is completely
different from the experimentally observed orientation.
The energy difference between the GMEC rotamer and
the lowest energy rotamer in their interaction with the
template is 8.6 kcal mol–1. Although it is possible for Arg20
to make a more favourable interaction with the template,
this would require Phe33 to be turned away from its
lowest energy conformation. It is clear that both lowest
energy conformations cannot occur at the same time, since
these would be placed in atomic clash. With the X-ray ori-
entation (coinciding with the GMEC conformation), the
global lowest energy state is selected, avoiding local strain
between individual residues. Clearly, this observation pro-
vides additional support for the work of Tanimura et al.
[27] on sidechain packing.

By systematically comparing the template interaction ener-
gies for the ig and im rotamers in a collection of 19 proteins
(Table 1), we have identified a new elimination condition
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Figure 10

Plot of the RMSD between the predicted and X-ray observed
sidechains for all residues (�) and residues with a solvent accessibility
of less than 10% (�) and 25% (�) of their maximum ASA values for
each the 19 modelled proteins. 1mba hem denotes the myoglobin
structure including the heme group.
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referred to as the high energy threshold reduction (HETR)
criterion. Only when using the large rotamer library can a
low value be assigned to the HETR cut-off. From the
analysis of the 19 studied proteins, a safe threshold of
10 kcal mol–1 can be used leading to an extra elimination of
about 30% of all rotamers before starting the DEE
method. Such a low value is prohibited when working with
the small library, suggesting that the higher coarseness of
such a library may concomitantly increase the roughness of
the energy landscape. It would be incorrect to suggest that
for an infinitely detailed rotamer library the energy differ-
ence between the im and ig rotamers would vanish. Indeed,
on the contrary, we observe (e.g. in ribonuclease A) that
additional cases where im ≠ ig occur when working with a
more detailed library. Referring again to BPTI Arg20 in
the BPTI–trypsin complex (Fig. 12), it is clear that the
further addition of rotamers to the library cannot give rise
to a situation in which BPTI Arg20 in its im state would be

turned towards the more exposed ix = ig state where it is
not implied in elaborated template contacts. Thus, even in
a infinitely detailed rotamer library, ig will differ from im for
many residues.

In the present study, we have also compared the accuracy
of our sidechain placement algorithm with results obtained
by other groups. This comparison, based on the RMSD
computed between modelled and X-ray observed
sidechains for core residues, is presented in Figure 9. In
addition, Figure 10 plots the RMSD for each of the 19
studied proteins. Notwithstanding that most other studies
include C� atoms, disulphide bridges and the more con-
strained proline residues in the RMSD calculations, the
present method gives better predictions than any of the
other groups even with respect to the work of Hwang and
Liao [34], who use a more restrictive definition of core
residues as compared to our work. In addition to the results
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Figure 11

(a) Scoring results obtained using the 70%
sidechain volume overlap as a function of the
residue type accumulated over all 2135
rotatable residues of the 19 modelled
proteins. White, black and grey bars denote,
respectively, all residues, residues with
solvent accessibility less than 10% and 25%
of their maximum ASA values. (b) The total
number of residues for each residue type in
the three accessibility classes of (a).
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Figure 12

Stereoscopic representation of the
surroundings of Arg20 of BPTI in complex
with trypsin (PDB code 2ptc). Superimposed
are the X-ray and the modelled structures. In
addition, for Arg20, drawn in bold, the
conformation of least template interaction
energy (labelled m) is shown. The labels x and
g denote, respectively, the X-ray observed
sidechain conformation and the GMEC
rotamer.



obtained with the random rotamer selection method
(included in Fig. 9), the work of Laughton [20] also reports
score results obtained with the 3D homology search
method based on a database of proteins with varying
degrees of homology with respect to the test protein. Since
in many cases proteins closely homologous to the test
protein remain in the database during the modelling (e.g.
2apr rhizopuspepsin, when modelling the test protein 3app
penicillopepsin), we did not include these data in Figure 9.
Indeed, in such cases, these homologous proteins were the
prominent contributors to the modelled structure thereby
leading to a very low RMSD value. However, even then
our score results are in all cases lower than those of
Laughton [20]. Taken together, we believe that the
presently achieved accuracy originates from the use of a
more detailed rotamer library (859 elements). In addition,
by supplementing the original DEE method with the
HETR criterion, the computational needs (Figs 2,3)
remain quite acceptable. Interestingly, the RMSD values
reported by Eisenmenger et al. [19] for the core residues of
crambin and BPTI, two proteins shown in Figure 9, are
much higher (respectively 1.3 Å and 1.7 Å) as compared to
our results (respectively 0.42 Å and 0.45 Å) and also higher
with respect to most other groups listed in Figure 9. This
provides further evidence that the modelling of sidechains
by considering essentially only the local backbone environ-
ment [19] represents perhaps too restrictive a view. 

We have also developed a new method to judge the cor-
rectness of the sidechain predictions. A quantitative and
detailed validation method is the calculation of the real
space fit for each individual sidechain residue to locate
possible errors in the X-ray model [36,39]. The real space
fit for a sidechain evaluates how well the calculated elec-
tron density map of the model coincides with the observed
electron density map. In the case of the sidechain predic-
tion work, this method is generally not applicable since the
electron density data are not always available. For one
protein in this study (1rga), we have been able to perform
this analysis. Taking into account only the protein’s atoms,
the R factors for the X-ray and modelled structures of 1rga
are, respectively, 0.271 and 0.326 (R Loris, personal com-
munication). Interestingly, 15% of the modelled sidechains
were characterized by lower R factors as compared to the
X-ray observed ones. Similar to this calculated real space
fit, our new validation method is based on a van der Waals’
volume overlap computation [18]. Contrary to the compu-
tations of the RMSD or the differences in � dihedral
angles, the volume overlap has a simple intuitive meaning
since it directly aims at verifying to what extent the mod-
elled sidechain occupies the same space as observed in the
X-ray structure. We express the extent of volume overlap
as a percentage relative to the self-overlap (100% level) of
the sidechain, but excluding the C� atom, as observed in
the X-ray structure. We propose a 70% cut-off value to
judge the correctness of the sidechain predictions. This

value was initially obtained from extensive visual inspec-
tion of modelled versus X-ray observed sidechains, thereby
comparing volume overlap with the visual correctness of
the prediction. Visual inspection is a common modelling
approach that has also been followed by others. For
example, Richardson and Richardson [40] defined �-helix
boundaries through detailed visual inspection, which led to
the unravelling of amino acid preferences at specific posi-
tions in the �-helix. We have also provided additional
support for the 70% cut-off. First, the volume overlap plots
with respect to reference rotamers, such as shown in
Figure 4, are characterized by distinct low and high volume
overlap regions. It is clear that the 70% criterion retains
only those rotamers that are situated in the upper part of
the high volume overlap region. Second, as can be derived
from Figures 5, 6, and 7a,b, the 70% criterion is less per-
missive as compared to the frequently used ±40° tolerance
on �1 and �2. However, this criterion is more consistent
than the �� = ±40° criterion because the prediction scores
never decrease when working with a more detailed library
(Fig. 7d). As is observed from Figure 7c, this does not
apply for the �� = 40° criterion since by improving the
quality of the library (while maintaining all of the rotamers
of the smaller library) an erratic response on the score
results is observed (a worse score for 57% of the studied
proteins is seen). Third, as can be seen from Figure 8, the
70% volume overlap criterion correlates well with low
(≤1 Å) RMSD values but is not sensitive to possible atom
labelling inconsistencies [41] or 180° flips of amides or imi-
dazole groups.

Using the 70% volume overlap criterion, the percentage of
correctly predicted residues is plotted in Figure 13 for each
of 19 studied proteins. High scores are observed for both
definitions of core residues, suggesting that the precise def-
inition of core residues (10–25% of maximal ASA) has only a
limited effect on the score results. Sometimes a somewhat
lower score is noted for a given protein (Fig. 13). Invariably,
in these cases, a lower percentage of the residues is buried
in these proteins (1gma, 2wrp and 1ifc). There is also a case
(1arb) where the score computed on all residues almost
matches with the scores for the core residues. Interestingly,
in this case, an unusually high percentage (∼50%) of
residues are buried (with ASA <25% of maximal value).
Taken together, we believe that the variation seen in score
results (Figs 10,13) is mainly driven by the proportion of
buried versus exposed residues in a protein.

Figure 14 shows a plot of the percentage volume overlap
for the 736 buried (with ASA ≤ 10% of maximal value)
residues in our set of the 19 studied proteins. These
residues have been ordered by increasing volume overlap.
It is seen that less than 10% of the residues have a volume
overlap <70%. In other words, about 90% of the core
residues appear to be correctly predicted in the present
modelling work. The curve in Figure 14 is also marked by
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a very steep initial rise (0–50% volume overlap) indicating
that very few of the core residues are very badly predicted.
Clearly, these high scores implicitly validate the used all-
hydrogen energy model [42].

The major usage of the present work is in homology mod-
elling to predict sidechain conformations in the absence of
known water molecules and ligands. Therefore, all our
experiments, except for one, were carried out by first
removing all water molecules and ligands from the input
coordinates. Myoglobin (1mba) was modelled with and
without the heme group. Although there is no significant
difference between the quality of the predicted structures
(Figs 10,13), the execution time for the experiment with
the heme group was eightfold shorter. The reason is that
by modelling in the context of a ligand or bound metal
ions, the interacting rotamers are fixed in an earlier stage
of the DEE process, thereby increasing the elimination
power of the DEE and FEE process. 

In conclusion, the present method combines both fast and
accurate modelling of sidechains. The high accuracy is
reached by the use of a very detailed rotamer library (859
elements). Indeed, invariably the score results for core
residues (Table 3) are significantly improved when
working with a more detailed library (859 elements) as
compared to the coarser library (213 elements). A detailed
library allows the introduction of a safe energy threshold
rejection criterion thereby increasing considerably the
execution speed of the modelling program. Interesting
future developments are the incorporation of mainchain
flexibility and the implementation of a hydrophobic
potential to better model solvent-exposed residues.

Materials and methods
Selected set of protein structures
In this sidechain prediction study, we used 19 proteins retrieved from
the Brookhaven Protein Databank [43]. These proteins are: gramicidin
A, 1gma [44]; crambin, 1crn [45]; rubredoxin, 8rxn [46]; bovine pan-
creatic trypsin inhibitor (BPTI), 5pti [47]; scorpion neurotoxin, 2sn3
[48]; protein G immunoglobulin binding domain, 1igd [49]; cytochrome
c, 351c [50]; ribonuclease T1, 1rga [37]; DNA-binding regulatory
protein, 2wrp [51]; human lysozyme, 1lz1 [52]; ribonuclease A, 1rpg
[53]; azurin, 2aza [54]; myoglobin, 1mba [55]; intestinal fatty acid
binding protein, 1ifc [56]; lysine-specific serine protease, 1arb [57]; �-
trypsin + BPTI complex, 2ptc [58]; subtilisin Carlsberg + Eglin C
complex, 1cse [59]; thermolysin, 3tln [60]; and penicillopepsin, 3app
[3]. All these structures have low R factors and are classified as well
refined structures according to the criteria of Morris et al. [61]. An
overview is given in Table 1.

Considering that the major usage of our method is in homology model-
ling to build sidechains from a given known template and to predict
sidechain conformations in protein interfaces in the absence of crystal-
lographically known ligands and water molecules, these were removed
prior to the sidechain placement. All missing hydrogen atoms were
constructed in their optimal energetic conformation.

Buried residues
It is well recognized that solvent-exposed residues are less well pre-
dicted compared to buried ones. In this study, we consider three groups
of residues. The first group is based on the work of Miller et al. [33] and
considers a buried residue as having only 10% or less of the maximal
possible accessible surface area (ASA). The maximal ASA for each type
of amino acid is calculated by the Survol algorithm [62] on the basis of
extended di-peptide units built as terminally blocked amino acids acetyl-
X-NHCH3 [1] and using a water probe radius of 1.4 Å. This algorithm is
part of the Brugel modelling package [63]. The second group, to ease
comparison with other authors, adopts a more permissive definition of
25% of the maximal solvent-accessible surface area. The final group
comprises all residues of the considered protein. Whenever there exist
multiple conformations for a residue, the alternative showing the highest
occupancy is selected for comparison with the modelled sidechain.
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Figure 13

Plot of the percentage of correctly predicted residues using the 70%
volume overlap criterion for all residues (�) and residues with a solvent
accessibility of less than 10% (�) and 25% (�) of their maximum ASA
values for each the 19 modelled proteins.
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Figure 14

Plot of the percentage volume overlap for the 736 buried (with ASA ≤
10% of maximal value) residues for the 19 modelled proteins. These
residues have been ordered by increasing volume overlap and their
ordinal number was normalized to a percentile scale. This scale is
shown on the x-axis.
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Algorithms
At the start-up phase of the DEE computation [24], the interaction
energies between each rotamer of the modelled sidechain and the tem-
plate are computed and compared with an absolute user-set energy
threshold value. The template comprises all fixed atoms of the starting
protein, i.e. the mainchain, all C� atoms, all proline, alanine, glycine and
disulphide-bonded cysteine residues. This absolute threshold value is
set to 30 kcal mol–1. Rotamers with a energy greater than this thresh-
old value are considered incompatible with the template and are
removed from the set of active rotamers. The mathematical description
of the DEE method has been presented previously [24–26,29]. This
method makes use of the well known concept that protein sidechains
adopt statistically preferred orientations referred to as rotamers
[1,3–7]. The DEE method is based on a mathematical theorem allow-
ing the elimination of sidechain conformations that cannot be members
of the global minimum energy conformation (GMEC). By iteratively
applying the DEE theorem, the set of rotamer combinations is dramati-
cally reduced thereby tracking down the combinatorial problem
[25,26,29]. If this process does not readily lead to the GMEC confor-
mation or if the number of possible remaining conformations is still too
high to be solved by brute force, a final clustering algorithm is applied
[24,31]. This is basically a true combinatorial routine that generates all
possible sidechain combinations for a growing cluster of residues. The
root of this cluster corresponds to the residue having the least
rotamers left. However, instead of simply exploring the full combinator-
ial tree, an attempt is made to predict the conformation for the remain-
ing rotatable residues at each specific rotamer combination for the
current residue cluster. This can be done rapidly using the conventional
DEE routines for single residues. The outcome of such an attempt is
either that all remaining residues become uniquely defined or not. In the
former case, the algorithm passes to the next cluster node, while in the
latter case, one more residue is added to the cluster for combinatorial
enumeration. The selection of the next residue to be added is done by
searching the residue with the highest interaction number defined as
the number of non-zero interactions with the already clustered residues
divided by the number of rotamers of the residue. This algorithm termi-
nates when all combinations of the cluster have been explored and the
GMEC is then readily obtained from the cluster element that yielded
the lowest energy of the total protein.

Calculation of the volume overlap
The computed volume overlap is used as a tool to compare the mod-
elled and observed (X-ray) structures. An algorithm was implemented
to compute the volume overlap between any pair of objects. These
objects correspond to collections of user-defined atoms. To compute
the volume overlap between the observed (X-ray) and predicted
sidechain conformations the following procedure is applied to each
residue. First, two objects are made containing the sidechain atoms
from the X-ray and the modelled structures. Second, a cubic lattice is
generated encompassing the van der Waals’ envelopes of both
objects. The mesh size of this lattice was set to 0.5 Å. Third, the grid
points that are contained in the van der Waals’ envelopes of both
objects are summed. An estimate of the volume overlap is obtained by
multiplying this number with the volume of the lattice unit cube. To opti-
mize these computations, we orient the cubic lattice along the principle
axes of the object containing the atoms of the X-ray observed
sidechain. As a consequence, lesser grid points are needed to encom-
pass fully the van der Waals’ envelopes of the sidechains, thereby
increasing the computational speed.

Modelling software
The BRUGEL modelling package [63] served as a vehicle to incorpo-
rate the current algorithms. The energy function [42] used comprises
the usual terms for bond stretching, bond-angle bending, a periodic
function for the torsion angles, a Lennard–Jones potential for the non-
bonded atom pairs, a 10–12 potential for hydrogen bonds, and a
coulombic function for charged atoms. The dielectric constant has
been set to rij, the distance between atoms i and j [64]. The energy
parameters are derived from the CHARMM library [65]. All modelling

presented in this work uses the above energy function in the presence
of all explicit hydrogen atoms. In the present work, carboxylate and imi-
dazole groups were not protonated.

Automation of the method
The prediction procedure is completely automated. The program takes
the PDB formatted file as input. In this study all hetero groups, includ-
ing water molecules, are stripped off and missing hydrogen atoms are
added. Disulphides, prolines, glycines and alanines are kept
unchanged and form together with the mainchain backbone and the
C� atoms the template for the sidechain placement. In a next and main
step the sidechains are placed using the DEE, FEE and the final clus-
tering algorithm. Finally, the resulting structure is subjected to 100
steps steepest descent energy minimization with fixed mainchain atoms
in order to alleviate minor short contacts. There is no human interven-
tion during and between all these steps.

In a final evaluation step, the original X-ray structure and the modelled
structure are evaluated in terms of volume overlap, difference in �
angles, RMSD and scoring quality of the sidechains.

Supplementary material available
The large rotamer library, before expansion, is listed by residue type in
Supplementary material published with this paper on the internet.
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