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Are predicted structures good enough to preserve functional sites?
Liping Weil, Enoch S Huang? and Russ B Altmanl*

Background: A principal goal of structure prediction is the elucidation of
function. We have studied the ability of computed models to preserve the
microenvironments of functional sites. In particular, 653 model structures of a
calcium-binding protein (generated using an ab initio folding protocol) were
analyzed, and the degree to which calcium-binding sites were recognizable

was assessed.
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Results: While some model structures preserve the calcium-binding

microenvironments, many others, including some with low root mean square
deviations (rmsds) from the crystal structure of the native protein, do not. There
is a very weak correlation between the overall rmsd of a structure and the
preservation of calcium-binding sites. Only when the quality of the model
structure is high (rmsd less than 2 A for atoms in the 7 A local neighborhood
around calcium) does the modeling of the binding sites become reliable.

Conclusions: Protein structure prediction methods need to be assessed in
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terms of their preservation of functional sites. High-resolution structures are

necessary for identifying binding sites such as calcium-binding sites.

Introduction

In recent years, numerous computational techniques have
emerged for predicting protein three-dimensional (3D)
structures from their primary amino acid sequences.
These techniques include comparative modeling, thread-
ing and ab initio folding [1,2], and are crucial to bridge the
gap between the number of known protein sequences and
number of known protein 3D structures [3,4]. The quality
of the predicted structures has improved, as measured by
blinded tests in the Ciritical Assessment of Methods of
Protein Structure Prediction (CASP) series of meetings
[2,5]. These tests have gauged success primarily with
numerical metrics that judge the quality of alignments and
root mean square deviation (rmsd) relative to the native
structure [6-11]. Ultimately, however, the quality and use-
fulness of a predicted structure will also be gauged by its
ability to provide information on molecular function. It is
therefore important to assess the accuracy required for a
predicted structure to be useful in functional analysis.

An important step towards the elucidation of function
from a 3D structure is to determine the occurrence and
location of active sites and binding sites within the struc-
ture. A ‘well-predicted’ structure should preserve the geo-
metric, biochemical and physical features in the local
microenvironments of these sites. Recent studies by
Fetrow and Skolnick [12,13] have found that predicted
structures with low to moderate resolution are sufficient to
identify enzymatic active sites that have specific residue
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geometry. They have developed ‘fuzzy functional forms’
for active sites based mainly on the pairwise 3D distances
between the Ca atoms of the conserved residues involved
in the active sites. However, if a functional site lacks
strongly conserved amino acid residues or conserved
residue geometry, or if the site can be recognized accu-
rately only by considering atomic coordinates (and not just
overall residue locations), their studies and conclusions are
not directly applicable. One such class of sites is the
calcium-binding site. Recognizing the occurrence and
location of calcium-binding sites is important because of
the critical roles calcium has in intercellular and intracellu-
lar communication [14]. Unfortunately, because of the
variation in the coordinating residues and the heterogene-
ity of coordination geometry, calcium-binding sites are dif-
ficult to recognize accurately in structural analysis at the
residue level [14,15]. These sites are most reliably recog-
nized at the atomic level, with consideration of not only
geometric, but also biochemical and physical features
[15-17]. The complexity of different functional and struc-
tural sites varies greatly, and the quality of a computed
structure required for functional analysis would be
expected to vary accordingly with the nature of the sites as
well as with the level of detail of the functional analysis.

In this paper, we analyze the preservation of calcium-
binding sites in model structures of a vitamin D dependent
calcium-binding protein from bovine intestine. The native
structure of the vitamin D dependent calcium-binding
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Figure 1

Figure 2

The native structure of vitamin D dependent calcium-binding protein
from bovine intestine. The native protein binds two calcium ions, shown
as green spheres, one near the N terminus (upper-right) and the other
near the C terminus (lower-right). Both calcium-binding sites occur at
loop regions near the surface of the protein. In the figure, the calcium
ions are shown connected to their liganding oxygen atoms with yellow
dashed lines. The black dashed-line circle around the N-terminal site
illustrates the 7 A spherical microenvironment for the calcium-binding
site. (The figure was generated using MidasPlus [26,27].)

protein has been determined crystallographically at a reso-
lution of 2.3 A [18,19] (Figure 1; Protein Data Bank acces-
sion code 3ICB). The protein is small, 75 residues long,
with two calcium-binding sites, one near the N terminus
and the other near the C terminus. We have systematically
studied the level of accuracy required to reliably recognize
calcium-binding capability in models of this structure.

Park and coworkers [20,21] have constructed several sets
of decoy protein structures to study the ability of different
energy functions in selecting the correct folds. One of the
sets they created comprised 653 decoy structures for the
vitamin D dependent calcium-binding protein. These
model structures are used in this study. The rmsd
between the Ca atoms in the decoy structures and the
corresponding Co atoms in the native structure ranges
from 0.95 A to 9.39 A. The structures with an rmsd less
than or equal to 4 A are considered ‘near native’ models
because they maintain the general fold of the native struc-
ture [20,21]. There are 150 low rmsd near native structures
among the 653 decoys.

In this study, three questions were addressed. Do any of
the 653 decoy structures preserve the correct microenviron-
ments for the two calcium-binding sites? For the 150 low
rmsd structures, how does the level of preservation of the
calcium-binding microenvironments relate to the quality of
the structures? And when the calcium-binding sites are not
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Conserved features in the microenvironments of calcium-binding sites
compared to control nonsite regions that do not bind calcium. The
column on the left shows the list of all biochemical and physical
properties. The row on the top specifies the distance (in A) of
concentric radial shells from the calcium ion. A dark box means that that
property in that shell is significantly more abundant for calcium-binding
sites than for nonsites. A gray box indicates that the property in that
shell is significantly more abundant for nonsites. A white box means that
there is no statistically significant difference between sites and nonsites.
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structures were searched for the occurrence and location
of calcium-binding sites. We used a site-recognition
method that we have previously developed that recog-
nizes sites based on their microenvironments, represented
by spatial distributions of multilevel chemical and physi-
cal properties [17,22]. The method compares a query
region with the 3D motif of a calcium-binding site (Figure
2). This motif was constructed by statistical comparison of
59 known calcium-binding sites and 140 control nonsites
(regions within protein structures that do not bind calcium
ions). Our method reports the locations of potential
calcium-binding sites — if any —as well as a score for
each site indicating how likely the site is. The method has
been shown to be highly accurate in recognizing calcium-
binding sites. It has a sensitivity of 86% and a specificity
near 100% in cross-validation analyses on known calcium-
binding sites and control nonsites [17].

We have found that even though some structures success-
fully maintain the calcium-binding site microenvironment,
many others, including some low rmsd structures, have
incorrectly modeled one or both of the binding sites. We
show two examples of the types of errors in the model
structures. The quality of the calcium-binding micro-
environments has only a very weak correlation with the
overall rmsd. Only when the structures are of high quality
(rmsd less than 2 A for atoms in the 7 A local neighbor-
hood around calcium) are the microenvironments of
calcium-binding sites consistently well modeled.

Results

Recognition of model structures as calcium-binding
molecules

As a positive control, we first searched the native struc-
ture for calcium-binding sites using our site-recognition
method. The N-terminal site is predicted at 0.6 A from
the true location of the calcium ion in the crystal struc-
ture, and the C-terminal site is predicted at 1.1 A from
the true location. Both sites are predicted with high
scores — 103.5 and 109.0 for the N- and C-terminal sites,
respectively. These scores are about six standard devia-
tions higher than the mean of the scores for the 140

Plot of the overall root mean square deviation (rmsd) of decoy
structures from the crystal structure versus the highest calcium-binding
site score in those structures. Each black circle denotes one decoy
structure; the black diamond denotes the native structure. The dotted
line shows the score cut-off, structures to the right of this line are
recognized as calcium-binding molecules.

random regions used as control nonsites. There are no
false positives.

The 653 decoy structures were then searched for calcium-
binding sites. First, we looked for the occurrence of any
high-scoring regions, indicating a high-confidence predic-
tion of calcium-binding sites. Table 1 shows the number
of structures that have at least one high-scoring region.
Figure 3 shows the plot of the overall rmsd against the
highest score in a structure. The score cut-off is chosen to
be four standard deviations higher than the mean of the
scores for regions that do not bind calcium; the cross-vali-
dation sensitivity and specificity using this score cut-off
are 86% and 100% for the training data including
59 known calcium-binding sites and 140 control nonsites.
Overall, 77% of the decoy structures show a strong
calcium-binding signal.

Relationship between rmsd values and preservation of
sites

In addition to analyzing whether the overall calcium-
binding function can be identified in these structures, it is
also important to evaluate whether the local microenviron-
ments of both native calcium-binding sites are conserved.
Unfortunately, more than two-thirds of the 503 structures
recognized as ‘calcium-binding molecules’ contain only
one high-scoring region, even though the native structure
has two calcium-binding sites. Table 2 shows how well the
150 low rmsd structures preserve the native calcium-
binding sites. Only 25% of these structures identify both
calcium sites. Figure 4 shows a plot of the overall back-
bone rmsd relative to the native protein against the scores
for each of the two native calcium-binding sites. In both
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Table 2

Percentage of low rmsd structures that preserve the two
calcium-binding sites.

Total number of low rmsd structures 150
Number with both sites preserved 37 (25%)
Number with only N-terminal site preserved 17 (11%)
Number with only C-terminal site preserved 65 (43%)
Number with putative sites at wrong locations

(i.e., more than 7 A away from both sites) 4 (3%)

cases, the native calcium-binding site (rmsd = 0) has the
highest score. The backbone rmsd correlates only very
weakly with the score (and therefore with the strength of
the calcium-binding site signal) for both sites, with a cor-
relation coefficient of —-0.31 and —0.16 for the N- and
C-terminal sites, respectively.

Given that the overall backbone rmsd does not correlate
well with the score of the site, we computed the rmsd of
the model to the native structure only for atoms found

Figure 4
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Plot of the overall root mean square deviation (rmsd) of the 150 low
rmsd decoy structures from the crystal structure versus (a) the score
for the N-terminal site and (b) the score for the C-terminal site. There is
very weak correlation between the overall rmsd and the score for the
binding sites.

within 7 A of the calcium-binding sites in the native struc-
ture. Figure 5 shows the plot of this ‘local rmsd’ versus the
score of the binding site. The correlation is significant
(with a significance F of 9 x 100 and 1.8 x 10~> for the two
sites, respectively, in linear regression analysis) and
stronger (with a correlation coefficient of —0.37 and —0.35,
respectively) than the correlation between overall rmsd
and score, but still weak.

Preservation of sites in high-resolution models

In order to investigate whether structures more accurate
than the 653 decoy structures can more routinely preserve
calcium-binding sites, we perturbed the position of atoms
within the native structure of the protein to generate 100
decoys with local rmsd values in the range 0 to 1.7 A.
Figure 5 shows local rmsd values plotted against the score
for the two calcium-binding sites in these structures.
When the accuracy is high, the binding sites are reliably
modeled and begin to have similar features to those in the
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Plot of the local all-atom root mean square deviation (rmsd) of 150 low
rmsd decoy structures (shown as black circles) and the higher
resolution perturbed structures (shown as white circles) versus (a) the
score for the N-terminal site and (b) the score for the C-terminal site.
Only when the resolution is high is there a strong correlation between
the rmsd value and the score for the binding sites.
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native structure. The rmsd measure of these structures
also correlates much more strongly with the quality of the
binding sites — the correlation coefficient between the
local rmsd and the score is —0.85 and —0.80, respectively,
for the two calcium-binding sites.

Examination of missed sites

The 150 low rmsd structures that miss one or both func-
tional sites were examined in order to establish what fea-
tures of the binding sites are missing. T'wo types of errors
were found. First, some models have incorrect local back-
bone conformations and do not allow the sidechains to
pack properly. Second, some models have the correct
backbone conformation but incorrect sidechain orienta-
tions, so a recognizable binding site cannot be created.
Figure 6 graphically illustrates examples of these two
types of errors. A computer-generated analysis further
explains which biochemical and physical features are
missing in the model shown in Figure 6b that make it
unrecognizable as a calcium-binding site (Table 3).

Discussion

Accuracy of the site-recognition method

An important prerequisite for this study is that the site-
recognition method be highly accurate. We have previ-
ously shown that the site-recognition method used here
has high sensitivity and specificity [17]. The score cut-off
employed is very strict, with 86% sensitivity and nearly
100% specificity in cross-validation analysis. The trade-off
between sensitivity and specificity can be made by
moving the score cut-off required for predicting sites. In
this study, a strict score cut-off gives us confidence in
structures recognized as calcium-binding structures.

Functional analysis at two levels

Functional analysis can be performed at different levels.
At a coarse level, we test whether the overall structure can
be recognized as a calcium-binding structure. The analy-
sis shows that the general calcium-binding capabilities of
this protein can be recognized fairly frequently even for
high rmsd structures. However, this is likely to be a con-
sequence of the high content of aspartate and glutamate
residues in this 75-residue protein — four aspartate and
13 glutamate residues in total, representing nearly one-
fourth of the whole protein. As shown in Figure 2, the
abundance of aspartate and glutamate residues is impor-
tant for the formation of calcium-binding sites; these
residues provide the liganding oxygen atoms as well as
the correct hydrophobicity contrast in the microenviron-
ment. As the sequence has a high content of acidic
sidechains, it is possible for wrong conformations to bring
sidechains together to create credible calcium-binding
sites by chance. More than 70% of the structures with
rmsd values higher than 4 A can still be recognized as
calcium-binding structures. Such sequence bias may be
less important in larger structures where the chances of

Figure 6

(ak

1=

Examples of two types of errors that result in the loss of the N-terminal
calcium-binding site in two decoy structures. (a) Bad backbone
conformation. (b) Bad sidechain orientation. In (b), Glu27, a crucial
residue in the binding of the calcium ion, is incorrectly modeled in the
decoy structure. Two crucial oxygen atoms in Glu27 normally form part
of the coordination octahedra in the native structure, but point in the
wrong direction in the decoy. In both figures only part of the

structure — the local region around the N-terminal site — is shown. The
decoy structures are shown in grey (a) and magenta (b); the backbone
of the native structure is shown in light blue for comparison. The
position of the calcium ion in the native structure is shown with a green
sphere. (The figures were generated using MidasPlus [26,27].)

having amino acids randomly associate to produce candi-
date sites will be lower.

At the finer level, we test whether the biochemical and
physical microenvironment of each of the binding sites is
correctly modeled in the structures. In order to understand
how the microenvironment of each of these two sites is
maintained or disrupted (literally beyond recognition), we
focused on the near-native decoy structures (rmsd less
than 4 A), which allows us to define the locations in the 3D
structure where the calcium sites should have been recog-
nized. Table 2 shows that only 25% of the high-resolution
structures preserve both binding sites. An additional 54%
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Table 3

Computer-generated analysis to demonstrate that a decoy
structure does not have the correct calcium-binding
microenvironment.

ATOM-NAME-IS-ANY in shell 2 is low
ATOM-NAME-IS-O in shell 2 is low

CARBONYL in shell 2 is low

PEPTIDE in shell 2 is low

CHARGE in shell 1, 2, 3 is low

NEG-CHARGE in shell 1, 2, 3 is low
CHARGE-WITH-HIS in shell 1, 2, 3 is low
HYDROPHOBICITY in shell 1, 2 is high
MOBILITY in shell 2 is low
RESIDUE-NAME-IS-ASP in shell 2, 3, 5 is low
RESIDUE-CLASS1-IS-CHARGED in shell 2 is low
RESIDUE-CLASS2-IS-ACIDIC in shell 2 is low
SECONDARY-STRUCTURE1-IS-BEND in shell 5 is low

The explanation function of the site-recognition method was used to
analyze the region in the decoy structure shown in Figure 6b that
corresponds to the N-terminal calcium-binding site in the native
structure. Listed in the table are features — properties and shells in
which the properties occur — that make the region in the decoy NOT
likely to be a calcium-binding site.

preserve one binding site, but not both. Thus, even for
structures that would be considered excellent fold predic-
tions, the microenvironments of the functional sites are
not modeled consistently.

The relationship between rmsd values and preservation of
functional sites

The overall backbone rmsd is clearly not a good indicator of
the quality of the microenvironments of functional sites
(Figure 4). This is not surprising because functional sites
tend to be local entities rather than global ones. However,
our finding that models with an overall backbone rmsd as
low as 1.5 A do not necessarily preserve the microenviron-
ment of the binding sites is quite sobering. The accuracy of
the structures predicted by current prediction techniques
ranges widely, but models with an accuracy of 1.5 A are
usually taken as excellent results. As shown by our study,
however, such models can still fail to give strong functional
site signals if the local backbone or sidechains are not accu-
rately modeled. Good calcium-binding microenvironments
require more than close positioning of the correct residues.
The microenvironments require the right liganding atoms
(i.e., the oxygen atoms) at the right distance (between 1.4 A
and 3.5 A), and the right hydrophobicity contrast around
the center of the site (a shell of hydrophilic atomic groups
embedded within a larger shell of hydrophobic atomic
groups) [15,16]. In addition, in the native structure of the
vitamin D dependent calcium-binding protein, both of the

calcium-binding sites occur at loop regions on the surface of
the protein, which are known to have higher error rates in
protein modeling. Thus, functional sites such as calcium-
binding sites can be difficult to model correctly. Better
modeling of loops and better placement of sidechains in
predicted models will both improve the likelihood of recog-
nition of such functional sites.

A better measure of the quality of local regions in pre-
dicted structures is the local all-atom rmsd value. Figure 5
shows that there is a stronger correlation between the local
all-atom rmsd and the quality of the microenvironments of
the two binding sites. These plots also show that there is a
significant gap between the best model structure and the
native structure. If we can increase the accuracy of the
predicted structure further, the quality of the modeled
calcium-binding sites approaches that in the native struc-
ture, as also shown in Figure 5 with the model structures
generated by perturbation. Some of the model structures
generated by perturbation with very low rmsd values even
have calcium-binding sites that have a slightly higher
score than those in the native structure.

Implications for protein structure prediction

Modeling functional sites correctly is critical for detailed
analysis of protein functions and for the design of novel
proteins. Our case study shows that the preservation of
functional sites requires a high accuracy of structure pre-
diction and details in the modeled structures matter.
T'hus, further progress in the modeling of loop regions and
sidechains, with the goal of increased resolution, is crucial.
T'he errors shown in Figure 6 provide examples of ostensi-
bly good predictions that would need to be improved to
allow for site recognition.

If the function of a protein is known, then the occurrence
of an expected site may be used as an indication of a good
structure prediction. Our results show that using site
recognition to separate correct topologies from incorrect
ones is dangerous. For some functional sites, such as
calcium-binding sites, the quality of the functional sites
modeled may be related to the overall quality of the fold
only very weakly, because of the localized and detailed
characteristics of the sites. Our site-recognition algorithm
uses the detailed positions of atoms to recognize sites, and
is appropriately sensitive to changes in these positions.
Using more coarse representations of sites, such as using
only the presence of appropriate residue types within a
range of distances, may reduce the sensitivity of site
recognition to change and be more appropriate as a filter
for predicted topologies [13]. Unfortunately, such a strat-
egy is likely to also increase the false-positive rate (i.e.,
decrease specificity) of site recognition.

Our results suggest, however, that filtering with functional
site-recognition methods may be helpful in the selection
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of the best structures among structures constructed by
homology modeling, which are sufficiently close to the
native structure. When the local rmsd becomes low, the
functional sites begin to be routinely recognizable and can
be used as filters on homology models. Our results under-
score the observation that rmsd related measures are not
sufficient to gauge the quality of models. It is important to
include the preservation of functional sites as an addi-
tional evaluation measure of the quality of the structures,
and such measures may be a valuable addition to the
CASP experiments.

Other binding sites

"The site-recognition method used in this study is general
purpose. We have used the method elsewhere to charac-
terize ATP-binding sites and serine protease active sites
[22,23]. These sites have a much more complex set of
requirements for binding, and so it will be important to
evaluate the sensitivity of these sites to computed
models. The calcium-binding model is dominated by the
need for relatively symmetric coordination chemistry
around the calcium ion. For small ligand binding sites,
the binding site microenvironment may be even more
sensitive to changes in the positions of backbone and
sidechain elements.

Biological implications

Modeling functional sites correctly is important for novel
protein design and structure-based drug discovery.
Recently, there has been interest in assessing the ability
of model structures to be used for functional prediction.
Here, we have studied 653 model structures and
assessed their ability to reliably preserve recognizable
calcium-binding sites. We find that predicted structures
may be good enough for high-level functional analysis.
However, for detailed analysis such as the precise local-
ization of functional sites, which is important in protein
design, high-resolution structures at the accuracy of
1-2 A are required. Unfortunately, this level of accuracy
is, at present, beyond the capabilities of typical ab initio
methods [11]. Because many binding sites occur at loop
regions and may involve atomic-level interactions that
cannot be recognized with a residue-level site model, the
correct modeling of loop regions and sidechain atoms
becomes critical.

Materials and methods

Construction of decoy structures

The 653 models of vitamin D dependent calcium-binding protein were
generated by the method of Park and Levitt [20], which exhaustively
constructs backbone traces using four discrete points in Ramachan-
dran space. The native helical boundaries were enforced during the
fold generation procedure. Sidechain atoms were built using the soft-
ware SegMod [24]. The all-atom models were subjected to 2000 steps
steepest descent minimization against the ENCAD forcefield [25].
These particular structures were selected in order to represent the full
range of structures that might result from an ab initio folding experi-
ment. This decoy set may be downloaded at http://dd.stanford.edu/.

Structures that were higher in accuracy than the decoy set were also
generated by perturbation of the native structure. To generate a per-
turbed structure, each atomic coordinate in the native structure is per-
turbed by a small random number. We used a series of perturbations
ranging from 0.01 to 1.2 A and generated ten structures for each level
of perturbation. The resulted structures had a local all-atom rmsd from
the native structure of 0.01 to 1.7 A.

The site-recognition method

To search for potential calcium-binding sites within a 3D structure, we
define and search a grid that covers the whole structure, with 1.652 A
spacing between the closest neighboring grid points. At each search
grid point, we determine whether the local region around the search
point is likely to be a calcium-binding site. A site-recognition method is
used, which is briefly described below, that recognizes sites by their
microenvironments [17,22]. In 3D space, microenvironments are
spherical regions with 7 A radius around the center point of interest,
divided into concentric shells of 1 A thickness. We have defined a list
of geometric, biochemical and physical properties that span multiple
levels of details, from atomic to residue to secondary structural. For
each property, we calculate its value for all atoms and sum the prop-
erty values up in each shell. Thus the microenvironment for a site is
described by a series of triples (property-volume-value) in which the
value of a property within the radial shell volume is maintained. The
microenvironment around a search point in a test structure is com-
pared to the microenvironments in the training set consisting of known
calcium-binding sites and nonsites. A Bayesian scoring function deter-
mines a score that indicates the likelihood that the region around the
search point is a calcium-binding site. The version of the site-recogni-
tion method used in this paper is an improved, slightly different version
compared to the one described previously [17]. We now have a larger
training set, 59 known calcium-binding sites and 140 control nonsites,
chosen from proteins with pairwise sequence identity of less than
25%. For higher specificity, we used a higher score cut-off of 35.431,
which is four standard deviations higher than the mean of the scores
for the 140 known nonsites. If the score for a search point exceeds
the cut-off, the search point is labeled a potential calcium-binding
location. Cross-validation sensitivity and specificity using this cut-off
are 86% and 100%, respectively, for the training set. After all search
points in a structure are scored, the potential calcium-binding loca-
tions are clustered. First, the highest scoring point is found and
labeled a calcium-binding site; then all potential calcium-binding loca-
tions that are within 7 A distance of the highest scoring point are
removed, and the clustering procedure is repeated for the remaining
potential locations.

We scanned each of the 653 decoy structures and 100 perturbed
structures, applied the score cut-off to all search points within each
structure, clustered the resulting high-scoring points, and reported the
clusters as putative sites. For the low rmsd decoy structures, if one and
only one putative site lies within 7 A of the location of a calcium ion in
the native structure, that calcium-binding site is said to be ‘preserved’
or ‘identified’ in the decoy.

More information about the site-recognition method can be found
at http://www.smi.stanford.edu/projects/helix/features.html. The time
required to scan a structure on a medium-range workstation ranges
from a few seconds to a few minutes, depending on the size of the
structure. The development of an online server for automated annota-
tion of functional and structural sites is under consideration.
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