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ABSTRACT We evaluate 3D models of hu-
man nucleoside diphosphate kinase, mouse cel-
lular retinoic acid binding protein I, and human
eosinophil neurotoxin that were calculated by
MODELLER, a program for comparative protein
modeling by satisfaction of spatial restraints.
The models have good stereochemistry and are
at least as similar to the crystallographic struc-
tures as the closest template structures. The
largest errors occur in the regions that were not
aligned correctly or where the template struc-
tures are not similar to the correct structure.
These regions correspond predominantly to ex-
posed loops, insertions of any length, and non-
conserved side chains. When a template struc-
ture with more than 40% sequence identity to the
target protein is available, the model is likely to
have about 90% of the mainchain atoms modeled
with an rms deviation from the X-ray structure
of ~ 1A, in large part because the templates are
likely to be that similar to the X-ray structure of
the target. This rms deviation is comparable to
the overall differences between refined NMR
and X-ray crystallography structures of the
same protein. © 1995 Wiley-Liss, Inc.
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INTRODUCTION

Protein modelers were challenged to model se-
quences without available three-dimensional (3D)
structures and to submit them to the first “Meeting
on Critical Assessment of Techniques for Protein
Structure Prediction” in Asilomar in December of
1994.* At the same time, the 3D structures were
being determined by X-ray crystallography or nu-
clear magnetic resonance (NMR) methods. Because
these structures were only released at the meeting,
it was possible to test the modeling methods objec-
tively.

We submitted homology-derived models of three

*The organizing committee was composed of John Moult,
Jan Pedersen, Krzysztof Fidelis, Rod Balhorn, Richard Judson,
and Walt Stevens.
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proteins: Human nucleoside diphosphate kinase
(NM23H2), mouse cellular retinoic acid binding pro-
tein I (CRABP1), and human eosinophil neurotoxin
(EDN). All three structures have been determined
by X-ray crystallography: NM23H2 at 2.8 A resolu-
tion and R-factor of 24% (R. Williams, in prepara-
tion), CRABP1 at 2.9 A resolution and R-factor of
25%,* and EDN at 1.8 A resolution and R-factor of
17% (S.C. Mosimann, D. Newton, R. Youle, and
M.N.G. James, in preparation). These three se-
quences were chosen because they span a range of
difficulty from easy (NM23H2, based on 77% se-
quence identity with templates), and medium
(CRABP1, 41%), to difficult (EDN, 33%).

Our approach to comparative protein modeling is
based on satisfaction of spatial restraints and is im-
plemented in program MODELLER.2~"- This program
can be used in all stages of typical comparative mod-
eling: Finding suitable template structures in the
Brookhaven Protein Databank (PDB),® aligning
them with the sequence to be modeled, calculating
the 3D model, and evaluating the model. An appli-
cation of MODELLER to site-directed mutagenesis
study of heparin binding by mouse mast cell pro-
teases has been described.>®® Comparative protein
modeling was recently reviewed. 1012

In this paper, we briefly describe modeling of the
three proteins and then concentrate on evaluation of
the models.

METHODS

This section outlines all the stages in calculation
of the 3D models. With the exception of tree cluster-
ing,'” all the procedures were carried out by MoD-

"MODELLER is available by anonymous FTP from guitar.rocke-
feller.edu:pub/modeller and also as part of QUANTA (MSI,
Burlington, MA, USA; e-mail jeollins@msi.com).

Abbreviations: CRABP1, mouse cellular retinoic acid bind-
ing protein I; NM23H2, human nucleoside diphosphate kinase;
NMR, nuclear magnetic resonance; EDN, human eosinophil
neurotoxin; PDB, Brookhaven Protein Data Bank; rms, root-
mean-square; 2D, two-dimensional; 3D, three-dimensional.
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ELLER-2 automatically without any subjective deci-
sions.

Finding Structures Related to the
Target Sequence

Proteins that have known 3D structure and are
similar to the sequences being modeled (target se-
quences) had to be identified. This was achieved by
searching a set of sequences representative of the
whole PDB (September 1, 1994), using the SE-
QUENCE_SEARCH command of MODELLER.” The
representative set of proteins includes 627 struc-
tures whose sequence identity is less than 30% to
any other structure in the set. Each representative
sequence was aligned with the target sequence by a
global dynamic programming algorithm.* The sig-
nificance score of each alignment was expressed in
terms of standard deviations from the mean score of
100 optimal alignments of random sequences; these
random sequences were obtained from the original
two sequences by randomly shuffling their amino
acid residues. If the significance score of an align-
ment was larger than 4.0, the representative se-
quence and all its structurally defined homologs
with sequence identity higher than 30% were con-
sidered as potential templates for modeling.

All sequence alignments relied on the 20 by 20
residue-residue weight matrix asl.mat that was de-
rived from a database of protein structure align-
ments® and the gap initiation and extension penal-
ties that were determined by optimization of the
significance scores for pairs of remotely related
structures (F. Yuan and A. Sali, unpublished). This
procedure has no difficulty in finding related se-
quences in the domain suitable for comparative pro-
tein modeling, that is for sequence identities above
25%.

Aligning All Structures With the
Target Sequence

An alignment of all the structures was prepared
by multiple least-squares superposition,'® as imple-
mented in the MALIGN3D command.” The multiple
structural alignment was then aligned as one block
with the corresponding target sequence, using the
dynamic programming method implemented in the
MALIGN command.”

Selecting the Templates

Matrices of pairwise sequence identities were cal-
culated from the family alignments and employed to
construct “evolutionary” trees for the three families,
relying on the KITSCH program from the PHYLIP
package.'® All significantly different structures in
the cluster that contained the target sequence were
used as templates in the subsequent model building.

Model Building

The alignments and the lists of templates were
used, without manual intervention, to calculate 3D
models for the three sequences containing all
mainchain and side chain heavy atoms. First, MoD-
ELLER derived many distance and dihedral angle re-
straints on the target sequence from its alignment
with template 3D structures.* Second, the spatial
restraints and energy terms enforcing proper stereo-
chemistry'® were combined into an objective func-
tion.* Third, the models were obtained by optimizing
the objective function in Cartesian space.* This op-
timization was carried out by the use of the variable
target function method employing methods of conju-
gate gradients and molecular dynamics with simu-
lated annealing. This procedure optimizes the posi-
tions of all atoms at the same time. Only five models
were derived for each sequence by varying the ini-
tial structure because no models with significantly
lower value of the objective function are generally
obtained if a larger number of models is calculated.
The representative model was that which had the
lowest value of the objective function.

Evaluating the Models

Before the models were submitted, they were eval-
uated for self-consistency. The models had to satisfy
most restraints used to calculate them, especially
the stereochemical restraints. These tests were done
by the MODELLER’s ENERGY command,” the
PROCHECK program,’” and by the options in the
QUANTA Protein Health module (MSI, Burlington,
MA). Additional evaluation was done by 3D profile
programs PROSAII'® and 3DPROFILE,'® and by com-
parison with the corresponding X-ray structures.

Modeling Loop 115-123 in EDN

An alternative model for the surface loop of resi-
dues 115-123 in EDN was calculated by the use of a
method relying on a PDB database search and en-
ergy minimization (H. van Vlijmen and M. Karplus,
in preparation). Residues 112-114 and 124-126
were defined as the stem residues. Scanning a rep-
resentative database of 173 proteins, 1100 13-resi-
due segments whose N- and C-termini superposed
well with the stem residues were identified.2’° The
resulting template loops were superimposed on the
EDN model using the stem residues. All side chains,
except for Pro-120 and Pro-121, were represented by
Cg atoms only. Using CHARMM,® the poly-(Ala,Pro)
loop was minimized in the field of all remaining at-
oms of the modeled protein. The 171 lowest energy
loops were further minimized, sidechains were
added according to the rotamer libraries of Ponder
and Richards®' and Dunbrack and Karplus,22 and
the resulting template loops were again minimized
until convergence. The template loop with the low-
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Fig. 1. 3D profile tests of the EDN model and X-ray structure. 3oPRroFILE'® profiles are shown
in thick lines. Prosall'® profiles are shown in thin lines. Model (continuous lines). X-ray structure
(dashed lines). Scores larger and smaller than 0 are deemed acceptable for 30PRroFILE and Prosall,

respectively.

est total energy was selected as an alternative to the
MODELLER model.

RESULTS
Stereochemistry of the Models

The models satisfy all stereochemical restraints
used to calculate them. For example, for the
NM23H2 model, the rms deviation from the ideal
values for bond lengths, angles, and improper dihe-
dral angles is 0.005 A, 2.2°, and 1.3°, respectively.
Also, the model passed all criteria implemented in
PROCHECK'” to the same degree as the X-ray struc-
tures refined at 1.5 A resolution. These criteria are
Ramachandran plot, peptide bonds planarity, C,, tet-
rahedral distortion, nonbonded interactions, hydro-
gen bond energies, and closeness of side chain dihe-
dral angles to ideal values. For example, for the
NM23H2 model, 97% of residues reside in the most
favored areas of the Ramachandran plot (90% for
structures solved at = 2 A resolution) and the overall
G-factor measuring stereochemical quality is 0.3
(—0.5 to 0.3 for structures solved at 1.5 A resolution).

3D Profiles of the Models

A more stringent test of the overall fold and side
chain packing of the models may be provided by the
3D profile programs.'®?3 These methods plot, in a
moving window along the sequence, a score or en-
ergy that is correlated with the accuracy of the
model in the corresponding region and depends only
on the sequence and structure of the model. Such
profiles from the S3DPROFILE'® and PROSAII'® pro-
grams are shown for the least accurate model, that
of EDN, in Figure 1. The profiles for the model are
compared with those for the highly refined X-ray
structure of EDN. The X-ray structure generally
scores better than the model. This opens the possi-
bility that the accuracy of the model could be im-
proved by adding the 3D profile terms to the objec-
tive function optimized by MODELLER, although it is

not clear how many incorrect models also have bet-
ter scores than the current MODELLER model. Unfor-
tunately, none of the errors in the three modeling
cases could have been identified by the 3D profiles
because even the incorrect regions in the models
have reasonably good scores, i.e., the 3DPROFILE
scores are larger than 0 and the PROSAII scores are
smaller than 0.

NM23H2 Model

NM23H2 is a single domain protein consisting of a
central 4-stranded antiparallel B-sheet surrounded
by 8 a-helices. The crystallographic structure has
been determined for a hexamer ring of identical sub-
units (R. Williams, in preparation). Of the 10 PDB
coordinate sets with significant sequence similarity
to NM23H2 (see Methods), four were used to model
NM23H2: Nucleoside diphosphate kinase from Dro-
sophila melanogaster (with the PDB code of 1INDL
and 77% sequence identity to NM23H2) and three
forms of nucleoside diphosphate kinase from Dicty-
ostelium discoideum (INDC, 1INDP, 1NDK; 60%).

The most important evaluation of a model is its
comparison to the corresponding X-ray structure.
The atomic positions of C_, mainchain, and all at-
oms are compared using two interdependent crite-
ria: The number of atoms that superpose within 3.5
A from each other (equivalent atoms) and the rms
difference between those atoms (Table I).

For the NM23H2 model, all but one C_, atom su-
perpose within 3.5 A of the X-ray structure; rms
difference is 0.41 A. 95% of all atoms superpose with
an rms of 0.93 A. Approximately 76, 65, and 58% X1»
X2, and x; side chain rotamers, respectively, are
modeled in accordance with the X-ray structure.
Part of the model is compared with the X-ray struc-
ture in Figure 2. To put these numbers into perspec-
tive, they are contrasted with the differences be-
tween two independently refined subunits in the
hexamer of the NM23H2 X-ray structure (Table I):
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TABLE I. Comparison of Models With Templates and Corresponding X-Ray Structures

C, Main chain All Dihedral angle classes®
Structures Atoms*  rms’ Atoms rms Atoms rms @¥) X3 X2 X3 Xa
NM23H2-U*-MODEL i % o 3 e T 2 5 2 0z L
NM23H2-U-NM23H2-R i 7 o5 52 i Tiss 2 5 n = 4
NM23H2-U-1NDL 15 O S A S R
CRABP1-MODEL A A A S-S S B B
CARBP1-2HMB mo W & @ fo W 2 o4 o2 s
CRABP1-1LIF T oo & a0 wwoo oW ¥ H ® B g
MODEL-2HMB O S A N S SN S S
EDN-7RSA 12 A S R S S T S A

*The numbers of atoms of the indicated type in the first and second structure, respectively.
"The number of atoms within 8.5 A from each other is indicated in the denominator. The rms difference between them is shown in

A in the nominator.

*The numbers of identical and different dihedral angle classes are shown for all aligned amino acid positions. For identical proteins

>

all residues are aligned. For different proteins, only those residues that have C, atoms within 3.5 A from each other are aligned. The
Ramachandran plot is divided into six areas corresponding to the six (®,¥) classes: right-handed a-helix, idealized B-strand, poly-

proline conformation, left-handed a-helix with Gly with positive ®.* The side chain dihedral angle classes correspond to rotamers

generally 3 per dihedral angle.*

>

*NM23H2-U and NM23H2-R are the U and R subunits, respectively, in the crystallographically determined structures of the

NM23H2 hexamer.

The model is slightly more similar to some of the
crystallographic subunits than some of the crystal-
lographic subunits are to each other. While the dif-
ferences among the crystallographic subunits may
decrease with higher resolution and refinement, this
result indicates that a homology model derived from
templates with 70—-80% sequence identity is as ac-
curate as a medium-resolution X-ray structure. In
large part, this is a consequence of the correspond-
ing similarity between the template and target
structures (Table I).

CRABP1 Model

CRABP1 is a single domain protein composed of
interacting a-helices packed at the edge of two or-
thogonal, 4- and 6-stranded antiparallel B-sheets.*
Of the 15 PDB coordinate sets with significant se-
quence similarity to CRABP1 (see Methods), two
were used to model CRABP1: fatty acid binding pro-
tein (2HMB; 41%) and mouse adipocyte lipid-bind-
ing protein (1LIF; 38%).

For the CRABP1 model, 90% of C, atoms super-
pose within 3.5A of their counterparts in the X-ray
structure; the rms error is 1.31 A (Fig. 3). The errors
are concentrated in four regions (Fig. 4): (1) At the
end of the helix at residue 38, where there is an
insertion of two residues relative to the two tem-
plates (several of the CRABP1 models, but not the
representative model, had the 2 residue insertion at
residue 38 modeled correctly as a continuation of the
helix). (2) At the tip of the B-hairpin at residue 46,
where 5 CARBP1 residues move as a rigid body rel-

ative to the templates. (3) At the tip of the B-hairpin
at residue 76, where the hairpin is twisted relative
to the two template structures. (4) At the tip of the
loop at residue 104, where there is a 4 residue in-
sertion relative to the two templates and the se-
quence is modeled as a B-hairpin whereas the X-ray
structure has a wider loop. Loops at residues 38, 76,
and 104 are close in space. It appears that segments
at residues 76 and 104 move, relative to the two
templates, to fill the space emptied by a shift of the
helix at residue 38. Thus, the largest four errors
result from the structural differences between the
templates and the X-ray structure or from the lack
of equivalent residues in the template structures,
not from incorrect alignment. The alignment is
nearly perfect despite the fact that it was derived
automatically on the basis of sequence alone. Judg-
ing by the structural superposition of the templates
and the X-ray structure of CRABPI, only a single
residue neighboring a gap in the alignment should
be aligned with another residue and only 4 single
positions in loop regions should be aligned with a
gap instead of a residue.

It is clear from Table I that the CRABP1 model is
only slightly closer, in terms of overall rms values,
to the crystallographic structure than the template
structures. In other words, the number of equivalent
positions and their rms values are similar for the
comparison between the model and its X-ray struc-
ture and for the comparison between the CRABP1
X-ray structure and template structures. However,
we note that the homology modeling methods some-
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Fig. 2. Comparison of the NM23H2 model (thick lines) and the U subunit of the NM23H2 X-ray
structure (thin lines). Part of the core region is shown. C_ atoms are labeled. All plots of protein

structures were prepared by MoLscripT.®
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Fig. 3. Modeling of CRABP1. Superposition of C, atoms of the CRABP1 model (thick contin-
uous line), CRABP1 X-ray structure (thin continuous line), and the two templates, 2HMB (thick
dashed line), and 1LIF (thin dashed line). Every tenth C_ atom in the CRABP1 model is labeled.

times produce models that have rms errors larger
than the rms difference between the template struc-
ture and the X-ray structure of the sequence being
modeled. Examples are listed in references®* and in
Mosimann et al. (this issue). Thus, it appears that it
is not trivial to construct a 3D model with both good
stereochemistry and with an rms deviation from the
correct structure that is at least as small as that of
the template’s, i.e., for the target sequence, most
ways of relaxing the template coordinates to im-
prove the stereochemistry of the model increase the
rms difference from the correct target structure.

Variability Among Models Correlates With
Error—CRABP1

For a given sequence, an ensemble of slightly dif-
ferent models is always calculated, similarly to the

refinement relying on NMR-derived restraints.
Variability among the models reflects either the
lack of strong restraints on a certain region or var-
ious alternatives offered by the structural differ-
ences among the templates. In either case, the vari-
ability in the models was expected to correlate with
the error in the model. This expectation is borne out
in Figure 4, which compares the variability among
15 CRABP1 models with positional differences be-
tween the equivalent C_, atoms in the CRABP1
model and X-ray structure. While one could predict
a priori that the regions most likely to be in error
are the loops, not all loops are highly variable in the
models, and not all highly variable regions are
loops. Thus, the variability plots can provide a more
direct and quantitative information about the errors
in a particular region, e.g., notice the correlation
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Fig. 4. Variability among the models is correlated with error. Fifteen CRABP1 models were
superposed using their C,, atoms; the rms deviation of C_ atoms at each position is shown by the
dashed line. Distance between equivalent C, atoms in the optimally superposed representative
model and the X-ray structure is shown by the continuous line.

between the degree of variability and the magnitude
of error in Figure 4. Unfortunately, while all the
variable regions correspond to maxima in error, not
all regions in error are pointed out by the variability
among the models. Also, the error is always larger
than the variability. Thus, the variability imposes
only a lower bound on error.

Alignment Errors—EDN

EDN is a ribonuclease with 3 a-helices and 2
three-stranded antiparallel B-sheets arranged in a
single domain (S.C. Mosimann, D. Newton, R.
Youle, and M.N.G. James, in preparation). Of the 15
PDB coordinate sets with significant sequence sim-
ilarity to EDN (see Methods), only ribonuclease A
(TRSA; 33%) was used to model EDN.

The source of the largest error in the EDN model
was an incorrect alignment of its sequence with the
template structure, 7RSA. The automated procedure
attempted to minimize the number of gaps and thus
shifted the N-terminal 21 residues of EDN by six
positions relative to their correct equivalents in
7RSA (Fig. 5). The reason for this problem was the
high gap-penalty which prevented the correct inser-
tion of 9 TRSA residues that correspond to the loop
following the first helix. While 3D profiles do not
identify the model in this region as incorrect (Fig. 1),
the alignment error could have been corrected by
manual editing because lower gap penalties result in
an almost correct alignment and because the active
site His-15 residue was misaligned by the program.

Loop Modeling—EDN

The crystallographically determined EDN loop
spanning residues 115-123 is compared to the rep-
resentative MODELLER model, a loop obtained by a
database search and energy minimization (“data-
base model”; see Methods), and the equivalent loop
in the template 7TRSA structure, which has 9 resi-
dues fewer than the EDN loop (Fig. 6). Neither of

the models is close to the X-ray structure, although
the database model overlaps with it at positions
121-123. The MODELLER loop is too extended in com-
parison with the crystallographic structure. Some of
the MODELLER models occupy a volume similar to
that in the X-ray structure, but none has the correct
conformation.

The best possible template that could have been
obtained from the database had a main chain dis-
tance rms®® of 1.17 A compared to the crystallo-
graphic structure. The best possible template that
was selected by the stem search had a distance rms
of 1.23 A. This loop was among the loops with the
lowest energy, but not the very lowest one. With
hindsight, the choice of stem residues at the N-ter-
minus appears suboptimal because there is a dis-
tance of 4.1 A between the last stem residue (114) in
the template and the X-ray structure, which may
account for the large error at the N-terminus in the
database model. It would be better if residues 111—
113 were used as a stem.

DISCUSSION

Homology models for NM23H2, CRABP1, and
EDN were constructed automatically. The models
were based on 77, 41, and 33% sequence identities
with template structures, respectively. No signifi-
cant improvement of the NM23H2 and CRABP1
models would have been achieved if subjective in-
terventions had been made. On the other hand, a
large error in the alignment of the EDN sequence
with its template could have been prevented by ex-
amining and editing the alignment manually.

The models have good stereochemistry and are
close to the template structures. The errors can be
divided into four categories: (1) Errors in side chain
packing. (2) Distortions or shifts of a region that is
aligned correctly with the templates (e.g., loops, he-
lices, strands). (3) Distortions or shifts of a region
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Fig. 5. Alignment of EDN and 7RSA. Automatically derived sequence alignment between EDN
and 7RSA that was used for EDN modeling is shown. The black lines shows correct equivalences,

that is residues whose C, atoms are within 5 A

of each other in the optimal least-squares super-

position of the X-ray structures of EDN and 7RSA. The bottom line indicates helices (a) and strands
(b), as assigned in the EDN structure by program Dssp.®”

Fig. 6. Loop 112—127 in EDN. Stereo plot of the C, trace of the 112—127 loop is shown for the
EDN MODELLER model (thick continuous line), EDN database model (thin dashed line), EDN
X-ray structure (continuous thin line), and the 7RSA template (residues 111—117; thick dashed
line). The MODELLER loop comes from the representative model that was picked on the basis of
the optimal overall objective function value, C_ atoms in EDN are labeled.

that does not have an equivalent segment in any of
the templates (e.g., inserted loops). (4) Distortions or
shifts of a region that is aligned incorrectly with the
templates (e.g., loops and larger segments with low
sequence identity to the templates). To address errors
1-3, a better potential function and possibly a better
optimizer are needed. The potential function should
guide the model away from the templates in the di-
rection towards the correct structure. An addition of
atomic or residue based potentials of mean force to
the MODELLER objective function might be one way of
achieving this goal. However, no present force field
or potential of mean force can generally produce a
model with a mainchain rms difference from the
X-ray structure smaller than about 1 A, even when
the starting conformation is the X-ray structure it-

self. For example, molecular dynamics simulations
in solvent generally have a main chain rms deviation
of about 1 A and the most detailed lattice folding
simulations result in models with an rms > 2 A.26
Since most of the atoms in two homologs with at least
40% sequence identity usually superpose with a main
chain rms difference of about 1 A, it is currently
better to aim to reproduce the template structures as
closely as possible rather than to venture away from
the templates in the search for a better model.

Errors 2—4 are relatively infrequent when se-
quences with more than 40% sequence identity with
the templates are modeled. For example, in such a
case, approximately 90% of the main chain atoms
are likely to be modeled with an rms error of about
1 A (Table I).



EVALUATION OF PROTEIN MODELING 325

Below 40% sequence identity, misalignments and
insertions in the target sequence become the major
problems. It appears that insertions longer than
about 8 residues cannot be modeled accurately at
this time, even when the alignment of the stem re-
gions delimiting the insertion is correct. Most of the
insertions shorter than 8 residues also cannot be
modeled successfully, primarily because the align-
ment of the inserted and neighboring residues is fre-
quently incorrect. For example, there were 7 inser-
tions in the CRABP1 and EDN models shorter than
8 residues, of which only 3 were aligned correctly,
and only one of these was modeled correctly (loop at
position 64 in EDN) and one was modeled correctly
in some of the multiple models (loop at position 38 in
CRABP1). If the length of an insertion can be ex-
tended enough to make the alignment of the delim-
iting stem regions reliable, but not too much so that
less than 8 residues are inserted, the insertions can
frequently be modeled successfully.2”-2° In general,
it can be expected that about 20% of residues will be
misaligned, and consequently incorrectly modeled
when the target has 30% identity to the template.>®
Thus, the EDN-7RSA alignment errors (25 residues
out of 134) are representative of comparative mod-
eling in this range of sequence identity. To reduce
the errors in the model stemming from the align-
ment errors, iterative changes in the alignment dur-
ing the calculation of the model, perhaps similar to
the threading techniques,®''3? are needed.

To put the errors into perspective, we list the dif-
ferences among experimentally determined struc-
tures. The 1 A accuracy of mainchain atom positions
corresponds to X-ray structures defined at a resolu-
tion of about 2.5 A and with an R-factor of about
25%,%% as well as to NMR structures determined
from 10 interproton distance restraints per resi-
due.?*3® Similarly, differences between the highly
refined X-ray and NMR structures of the same pro-
tein also tend to be about 1 A.3* Changes in the
environment (e.g., crystal packing, solvent, ligands)
can also have an effect on the structure on the order
of 1 A or even larger.>® Overall, homology modeling
based on templates with more than 40% sequence
identity is almost as good (Table I), simply because
the homologs at this level of similarity are likely to
be as similar to each other as are the structures for
the same protein determined by different experi-
mental techniques under different conditions. The
caveat in modeling, however, is that some regions,
mainly loops and side chains, have larger errors.
However, such loops also tend to differ more in dif-
ferent forms of the same protein. Although such re-
gions may have an important function, many appli-
cations in biology do not require high resolution
structures. For example, some binding sites may be
located with the aid of low resolution models.®3°

Even though comparative modeling needs signif-
icant improvements, it is already a useful technique

that can be employed by a nonexpert to address
many practical problems. With the increase in the
number of protein sequences and in the fraction of
all folds that are known, comparative modeling will
be even more useful in the future.
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