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Abstract: It is much easier to determine a protein’s sequence than to determine its three dimensional
structure and consequently homology modeling will be an essential aspect of most studies that
require 3D protein structure data. Homology modeling templates tend to be PDB files. About 88%
of all protein structures in the PDB have been determined with X-ray crystallography, and thus are
based on crystals that by necessity hold non-natural packing contacts in accordance with the crystal
symmetry. Active site residues, residues involved in intermolecular interactions, residues that get
post-translationally modified, or other sites of interest, normally are located at the protein surface so
that it is particularly important to correctly model surface-located residues. Unfortunately, surface
residues are just those that suffer most from crystal packing artifacts. Our study of the influence of
crystal packing artifacts on the quality of homology models reveals that this influence is much larger
than generally assumed, and that the evaluation of the quality of homology models should properly
account for these artifacts.
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1. Introduction

Knowledge of the three dimensional structure of proteins is a prerequisite for rational drug design,
for many forms of protein engineering, or for explaining the molecular phenotype associated with the
disease phenotype caused by a mutation in the human genome. It is considerably easier to determine
the sequence of a protein than it is to determine its structure, and consequently homology modeling
will be an essential aspect of most studies that require protein structure data. The homology modeling
community is continuously working on improving all aspects of the process, and the bi-annual CASP
‘competition’ [1–9] is a good benchmark for where the field stands. The root mean square deviation
of the atomic positions in a homology model from the equivalent atoms in the corresponding real
structure after they have been optimally superposed is an important aspect of the evaluation of the
quality of homology modeling procedures [10–12]. Selecting correct rotamers [5–8] is another aspect.
Other measures have also been proposed [13–19].

The expected frequency of occurrence of a molecule or residue in a certain conformation is
exponentially related to the energy calculated for that conformation. This is a direct result of application
of the Boltzmann law [20]. A frequency plot will thus have much sharper peaks than an energy plot.
Similar reasoning suggests that amino acids will prefer to have their χ1 torsion angle rather close to
+60◦, 180◦, and −60◦. Many articles have been written on this topic e.g., [21–26] so that the valine χ1
frequency distribution plot, shown as an example in Figure 1, does not come as a surprise.
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The relations between the backbone structure and the preferred side chain rotamer have long been
known [27], and a series of rotamer libraries have been designed over the years; most often to improve
homology modeling [28–38]. Rotamers are also of great importance when analyzing the quality of
experimentally determined protein structures and homology models. The rotameric state of side
chains has often been used as a quality measure of homology models [5–8,39]. Most studies suggest
that rotamer distributions are a function of secondary structure, to a lesser extend of the accessibility,
and barely of the absence or presence of symmetry contacts. However, if two distributions are similar,
they do not need to reflect the same underlying data.
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Figure 1. Frequency distribution of valine in a strand as function of the torsion angle χ1. The red line 
represents actual frequencies observed in a subset of PDB files solved by crystallography at 1.8 Å 
resolution or better (with an R-factor of 0.18 or better) that was culled at 90% sequence identity. 26,028 
valines contributed to the red line. The black line represents the negated exponential of the energy as 
calculated with Gamess-US [40] using the 6-31g** basis set and the DFT b3lip energy model. Vertical 
scales are arbitrary. The small differences in the locations of the maxima of the g+ and g− peaks are 
caused by the fact that the experimentally observed valines are found in-between other residues so 
that also 1-5 repulsive forces act on the Cγ atoms while the predicted distribution is calculated for an 
isolated valine in vacuum. 

Figure 2 shows, as an example, the rotamer distributions for a few amino acid types in an α-
helix, a β-strand, or a loop region. In most cases the g− conformation is preferred. The three plots for 
isoleucine are shown because they are representative for the whole set of 51 plots (Gly, Ala, and Pro 
do not have a meaningful χ1 angle). Phenylalanine in a β-strand and histidine in an α-helix are shown 
because their curves differ most from all other plots. The general absence of significant differences 
between the subsets of the data as a function of either solvent accessibility or the presence/absence of 
symmetry contacts seem to suggests that this factor is not important. 

88% of the protein structures in the PDB have been elucidated with X-ray crystallography, 11% 
with NMR, and about 1% with other techniques. Structures solved by X-ray tend to be more accurate. 
NMR, on the other hand, often gives a better impression of any mobility present in the structure, and 
it does not suffer, from artifacts caused by crystal packing contacts. 

Table 1 shows that on average about one-fifth of the amino acids at the surface of a protein are 
involved in crystal packing. Table 1 also shows that not all residue types are equally likely to be 
involved in crystal packing contacts, but that study is beyond the scope of this article. 

Figure 1. Frequency distribution of valine in a strand as function of the torsion angle χ1. The red
line represents actual frequencies observed in a subset of PDB files solved by crystallography
at 1.8 Å resolution or better (with an R-factor of 0.18 or better) that was culled at 90% sequence identity.
26,028 valines contributed to the red line. The black line represents the negated exponential of the
energy as calculated with Gamess-US [40] using the 6-31g** basis set and the DFT b3lip energy model.
Vertical scales are arbitrary. The small differences in the locations of the maxima of the g+ and g− peaks
are caused by the fact that the experimentally observed valines are found in-between other residues so
that also 1-5 repulsive forces act on the Cγ atoms while the predicted distribution is calculated for an
isolated valine in vacuum.

Figure 2 shows, as an example, the rotamer distributions for a few amino acid types in an α-helix,
a β-strand, or a loop region. In most cases the g− conformation is preferred. The three plots for
isoleucine are shown because they are representative for the whole set of 51 plots (Gly, Ala, and Pro do
not have a meaningful χ1 angle). Phenylalanine in a β-strand and histidine in an α-helix are shown
because their curves differ most from all other plots. The general absence of significant differences
between the subsets of the data as a function of either solvent accessibility or the presence/absence of
symmetry contacts seem to suggests that this factor is not important.

88% of the protein structures in the PDB have been elucidated with X-ray crystallography,
11% with NMR, and about 1% with other techniques. Structures solved by X-ray tend to be more
accurate. NMR, on the other hand, often gives a better impression of any mobility present in the
structure, and it does not suffer, from artifacts caused by crystal packing contacts.

Table 1 shows that on average about one-fifth of the amino acids at the surface of a protein are
involved in crystal packing. Table 1 also shows that not all residue types are equally likely to be
involved in crystal packing contacts, but that study is beyond the scope of this article.
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Figure 2. χ1 frequency plots for residues with or without symmetry contacts (S+ or S−, respectively) 
and with various solvent accessibilities. Residues are called buried when their total accessible 
molecular surface area is less than 0.25 square Ångstrøm, accessible when this area is larger than 10.0 
square Ångstrøm, and otherwise intermediate. The abscissas run from 0° to 360°. 

The distributions were determined using 2980 protein chains that were culled to not share any 
pair-wise sequence identity larger than 30% and that are selected from PDB files solved at 1.8 
Ångstrøm resolution or better with an R-factor of 19.0 or better. Five curves are shown in each graph. 
Purple: S− accessible; Red: S− intermediate; Yellow: S− buried; Green S+ accessible; Blue S+ 
intermediate. S+ buried, obviously, does not exist. Differences between the five plots are not 
significant and consequently barely visible. All five plots were scaled to have the same area under 
the curve. In most cases the curves are so similar that only the dark colors are visible. A: Ile in a loop; 
B: Ile in a β-strand; C: Ile in an α-helix; D: Phe in a β-strand; E: His in an α-helix. 

Table 1. Percentage of surface exposed residues that make a symmetry contact in PDB files as function 
of the residue type. About 11,000 PDB files were selected that all were solved by X-ray at better than 
2.5 Å resolution and that contained exactly two covalently identical (normally NCS related) molecules 
in the asymmetric unit. A subset of this list lied at the basis of Figure 3. Residues are called surface 
exposed if their solvent accessible molecular surface is >10 Å [2] (accessible surface areas are 
calculated in the absence of symmetry contacting molecules). Two atoms are called “in contact” if the 
distance between their Van der Waals surfaces is less than 1.4 Å (which is half the diameter of a water 
molecule). This table merely indicates that symmetry contacts are common. 

Residue X-Contact %
Arg 27.1 
Lys 24.3 
Gln 24.1 
Glu 22.9 

Figure 2. χ1 frequency plots for residues with or without symmetry contacts (S+ or S−, respectively)
and with various solvent accessibilities. Residues are called buried when their total accessible molecular
surface area is less than 0.25 square Ångstrøm, accessible when this area is larger than 10.0 square
Ångstrøm, and otherwise intermediate. The abscissas run from 0◦ to 360◦.

The distributions were determined using 2980 protein chains that were culled to not share
any pair-wise sequence identity larger than 30% and that are selected from PDB files solved
at 1.8 Ångstrøm resolution or better with an R-factor of 19.0 or better. Five curves are shown in
each graph. Purple: S− accessible; Red: S− intermediate; Yellow: S− buried; Green S+ accessible;
Blue S+ intermediate. S+ buried, obviously, does not exist. Differences between the five plots are not
significant and consequently barely visible. All five plots were scaled to have the same area under
the curve. In most cases the curves are so similar that only the dark colors are visible. A: Ile in a loop;
B: Ile in a β-strand; C: Ile in an α-helix; D: Phe in a β-strand; E: His in an α-helix.

Table 1. Percentage of surface exposed residues that make a symmetry contact in PDB files as function
of the residue type. About 11,000 PDB files were selected that all were solved by X-ray at better than
2.5 Å resolution and that contained exactly two covalently identical (normally NCS related) molecules
in the asymmetric unit. A subset of this list lied at the basis of Figure 3. Residues are called surface
exposed if their solvent accessible molecular surface is >10 Å [2] (accessible surface areas are calculated
in the absence of symmetry contacting molecules). Two atoms are called “in contact” if the distance
between their Van der Waals surfaces is less than 1.4 Å (which is half the diameter of a water molecule).
This table merely indicates that symmetry contacts are common.

Residue X-Contact %

Arg 27.1
Lys 24.3
Gln 24.1
Glu 22.9
Asn 20.8
Pro 20.2
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Table 1. Cont.

Residue X-Contact %

His 20.0
Asp 19.0
Thr 17.3
Ser 16.7
Tyr 16.6
Trp 16.0
Met 14.3
Gly 13.6
Phe 12.4
Ala 12.2
Leu 11.5
Val 10.1
Ile 9.8

Cys 6.4
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Figure 3. The number of contacts made by pairs of loops related by non-crystallographic symmetry 
(i.e., in the same asymmetric unit). Two residues are called in contact when at least one pair of atoms 
has less than 0.35 Ångstrøm space between their Van de Waals’ radii. The number of contacts made 
by the one loop is listed on the first axis, the number of contacts made by the other loop on second 
one. The vertical axis represents the number of times an event with those numbers of counts are 
observed in a dataset of nearly 2500 protein structures selected to have no pairwise similarity greater 
than 30%. Only pairs of loops are counted that share less than 33% identical contacts, which explains 
the enrichment along the first two axes. The strong enrichment along diagonal of the first two axes 
has hitherto remained unexplained, but it causes difficulties when trying to study the effect of 
symmetry packing in the most direct way by comparing the same protein solved in different space 
groups, or in different multimeric complexes. Loops that are involved in crystal packing often prefer 
a certain number of contacts and easily adjust their backbone conformation to achieve those contacts. 
Backbone modifications, however, make it impossible to study side chain conformations as the 
backbone conformation (as is illustrated, for example, in Figure 2) is the largest determinant for the 
side chain rotamer choice. Figure copied with permission from ref [41]. 

Figure 4 shows, as an example, the χ1-χ2 distribution of all isoleucines observed in PDB files 
solved by X-ray crystallography at better than 2.0 Ångstrøm resolution. This plot reiterates that 
certain χ1-χ2 combinations are seldom found in protein structures, presumably because of intra-
residue steric hindrance. The torsion angles that correspond to the most favorable rotamers are not 
exactly 60° + N*120° (N = 0,1,2) but tend to compromise between the SP3 hybridization of the Cα and 

Figure 3. The number of contacts made by pairs of loops related by non-crystallographic symmetry
(i.e., in the same asymmetric unit). Two residues are called in contact when at least one pair of
atoms has less than 0.35 Ångstrøm space between their Van de Waals’ radii. The number of contacts
made by the one loop is listed on the first axis, the number of contacts made by the other loop
on second one. The vertical axis represents the number of times an event with those numbers
of counts are observed in a dataset of nearly 2500 protein structures selected to have no pairwise
similarity greater than 30%. Only pairs of loops are counted that share less than 33% identical contacts,
which explains the enrichment along the first two axes. The strong enrichment along diagonal of the
first two axes has hitherto remained unexplained, but it causes difficulties when trying to study the
effect of symmetry packing in the most direct way by comparing the same protein solved in different
space groups, or in different multimeric complexes. Loops that are involved in crystal packing often
prefer a certain number of contacts and easily adjust their backbone conformation to achieve those
contacts. Backbone modifications, however, make it impossible to study side chain conformations as
the backbone conformation (as is illustrated, for example, in Figure 2) is the largest determinant for the
side chain rotamer choice. Figure copied with permission from ref [41].

Figure 4 shows, as an example, the χ1-χ2 distribution of all isoleucines observed in PDB files
solved by X-ray crystallography at better than 2.0 Ångstrøm resolution. This plot reiterates that certain
χ1-χ2 combinations are seldom found in protein structures, presumably because of intra-residue
steric hindrance. The torsion angles that correspond to the most favorable rotamers are not
exactly 60◦ + N*120◦ (N = 0,1,2) but tend to compromise between the SP3 hybridization of the Cα

and the Cβ, and 1-4 and 1-5 repulsions between the backbone and side chain atoms. Indeed, Figure 4
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looks slightly different for isoleucines in an α-helix, in a β-strand, or in a loop [42]. These deviations
from the ideal SP3 angles are one of the main reasons that rotamer libraries became the method of
choice in many homology modeling programs.
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Figure 4. χ1-χ2 distribution of isoleucine. Left: isoleucines that do not make a symmetry contact.
Right: isoleucines involved in crystal packing contacts. Both plots are subdivided in nine sections
of 120 × 120 degrees. χ1,χ2 = 0,0 is in the bottom left corner and χ1,χ2 = 360,360 in the top right, so the
most populated square is for χ1 = 300+/−60◦ and χ2 = 180+/−60◦ or in other words the gauche-
rotamer with χ2 around 180◦. The white numbers indicate the percentage of all isoleucines of the
whole 3 × 3 sections observed in that section.

The left-hand panel in Figure 4 shows the χ1-χ2 distribution for all isoleucines without symmetry
contacts while the right-hand panel shows the same distribution for isoleucines that are involved in
a crystal packing contact. Except for the absolute counts, these two distributions look remarkably
similar in terms of distribution over the nine panels as well as distributions inside the nine panels.

We previously studied the influence of symmetry contacts on the observed rotamer in the most
direct way by analyzing corresponding loops (with different symmetry contacts) in X-ray structures
that contain two identical protein chains in the crystallographic asymmetric unit [41]. A problem with
this study was that, for reasons we do not understand yet, identical loops tend to make very similar
numbers of contacts even in very different environments (see Figure 3). Loops will even change their
backbone conformation to find these contacts. As stated earlier, rotameric states strongly depend
on the local backbone conformation [28,29,43], so that this study did not provide any answer to our
question how much the rotameric states are influenced by (crystal) packing contacts. The associated
website nevertheless holds a series of statistics on rotamers and symmetry contacts in these files.

While Figures 2 and 4 suggest that symmetry contacts have no influence on rotamers, our study
makes clear that it is more accurate to state that: symmetry contacts do not have an influence on
rotamer distributions, but they do have an influence on individual rotamers. The best way to provide
evidence for the latter statement would be to find proteins that have been crystallized under exactly
the same biophysical conditions but nevertheless crystallized in different space groups. Such data,
unfortunately, is exceedingly scarce, and the aforementioned problem that surface loops like to have
similar numbers of contacts even under very different conditions adds to the difficulties with this
direct approach. We therefore address the influence of crystal packing on individual rotameric states
in a more indirect way by comparing homologous pairs of proteins that are bi-directionally homology
modeled. In all cases the residues that were located in unambiguously modeled areas were compared.
As the real structures are known for all models used, determining which residues to use for counting
statistics was straightforward.

We show that crystal contacts have a strong influence on individual rotameric states in homology
modeling, and this influence might even extend to conclusions drawn in studies that involve
homology models.
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2. Methods

79 pairs of protein structures were collected from the PDB. They all had a resolution better
than 2.8 Å and an R-factor better than 0.289. The first protein of each pair was selected from a
PDB_SELECT culled dataset (available at http://swift.cmbi.ru.nl/gv/select/index.html) so that they
had no pair-wise sequence identity bigger than 30%. This data set was representative for the four
major classes in SCOP [44,45]. For each protein a homolog was sought with 35–95% sequence identity.
These pairs were structurally superposed using the MOTIF superposition option [46] of WHAT
IF [47] as implemented in the YASARA twinset software [48]. The resulting structure-based sequence
alignments were used as the basis for bi-directional homology modeling.

The selected structures contained no extra covalent bonds other than the canonical peptide
bonds. The structures contained no large ligands, no obviously misassigned ions, no missing atoms,
no residues with alternate side chain conformations and no errors that WHAT IF’s structure validation
suite calls severe.

Homology modeling was performed using WHAT IF’s homology modeling option that uses
rotamer distributions as described by Filippis et al. [28]. No attempts were made to optimize the
models as WHAT IF’s modeling module puts great emphasis on position specific rotamers [1,29],
and that was exactly the goal of this exercise.

Homology models were compared with the real structures using a dedicated module in the
WHAT IF software. This same module also determined symmetry contacts and solvent accessibilities.
YASARA [44] was used for molecular visualization.

Residues have been classified along three lines:

1. Conserved versus Mutated in structure superposition bases sequence alignment of the template
and the model.

2. Symmetry Contact (SMC) versus No Symmetry Contact (NoSMC). Obviously, residues in
homology models do not make symmetry contacts. Therefore, a residue is called SMC if either
the residue in the template structure, or the equivalent residue in the real structure, or both of
them make a symmetry contact. A residue is called making a symmetry contact if any atom
in the residue’s side chain makes a tight contact with any symmetry related atom other than
water. A contact is called tight when there is maximally 0.25 Å space between their Van der Waals’
surfaces (or 1.4 Å, which is half of the diameter of a water molecule, for Table 1).

3. Correct versus Wrong. A side chain is said to have the correct rotamer if the χ1 torsion angles of
the model and the real structure differ less than 45◦.

Pairs in which either the template residue or the model residue is a Gly, Ala, or Pro are not
included in this study because these three residue types have no (meaningful) χ1 torsion angles.

The predicted numbers of residues in subsets such as “Conserved with Symmetry contacts”,
or “Mutated, NoSMC, Wrong” are calculated by multiplying the total number of residue positions
with the chances observed for the applicable selectors Conserved, Mutated, SMC, NoSMC, Correct,
and/or Wrong.

All pairs of structures and models, and all alignments are available at the associated website:
http://swift.cmbi.ru.nl/gv/Dipali/. This web site also holds, as a service to researchers actively
working on improving or validating homology modeling software or homology models, several lists
of representative protein structures with their sequence, secondary structure, and symmetry contact
status indicated, and gives access to lists for all PDB files of residues that make symmetry contacts.
The web pages also hold lists that might be useful for bioinformaticians interested in studying the
relation between (symmetry) contacts and rotamericity.

All data shown in the introduction are original work, except Figure 4 that was copied with
permission from Joosten et al. [41].

http://swift.cmbi.ru.nl/gv/select/index.html
http://swift.cmbi.ru.nl/gv/Dipali/
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3. Results

The influence of crystal packing contacts on the rotameric state of surface-located residues was
determined by comparing homology models with the corresponding real structures. The numbers
of wrongly modeled and correctly modeled residues were counted as function of the residue
conservation and the presence of symmetry contacts in either the template or the real structure
(or both). The rationale is that the old WHAT IF modeling module puts great emphasis on the
rotamericity of side chains [28,29], and, upon placing side chains does not know about symmetry
contacts and thus should model all residues with a similar chance of success. If crystal contacts do not
have an influence on the rotamericity, WHAT IF should model residues that do and residues that do
not make crystal contacts in either the template or the model (or both) on average similarly well.

79 pairs of structures were selected that could be modeled bi-directionally. This article does
not deal with the quality of homology modeling, so neither were any attempts made to evaluate the
overall model quality, nor to improve it with YASARA’s homology model optimizer or any similar
method [49–51]. These 2 × 79 structures were not present in WHAT IF’s database from which it extracts
the backbone dependent rotamers. These 2 × 79 structures all were used once as the template, and once
as the target structure that should be modeled so that a total of 158 models were available for evaluation.

26,423 residues were compared between the real structures and the corresponding homology
models. 111 residues were not considered as they had a (partially) missing side chain in one of the
two structures. All analyses thus are based on 26,312 residues. Table 2 shows how these residues
are spread over the classes all α, all β, α/β, and α + β which in an indirect way describes how well
the four main SCOP [44,45] classes are represented in the dataset. 15,399 of these 26,312 residues are
conserved between the structure pairs.

Table 2. Distribution of the residues over the four main SCOP classes. The 2 × 79 proteins were placed
in one these four classes and their residues were counted and added-up per class.

Total = 26,312

α β α/β α + β

5503 8071 7537 5201

158 homology modeling experiments were performed and analyzed. In each case the real structure
that had to be modeled was known so that we can study many characteristics that might influence the
correctness of rotamers in the homology models. We studied the correctness of the rotameric states of
residues that are either conserved or differ between template and model as function of the presence or
absence of symmetry contacts (in either the template or the real structure). Table 3 show the number of
residues subdivided in the six categories.

Table 3. Number of residues and percentage of the 26,312 residues in each of the six categories. The last
digit in the percentages is not significant, but is left in so that calculations, when repeated, produce
minimal rounding errors.

Category Number Percentage

Conserved 15,399 58.5
Mutated 10,913 41.4

SMC 6973 26.5
NoSMC 19,339 73.4
Correct 20,665 78.5
Wrong 5647 21.4

Table 3 shows, for example, that the WHAT IF models have 78.6% of all 26,312 residues in the
correct rotameric state. This now includes the conserved and the mutated residues. We counted
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the residues modeled Wrong and modeled Correct in a series of subclasses (as function of having
a symmetry contact or not, or being conserved or mutated). The so-called null-model assumes that
all these factors are totally independent. If making symmetry contacts or being conserved or not
would have no influence on the chance that the residue gets modeled correct, then we would expect
26,312 × 0.58525 × 0.26501 × 0.78538 = 3205 residues to be conserved and making a symmetry contact
in the template, and having the χ1 in the model and the template within 45 degrees. The corresponding
preference parameter is then the logarithm of the quotient of the observed and the predicted residue
count, which for the above example would become ln(2933/3205) = −0.09. This preference is a
combination of the facts that conserved residues are much less likely to make symmetry contacts than
non-conserved residues and that conserved residues are more likely to have a correct χ1.

Table 4(A) summarizes the main results. This table shows that if the residue in either the template
or in the real structure (or in both) makes symmetry contacts, then there is a preference for the wrong
rotamer while the absence of symmetry contacts leads to a preference for the correct rotamer. It is not
easy to read this from Table 4(A) and therefore we show in the Table 4(B–D) what the counts look like
if the modeling, the symmetry contact, or the residue conservation are removed as sub-category.

Table 4. Observed and predicted number of correctly and wrongly modeled side chains as function of
residue conservation and symmetry contact. The right-hand column lists the preference parameters
P = ln (fobserved/fpredicted) (A); As A, but wrong and correctly modeled residues taken together (B);
As A, but with the symmetry status taken out (C); As A, but with the conservation taken out (D).

A (Sub-)Category Observed Predicted Preference

Conserved
SMC

Correct 2933 3205 −0.09
Wrong 536 876 −0.49

NoSMC
Correct 11,108 8889 +0.22
Wrong 822 2429 −1.08

Mutated
SMC

Correct 2056 2271 −0.10
Wrong 1448 621 +0.85

NoSMC
Correct 4568 6299 −0.32
Wrong 2841 1721 +0.50

B Without Modeling Observed Predicted Preference

Conserved
SMC 3469 4081 −0.16

NoSMC 11,930 11,318 +0.05

Mutated
SMC 3504 2892 +0.19

NoSMC 7409 8021 −0.08

C Without Symmetry Observed Predicted Preference

Conserved
Correct 14,041 12,094 +0.15
Wrong 1358 3305 −0.89

Mutated
Correct 6624 8571 −0.26
Wrong 4289 2342 +0.60

D Without Conservation Observed Predicted Preference

SMC
Correct 4989 5476 −0.09
Wrong 1984 1497 +0.28

NoSMC
Correct 15,676 15,189 +0.03
Wrong 3663 4150 −0.12

It is difficult to consider accessibility, symmetry contacts, and conservation as independent
because residues in the core of the protein are more conserved than residues at the surface, and core
residues cannot make crystal contacts. We therefore did all calculations several times with different
exclusion criteria. The detailed results are available from the associated website (http://swift.cmbi.ru.

http://swift.cmbi.ru.nl/gv/Dipali/
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nl/gv/Dipali/). Excluding all buried residues, or excluding all residues that are buried and those that
are marginally surface accessible does change all numbers mentioned in Table 4 a little bit, but it does
not change any of the conclusions because all positive preferences remain positive, and vice versa.

In Table 4(B) the Correct/Wrong status of modeling is not taken into account. This table shows
that conserved residues have a small preference for not being in symmetry contacts, which makes sense
as the conserved residues tend to be away from the part of the surface that is sufficiently accessible
for crystal packing contacts. The converse is then obviously true for the mutated residues; these tend
to be more often located at the surface than in the core, and thus have a bigger chance of making a
symmetry contact in the crystal. In Table 4(C) the Symmetry/No Symmetry status is taken out as
sub-category. This table reveals that conserved residues in the model tend to have an almost two times
higher preference to have the same χ1 as in the template than mutated residues. Still, many conserved
residues have different rotamers in homologous structures. In Table 4(D) Conservation/ Mutation
is taken out so that the rotamers between model and template are determined only as a function of
the symmetry contact status. This table makes clear that symmetry contacts tend to favor a rotamer
difference between the model and the template.

We have also determined the percentage of correctly modeled residues per residue type as
function of the SMC/NoSMC status. More than 95% of Tyr, Trp, Phe, Cys, and His are modeled
correctly (which is obvious as these residues prefers to be in the core or in the active site) while Ser is
modeled in the wrong rotameric state more than any other residue type, independent of its SMC state.
Lys, Asn, and Arg are more prone to make crystal contacts while Ile, Val, Cys, and Phe, which are
hydrophobic in nature and thus are more often present in the protein interior, are less prone to crystal
contacts. These statistics, though, are beyond the scope of this article.

We were challenged by one of the anonymous referees to expand this study to include all PDB files.
For this purpose, the PDB_CATALOG (that is freely available at http://www.cmbi.ru.nl/pdb_catalog/)
was produced. This web server asks the user for a PDB identifier and it will then align and annotate
all PDB chains that share greater than 90% sequence identity with the user’s input file. Unfortunately,
PDB files contain too many exceptions that still are hard to detect automatically with today’s software.
Problems we ran into are missing ions that should be there and artifactual ions that were added
to aid crystallization, loops built next to the real density, chains consisting of nearly only D amino
acids, parts of ligands that have the name of amino acids, and dozens more. PDB_REDO and the
PDBREPORT database are attempts to solve or at least annotate all these problems, but for the present
article that will not help. The PDB_CATALOG, though, is freely available and will probably be useful
for a series of other studies.

4. Discussion

In the field of secondary structure prediction we observe that even methods that use only the
secondary structure propensity for α-helix and β-strand of each residue type and that do not take
anything else into account can achieve prediction accuracies that are higher than fifty percent [52,53].
Such simple methods can work because the aforementioned 1-4 and 1-5 repulsive forces between
backbone and side chain atoms work in two directions. Not only does the backbone conformation
influence what will be the energetically most favorable side chain conformation, but the side
chain and its conformation equally much influence what is the preferred backbone conformation.
These interactions between the side chain and the local backbone dominate the choice for side chain
rotamers, especially their χ1 angles. Random processes such as packing contacts and contacts with
ligands, ions, etc., will modify the rotamer choice.

Everybody in macromolecular crystallography one day or another has the painful realization that
most crystals are thermodynamically only marginally stable. There is hardly any net energy involved
in growing crystals and thus not in the sum of all crystal packing contacts. Consequently, the total
numbers of residues in the energetically most favorable rotamer and in less favorable rotamers must
roughly be the same in the free protein and in the crystallized protein. Upon crystallization roughly

http://swift.cmbi.ru.nl/gv/Dipali/
http://swift.cmbi.ru.nl/gv/Dipali/
http://www.cmbi.ru.nl/pdb_catalog/
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equally many residues move from a favorable to a non-favorable rotamer as vice versa. When we look
at rotamer distributions we indeed see hardly any differences when comparing residues that make
symmetry contacts with residues that do not make crystal contacts. This can create the wrong idea
that, for example, symmetry contacts have no influence on rotamers.

Measuring rotameric differences directly by looking either at (nearly) identical molecules
crystallized in different space groups, or by looking at multiple copies of sequence identical proteins
that are asymmetrically packed in the same asymmetric unit in the crystal fail for different reasons.
The indirect rotamer comparison using homology modeling, however, shows that individual residue
rotameric states often are influenced by crystal packing contacts, but as these contacts tend to randomly
influence these rotameric states, the overall distributions stay the same.
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Figure 5. The WHAT IF web-servers at http://swift.cmbi.ru.nl/ provide a series of options to analyze
and/or visualize symmetry contacts in PDB files. These servers can deal with either 4-letter identifiers
of proteins present in the PDB or actual coordinate files in PDB format.

When analyzing the quality of placing side chains in homology models, though, we should
take into account whether that residue is involved in crystal packing contacts in either the template,
or the model, or both. As we have presently no good way to determine which is the best rotamer
in cases where crystal packing is involved, it seems best to determine the quality only for cases
where no crystal packing is involved. The jurors of the CASP homology modeling section do this,
but only for crystal contacts observed in the structure to be predicted. Researchers working on
improvement of homology modeling techniques should thus do this too, and not only for residues
making crystal packing contacts in the model, but also for residues making contacts in the template(s)
used in the modeling process. Further, if a residue not involved in a crystal contact is in contact
with a residue that is involved in crystal contacts then the crystal packing artifacts can potentially
propagate. If, for example, an algorithm is used that is based on the dead-end elimination theorem [54]
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then one might perhaps decide to change the order of decisions or to treat dead ends differently if
residues are involved that make crystal packing contacts. To aid developers of homology modeling
software we made available a series of web servers that provide symmetry contact information for
macromolecules (see Figure 5). These symmetry computation facilities are also available [55] as web
services (http://wiws.cmbi.ru.nl/help/ and http://wiws.cmbi.ru.nl/wsdl/) so that they can be used
directly in third-party software.

Author Contributions: Dipali Singh did most of the modelling and rotamer counting work. Karen R. M. Berntsen
produced all data on isoleucine. Coos Baakman provided technical support at the level of web-services,
internet access, etc. Tapobrata Lahiri supervised Dipali Singh. Gert Vriend did the programming in WHAT IF and
supervised Dipali Singh. Dipali Singh and Gert Vriend wrote the article.
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List of Abbreviations

PDB Protein Data Bank
CASP Critical Assessment of protein Structure Prediction
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