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Abstract

Functional characterization of a protein is often facilitated by its 3D structure. However, the

fraction of experimentally known 3D models is currently less than 1% due to the inherently time-

consuming and complicated nature of structure determination techniques. Computational

approaches are employed to bridge the gap between the number of known sequences and that of

3D models. Template-based protein structure modeling techniques rely on the study of principles

that dictate the 3D structure of natural proteins from the theory of evolution viewpoint. Strategies

for template-based structure modeling will be discussed with a focus on comparative modeling, by

reviewing techniques available for all the major steps involved in the comparative modeling

pipeline.
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1. Introduction

The class of methods referred to as template-based modeling includes both the threading

techniques that return a full 3D description for the target and comparative modeling (1). This

class of protein structure modeling relies on detectable similarity spanning most of the

modeled sequence and at least one known structure. Comparative modeling refers to those

template-based modeling cases where not only the fold is determined from a possible set of

available templates, but a full atom model is also built (2). In practice, it means that if the

structure of at least one protein in the family has been determined by experimentation, the

other members of the family can be modeled based on their alignment to the known

structure. It is possible because a small change in the protein sequence usually results in a

small change in its 3D structure (3). It is also facilitated by the fact that 3D structure of

proteins from the same family is more conserved than their amino-acid sequences (4).

Therefore, if similarity between two proteins is detectable at the sequence level, then

structural similarity can usually be assumed. The increasing applicability of template-based

modeling is owing to the observation that the number of different folds that proteins adopt is

rather limited and because worldwide Structural Genomics projects are aggressively

mapping out the universe of possible folds (5–7).

Template-based approaches to structure prediction have their advantages and limitations.

Comparative protein structure modeling usually provides high-quality models that are

comparable with low-resolution X-ray crystallography or medium-resolution NMR solution

structures. However, the applicability of these approaches is limited to those sequences that
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can be confidently mapped to known structures. Currently, the probability of finding related

proteins of known structure for a sequence picked randomly from a genome ranges

approximately from 30 to 80%, depending on the genome. Approximately 70% of all known

sequences have at least one domain that is detectably related to at least one protein of known

structure (8). This fraction is more than an order of magnitude larger than the number of

experimentally determined protein structures deposited in the Protein Data Bank (PDB) (9).

As we will see, in practice, template-based modeling always includes information that is

independent from the template, in the form of various force restraints from general statistical

observations or molecular mechanical force fields. As a consequence of improving force

fields and search algorithms, the most successful approaches often explore more and more

template-independent conformational space (10, 11).

2. Methods

All current comparative modeling methods consist of five sequential steps: (1) to search for

proteins with known 3D structures that are related to the target sequence, (2) to pick those

structures that will be used as templates, (3) to align their sequences with the target

sequence, (4) to build the model for the target sequence given its alignment with the

template structures, and (5) to evaluate the model, using a variety of criteria.

There are several computer programs and web servers that automate the comparative

modeling process (Table 1). While the web servers are convenient and useful (10, 12–14),

the best results are still obtained by nonautomated, expert use of the various modeling tools

(15). Complex decisions for selecting the structurally and biologically most relevant

templates, optimally combining multiple template information, refining alignments in

nontrivial cases, selecting segments for loop modeling, including cofactors and ligands in

the model, or specifying external restraints require an expert knowledge that is difficult to

fully automate (16), although more and more efforts on automation point to this direction

(17, 18).

2.1. Searching for Structures Related to the Target Sequence

Comparative modeling usually starts by searching the PDB (9) for known protein structures

using the target sequence as the query. This search is generally done by comparing the target

sequence with the sequence of each of the structures in the database.

There are two main classes of protein comparison methods that are useful in fold

identification. The first class compares the sequences of the target with each of the database

templates by using pairwise sequence–sequence comparisons (such as FASTA and BLAST

(19)) (20–22) and fold assignments (23). To improve the sensitivity of the sequence-based

searches, evolutionary information can be incorporated in the form of multiple sequence

alignment (24–28). These approaches begin by finding all sequences in a sequence database

that are clearly related to the target and easily aligned with it (29, 30). The multiple

alignment of these sequences is the target sequence profile, which implicitly carries

additional information about the location and pattern of evolutionarily conserved positions

of the protein. The most well-known program in this class is PSI-BLAST (27), which

implements a heuristic search algorithm for short motifs. A further step to increase the
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sensitivity of this approach is to precalculate sequence profiles for all the known structures

and then use pairwise dynamic programming algorithm to compare the two profiles. This

has been implemented, among other programs, in COACH (31) and FFAS03 (32, 33). The

construction of profile-based Hidden Markov Models (HMM) is another sensitive way to

locate universally conserved motifs among sequences (34). A substantial improvement in

HMM approaches was achieved by incorporating information about predicted secondary

structural elements (35, 36). Another development in this group of methods is the

phylogenetic tree-driven HMM, which selects a different subset of sequences for profile

HMM analysis at each node in the evolutionary tree (37). Locating sequence intermediates

that are homologous to both sequences may also enhance the template searches (22, 38).

These more sensitive fold identification techniques are especially useful for finding

significant structural relationships when sequence identity between the target and the

template drops below 25%. More accurate sequence profiles and structural alignments can

be constructed with consistency-based approaches such as T-Coffee (39), PROMAL (and

PROMAL3D for structures) (40, 41), and ProbCons (42).

The second class of methods relies on pairwise comparison of a protein sequence and a

protein structure; the target sequence is matched against a library of 3D profiles or threaded

through a library of 3D folds. These methods are also called fold assignment, threading, or

3D template matching (32, 43–47). These methods are especially useful when sequence

profiles are not possible to construct because there are not enough known sequences that are

clearly related to the target or potential templates.

Template search methods “outperform” the needs of comparative modeling in the sense that

they are able to locate sequences that are so remotely related as to render construction of a

reliable comparative model impossible. The reason for this is that sequence relationships are

often established on short conserved segments, while a successful comparative modeling

exercise requires an overall correct alignment for the entire modeled part of the protein.

2.2. Selecting Templates

Once a list of potential templates is obtained using searching methods, it is necessary to

select one or more templates that are appropriate for the particular modeling problem.

Several factors need to be taken into account when selecting a template.

2.2.1. Considerations in Template Selection— The simplest template selection rule is

to select the structure with the highest sequence similarity to the modeled sequence. The

construction of a multiple alignment and a phylogenetic tree (48) can help in selecting the

template from the subfamily that is closest to the target sequence. The similarity between the

“environment” of the template and the environment in which the target needs to be modeled

should also be considered. The term “environment” is used here in a broad sense, including

everything that is not the protein itself (e.g., solvent, pH, ligands, quaternary interactions). If

possible, a template bound to the same or similar ligands as the modeled sequence should

generally be used. The quality of the experimentally determined structure is another

important factor in template selection. Resolution and R-factor of a crystal structure and the

number of restraints per residue for an NMR structure are indicative of their accuracy. The
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criteria for selecting templates also depend on the purpose of a comparative model. For

example, if a protein–ligand model is to be constructed, the choice of the template that

contains a similar ligand is probably more important than the resolution of the template.

2.2.2. Advantage of Using Multiple Templates— It is not necessary to select only one

template. In fact, the optimal use of several templates increases the model accuracy (13, 17,

49, 50); however, not all modeling programs are designed to accept more than one template.

The benefit of combining multiple template structures can be twofold. First, multiple

template structures may be aligned with different domains of the target, with little overlap

between them, in which case, the modeling procedure can construct a homology-based

model of the whole target sequence. Second, the template structures may be aligned with the

same part of the target and build the model on the locally best template.

An elaborate way to select suitable templates is to generate and evaluate models for each

candidate template structure and/or their combinations. The optimized all-atom models can

then be evaluated by an energy or scoring function, such as the Z-score of PROSA (46) or

VERIFY3D (51). These scoring methods are often sufficiently accurate to allow selection of

the most accurate of the generated models (52). This trial-and-error approach can be viewed

as limited threading (i.e., the target sequence is threaded through similar template

structures). However, these approaches are good only at selecting various templates on a

global level.

A recently developed method M4T (Multiple Mapping Method with Multiple Templates)

selects and combines multiple template structures through an iterative clustering approach

that takes into account the “unique” contribution of each template, their sequence similarity

among themselves and to the target sequence, and their experimental resolution (13, 17).

The resulting models systematically outperformed models that were based on the single best

template.

Another important observation from the same study was that below 40% sequence identity,

models built using multiple templates are more accurate than those built using a single

template only, and this trend is accentuated as one moves into more remote target–template

pair cases. Meanwhile, the advantage of using multiple templates gradually disappears

above 40% target–template sequence identity cases. This suggests that in this range, the

average differences between the template and target structures are smaller than the average

differences among alternative template structures that are all highly similar to the target

(17).

2.3. Sequence-to-Structure Alignment

To build a model, all comparative modeling programs depend on a list of assumed structural

equivalences between the target and template residues. This list is defined by the alignment

of the target and template sequences. Many template search methods will produce such an

alignment, and these sometimes can directly be used as the input for modeling. Often,

however, especially in the difficult cases, this initial alignment is not the optimal target–

template alignment. This is because search methods may be tuned for detection of remote

relationships, which is often realized on a local motif and not on a full-length, optimal
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alignment. Therefore, once the templates are selected, an alignment method should be used

to align them with the target sequence. When the target–template sequence identity is lower

than 40%, the alignment accuracy becomes the most important factor affecting the quality of

the resulting model. A misalignment by only one residue position will result in an error of

approximately 4 Å in the model.

2.3.1. Taking Advantage of Structural Information in Alignments— Alignments in

comparative modeling represent a unique class because on one side of the alignment there is

always a 3D structure, the template. Therefore, alignments can be improved by including

structural information from the template. For example, gaps should be avoided in secondary

structure elements, in buried regions, or between two residues that are far in space. Some

alignment methods take such criteria into account (47, 53, 54).

When multiple template structures are available, a good strategy is to superpose them with

each other first, to obtain a multiple structure-based alignment highlighting structurally

conserved residues (55–57). In the next step, the target sequence is aligned with this

multiple structure-based alignment. The benefits of using multiple structures and multiple

sequences are that they provide evolutionary and structural information about the templates,

as well as evolutionary information about the target sequence, and they often produce a

better alignment for modeling than the pairwise sequence alignment methods (22, 58).

Multiple Mapping Method (MMM) directly relies on information from the 3D structure (14,

59). MMM minimizes alignment errors by selecting and optimally splicing differently

aligned fragments from a set of alternative input alignments. This selection is guided by a

scoring function that determines the preference of each alternatively aligned fragment of the

target sequence in the structural environment of the template. The scoring function has four

terms, which are used to assess the compatibility of alternative variable segments in the

protein environment:(a) environment specific substitution matrices from FUGUE (47), (b)

residue substitution matrix, Blosum (60), (c) A 3D–1D substitution matrix, H3P2, that

scores the matches of predicted secondary structure of the target sequence to the observed

secondary structures and accessibility types of the template residues (61), and (d) a

statistically derived residue–residue contact energy term (62). MMM essentially performs a

limited and inverse threading of short fragments: in this exercise the actual question is not

the identification of a right fold, but identification of the correct alignment mapping, among

many alternatives, for sequence segments that are threaded on the same fold. These local

mappings are evaluated in the context of the rest of the model, where alignments provide a

consistent solution and framework for the evaluation.

2.4. Model Building

When discussing the model building step within comparative protein structure modeling, it

is useful to distinguish two parts: template-dependent and template-independent modeling.

This distinction is necessary because certain parts of the target must be built without the aid

of any template. These parts correspond to gaps in the template sequence within the target–

template alignment. Modeling of these regions is commonly referred to as loop modeling

problem. It is evident that these loops are responsible for the most characteristic differences
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between the template and target, and therefore are chiefly responsible for structural and

consequently functional differences. In contrast to these loops, the rest of the target, and in

particular the conserved core of the fold of the target, is built using information from the

template structure.

2.4.1. Template-Dependent Modeling

2.4.1.1. Modeling by Assembly of Rigid Bodies: A comparative model can be assembled

from a framework of small number of rigid bodies obtained from the aligned template

protein structures (63–65). The approach is based on the natural dissection of the protein

structure into conserved core regions, variable loops that connect them, and side chains that

decorate the backbone (66). A widely used program in this class is COMPOSER (67). The

accuracy of a model can be somewhat increased when more than one template structure is

used to construct the framework (68).

2.4.1.2. Modeling by Segment Matching or Coordinate Reconstruction: Comparative

models can be constructed by using a subset of atomic positions from template structures as

“guiding” positions, such as the Cα atoms, and by identifying and assembling short, all-

atom segments that fit these guiding positions. The all-atom segments that fit the guiding

positions can be obtained either by scanning all the known protein structures (69, 70) or by a

conformational search restrained by an energy function (71, 72) or by a general method for

modeling by segment matching (SEGMOD) (73). Even some side-chain modeling methods

(74) and the class of loop construction methods based on finding suitable fragments in the

database of known structures (75) can be seen as segment matching or coordinate

reconstruction methods.

2.4.1.3. Modeling by Satisfaction of Spatial Restraints: The methods in this class begin

by generating many constraints or restraints on the structure of the target sequence, using its

alignment to related protein structures as a guide in a procedure that is conceptually similar

to that used in determination of protein structures from NMR-derived restraints. The

restraints are generally obtained by assuming that the corresponding distances between

aligned residues in the template and the target structures are similar. These homology-

derived restraints are usually supplemented by stereochemical restraints on bond lengths,

bond angles, dihedral angles, and nonbonded atom–atom contacts that are obtained from a

molecular mechanics force field (76). The model is then derived by minimizing the

violations of all the restraints. Comparative modeling by satisfaction of spatial restraints is

implemented in the computer program MODELLER (16, 77), currently the most popular

comparative protein modeling program. In MODELLER, the various spatial relationships of

distances, angles are expressed as conditional probability density functions (pdfs) and can be

used directly as spatial restraints. For example, probabilities for different values of the main

chain dihedral angles are calculated from the type of residue considered, from the main

chain conformation of an equivalent template residue, and from sequence similarity between

the two proteins. An important feature of the method is that the forms of spatial restraints

were obtained empirically, from a database of protein structure alignments, without any user

imposed subjective assumption. Finally, the model is obtained by optimizing the objective

function in Cartesian space by the use of the variable target function method (78),
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employing methods of conjugate gradients and molecular dynamics with simulated

annealing (79).

A similar comprehensive package is NEST that can build a homology model based on single

sequence–template alignment or from multiple templates. It can also consider different

structures for different parts of the target (55).

2.4.1.4. Combining Alignments, Combining Structures: It is frequently difficult to select

the best templates or calculate a good alignment. One way of improving a comparative

model in such cases is to proceed with an iteration of template selection, alignment, and

model building, guided by model assessment, until no improvement in the model is detected

(80, 81). Some of these approaches are automated (55, 82). In one example, this task was

achieved by a genetic algorithm protocol that starts with a set of initial alignments and then

iterates through realignment, model building, and model assessment to optimize a model

assessment score. Comparative models corresponding to various evolving alignments are

built and assessed by a variety of criteria, partly depending on an atomic statistical potential.

In another approach, a genetic algorithm was applied to automatically combine templates

and alignments. A relatively simple structure-dependent scoring function was used to

evaluate the sampled combinations (18).

Other attempts to optimize target–template alignments include the Robetta server, where

alignments are generated by dynamic programming using a scoring function that combines

information on many protein features, including a novel measure of how obligate a sequence

region is to the protein fold. By systematically varying the weights on the different features

that contribute to the alignment score, very large ensembles of diverse alignments are

generated. A variety of approaches to select the best models from the ensemble, including

consensus of the alignments, a hydrophobic burial measure, low- and high-resolution energy

functions, and combinations of these evaluation methods were explored (83).

Those metaserver approaches that do not simply score and rank alternative models obtained

from a variety of methods but further combine them could also be perceived as approaches

that explore the alignment and conformational space for a given target sequence (84).

Another alternative for combined servers is provided by M4T. The M4T program

automatically identifies the best templates and explores and optimally splices alternative

alignments according to its internal scoring function that focuses on the features of the

structural environment of each template (17).

2.4.1.5. Metaservers: Metaserver approaches have been developed to take advantage of the

variety of other existing programs. Metaservers collect models from alternative methods and

either use them for inputs to make new models or look for consensus solutions within them.

For instance, FAMS-ACE (85) takes inputs from other servers as starting points for

refinement and remodeling after which Verify3D (51) is used to select the most accurate

solution. Other consensus approaches include PCONS, a neural network approach that

identifies a consensus model by combining information on reliability scores and structural
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similarity of models obtained from other techniques (86). 3D-JURY operates along the same

idea; its selection is mainly based on the consensus of model structure similarity (87).

2.4.2. Template Independent Modeling: Modeling Loops, Insertions— In

comparative modeling, target sequences often have inserted residues relative to the template

structures or have regions that are structurally different from the corresponding regions in

the templates. Therefore, no structural information about these inserted segments can be

extracted from the template structures. These regions frequently correspond to surface loops.

Loops often play an important role in defining the functional specificity of a given protein

framework, forming the functional, ligand-binding active sites. The accuracy of loop

modeling is a major factor determining the usefulness of comparative models in applications

such as ligand docking or functional annotation. Loops are generally too short to provide

sufficient information about their local fold, and the environment of each loop is uniquely

defined by the solvent and the protein that cradles it. In a few rare cases, it was shown that

even identical decapeptides in different proteins do not always have the same conformation

(88, 89).

There are two main classes of loop modeling methods: (1) the database search approaches

and (2) the conformational search approaches (90–92). There are also methods that combine

these two approaches (93–95).

2.4.2.1. Fragment-Based Approach to Loop Modeling: Earlier, it was predicted that it is

unlikely that structure databanks will ever reach a point when fragment-based approaches

become efficient to model loops (96), which resulted in a boost in the development of

conformational search approaches from around 2000. However, many details of the fold

universe have been explored during the last decade due to the large number of new folds

solved experimentally, which had a profound effect on the extent of known structural

fragments. Recent analyses showed that loop fragments are not only well represented in

current structure databanks, but shorter segments are also possibly completely explored

already (97). It was reported that sequence segments up to 10–12 residues had a related (i.e.

at least 50% identical) segment in PDB with a known conformation, and despite the six-fold

increase in the sequence databank size and the doubling of PDB since 2002, there was not a

single unique loop conformation or sequence segment entered in the PDB ever since.

Consequently, more recent efforts have been taken to classify loop conformations into more

general categories, thus extending the applicability of the database search approach for more

cases (98, 99). A recent work described the advantage of using HMM sequence profiles in

classifying and predicting loops (100). An another recently published loop prediction

approach first predicts conformation for a query loop sequence and then structurally aligns

the predicted structural fragments to a set of nonredundant loop structural templates. These

sequence–template loop alignments are then quantitatively evaluated with an artificial neural

network model trained on a set of predictions with known outcomes (101).

ArchPred (98, 102), currently perhaps the most accurate database loop modeling approach,

exploits a hierarchical and multidimensional database that has been set up to classify about

300,000 loop fragments and loop flanking secondary structures. Besides the length of the

loops and types of bracing secondary structures, the database is organized along four

Fiser Page 8

Methods Mol Biol. Author manuscript; available in PMC 2014 July 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



internal coordinates, a distance and three types of angles characterizing the geometry of

stem regions (103). Candidate fragments are selected from this library by matching the

length, the types of bracing secondary structures of the query and by satisfying the

geometrical restraints of the stems and subsequently inserted in the query protein framework

where their fit is assessed by the root mean squared deviation (RMSD) of stem regions and

by the number of rigid body clashes with the environment. In the final step, remaining

candidate loops are ranked by a Z-score that combines information on sequence similarity

and fit of predicted and observed ϕ/ψ main chain dihedral angle propensities. Confidence Z-

score cutoffs are determined for each loop length. A web server implements the method.

Predicted segments are returned, or optionally, these can be completed with side-chain

reconstruction and subsequently annealed in the environment of the query protein by

conjugate gradient minimization.

In summary, the recent reports about the more favorable coverage of loop conformations in

the PDB suggest that database approaches are now rather limited by their ability to

recognize suitable fragments, and not by the lack of these segments (i.e., sampling), as

thought earlier.

2.4.2.2. Ab Initio Modeling of Loops: To overcome the limitations of the database search

methods, conformational search methods were developed. There are many such methods,

exploiting different protein representations, objective function terms, and optimization or

enumeration algorithms. The search strategies include the minimum perturbation method

(104), molecular dynamics simulations (92), genetic algorithms (105), Monte Carlo and

simulated annealing (106, 107), multiple-copy simultaneous search (108), self-consistent

field optimization (109), and an enumeration based on the graph theory (110). Loop

prediction by optimization is applicable to both simultaneous modeling of several loops and

those loops interacting with ligands, neither of which is straightforward for the database

search approaches, where fragments are collected from unrelated structures with different

environments.

The MODLOOP module in MODELLER implements the optimization-based approach

(111, 112). Loop optimization in MODLOOP relies on conjugate gradients and molecular

dynamics with simulated annealing. The pseudoenergy function is a sum of many terms,

including some terms from the CHARMM-22 molecular mechanics force field (76) and

spatial restraints based on distributions of distances (113, 114) and dihedral angles in known

protein structures. The performance of the approach later was further improved by using

CHARMM molecular mechanic force field with Generalized Born (GB) solvation potential

to rank final conformations (115). Incorporation of solvation terms in the scoring function

was a central theme in several other subsequent studies (95, 116–118). Improved loop

prediction accuracy resulted from the incorporation of an entropy like term to the scoring

function, the “colony energy,” derived from geometrical comparisons and clustering of

sampled loop conformations (119, 120). The continuous improvement of scoring functions

delivers improved loop modeling methods. Two recent loop modeling procedures have been

introduced that are utilizing the effective statistical pair potential that is encoded in DFIRE

(121–123). Another method is developed to predict very long loops using the Rosetta

approach, essentially performing a mini folding exercise for the loop segments (124). In the
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Prime program, large numbers of loops are generated by using a dihedral angle-based

building procedure followed by iterative cycles of clustering, side-chain optimization, and

complete energy minimization of selected loop structures using a full-atom molecular

mechanic force field (OPLS) with implicit solvation model (125).

2.5. Model Evaluation

After a model is built, it is important to check it for possible errors (see Note 1). The quality

of a model can be approximately predicted from the sequence similarity between the target

and the template and by performing internal and external evaluations.

Sequence identity above 30% is a relatively good predictor of the expected accuracy of a

model. If the target–template sequence identity falls below 30%, the sequence identity

becomes significantly less reliable as a measure of the expected accuracy of a single model

(see Note 2). It is in such cases that model evaluation methods are most informative.

“Internal” evaluation of self-consistency checks whether or not a model satisfies the

restraints used to calculate it, including restraints that originate from the template structure

or obtained from statistical observations. Assessment of the stereochemistry of a model

(e.g., bonds, bond angles, dihedral angles, and nonbonded atom–atom distances) with

programs such as PROCHECK (126) and WHATCHECK (127) is an example of internal

evaluation. Although errors in stereochemistry are rare and less informative than errors

detected by methods for external evaluation, a cluster of stereochemical errors may indicate

that the corresponding region also contains other larger errors (e.g., alignment errors).

“External” evaluation relies on information that was not used in the calculation of the model

and as a minimum test whether or not a correct template was used. A wrong template can be

detected relatively easily with the currently available scoring functions. A more challenging

task for the scoring functions is the prediction of unreliable regions in the model. One way

to approach this problem is to calculate a “pseudoenergy” profile of a model, such as that

produced by PROSA (128) or Verify3D (51). The profile reports the energy for each

position in the model. Peaks in the profile frequently correspond to errors in the model.

Other recent approaches usually combine a variety of inputs to assess the models, either

wholly (129) or locally (130). In benchmarks, the best quality assessor techniques use a

simple consensus approach, where reliability of a model is assessed by the agreement among

alternative models that are sometimes obtained from a variety of methods (131, 132).

3. Accuracy of Modeling Methods and Typical Errors in Template Based

Models

3.1. Accuracy of Methods

An informative way to test protein structure modeling methods, including comparative

modeling, is provided by the biannual meetings on Critical Assessment of Techniques for

Protein Structure Prediction (CASP) (133). Protein modelers are challenged to model

sequences with unknown 3D structure and to submit their models to the organizers before

the meeting. At the same time, the 3D structures of the prediction targets are being
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determined by X-ray crystallography or NMR methods. They only become available after

the models are calculated and submitted. Thus, a bona fide evaluation of protein structure

modeling methods is possible, although in these exercises it is not trivial to separate the

contributions from programs and human expert knowledge. Alternatively a large-scale,

continuous, and automated prediction benchmarking experiment is implemented in the

program EVA – EValuation of Automatic protein structure prediction (134). Every week

EVA submits prereleased PDB sequences to participating modeling servers, collects the

results, and provides detailed statistics on secondary structure prediction, fold recognition,

comparative modeling, and prediction on 3D contacts. The LiveBench program has

implemented its evaluations in a similar spirit (135). After many years of operations, these

benchmark platforms are not kept up to date lately, although their service would be essential

to keep the user community well informed about latest developments and the best-

performing techniques available. A rigorous statistical evaluation (136) of a blind prediction

experiment illustrated that the accuracies of the various model-building methods, using

segment matching, rigid body assembly, satisfaction of spatial restraints, or any

combinations of these are relatively similar when used optimally (137, 138). This also

reflects on the fact that such major factors as template selection and alignment accuracy

have a large impact on the overall model accuracy, and that the core of protein structures is

highly conserved.

3.2. Errors in Comparative Models

The overall accuracy of comparative models spans a wide range. At the low end of the

spectrum are the low resolution models whose only essentially correct feature is their fold.

At the high end of the spectrum are the models with an accuracy comparable to medium-

resolution crystallographic structures (139). Even low-resolution models are often useful to

address biological questions because function can many times be predicted from only coarse

structural features of a model. The errors in comparative models can be divided into five

categories: (1) Errors in side-chain packing, (2) Distortions or shifts of a region that is

aligned correctly with the template structures, (3) Distortions or shifts of a region that does

not have an equivalent segment in any of the template structures, (4) Distortions or shifts of

a region that is aligned incorrectly with the template structures, and (5) A misfolded

structure resulting from using an incorrect template. Approximately 90% of the main-chain

atoms are likely to be modeled with an RMS error of about 1 Å when the overall sequence

identity is above 40% (140). When sequence identity is between 30 and 40%, the structural

differences become larger, and the gaps in the alignment are more frequent and longer;

misalignments and insertions in the target sequence become the major problems. As a result,

the main-chain RMS error rises to about 1.5 Å for about 80% of residues. When sequence

identity drops below 30%, the main problem becomes the identification of related templates

and their alignment with the sequence to be modeled. In general, it can be expected that

about 20% of residues will be misaligned and consequently incorrectly modeled with an

error larger than 3 Å, at this level of sequence similarity. To put the errors in comparative

models into perspective, we list the differences among structures of the same protein that

have been determined experimentally. A 1 Å accuracy of main-chain atom positions

corresponds to X-ray structures defined at a low resolution of about 2.5 Å and with an R-

factor of about 25% (141), as well as to medium-resolution NMR structures determined
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from ten interproton distance restraints per residue. Similarly, differences between the

highly refined X-ray and NMR structures of the same protein also tend to be about 1 Å

(142). Changes in the environment (e.g., oligomeric state, crystal packing, solvent, ligands)

can also have a significant effect on the structure (143). The performance of comparative

modeling may sometimes appear overstated because what is usually discussed in the

literature are the mean values of backbone deviations. However, individual errors in certain

residues essential for the protein function, even in the context of an overall backbone RMSD

of less than 1 Å, can still be large enough to prevent reliable conclusions to be drawn

regarding mechanism, protein function, or drug design.
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Table 1

Names and www addresses of some online tools useful for various aspects of comparative modeling

Template search and alignments

BLAST/PSI-BLAST http://www.ncbi.nlm.nih.gov/BLAST/

FastA/SSEARCH http://www.ebi.ac.uk/fasta33

FASS03 http://www.ffas.ljcrf.edu/ffas-cgi/cgi/ffas.pl

PSIPRED http://www.bioinf.cs.ucl.ac.uk/psipred/

123D http://www.123d.ncifcrf.gov

UCLA-DOE http://www.doe-mbi.ucla.edu/Services/FOLD/

PHYRE/3D-PSSM http://www.sbg.bio.ic.ac.uk/~3dpssm

FUGUE http://www.cryst.bioc.cam.ac.uk/~fugue

LOOPP http://www.cbsuapps.tc.cornell.edu/

MUSTER http://www.zhang.bioinformatics.ku.edu/MUSTER/

SAM-T06 http://www.soe.ucsc.edu/research/compbio/SAM_T06/T06-query.html

Prospect http://www.compbio.ornl.gov/structure/prospect

Smith–Waterman http://www.jaligner.sourceforge.net/

ClustalW http://www.ebi.ac.uk/clustalw/

MUSCLE http://www.drive5.com/lobster/

T-COFFEE http://www.tcoffee.vital-it.ch/

PROMALS http://www.prodata.swmed.edu/promals/promals.php

PROBCONS http://www.probcons.stanford.edu

Homology modeling, loop and side-chain modeling

MMM http://www.fiserlab.org/servers/MMM

M4T http://www.fiserlab.org/servers/M4T

MODELLER http://www.salilab.org/modeller/modeller.html

MODWEB http://www.modbase.compbio.ucsf.edu/ModWeb20-html/modweb.html

I-TASSER http://www.zhang.bioinformatics.ku.edu/I-TASSER/

HHPRED http://www.toolkit.tuebingen.mpg.de/hhpred

3D-JIGSAW http://www.bmm.icnet.uk/servers/3djigsaw/

CPH-MODELS http://www.cbs.dtu.dk/services/CPHmodels/

COMPOSER http://www.cryst.bioc.cam.ac.uk

SWISSMODEL http://swissmodel.expasy.org/workspace/

FAMS http://www.pharm.kitasato-u.ac.jp/fams/

WHATIF http://www.cmbi.kun.nl/whatif/

PUDGE http://www.wiki.c2b2.columbia.edu/honiglab_public/index.php/Software

3D-JURY http://www.meta.bioinfo.pl

RAPPER http://www.mordred.bioc.cam.ac.uk/~rapper

ESYPRED3D http://www.fundp.ac.be/sciences/biologie/urbm/bioinfo/esypred/

CONSENSUS http://www.structure.bu.edu/cgi-bin/consensus/consensus.cgi

PCONS http://www.pcons.net
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SCWRL http://www.dunbrack.fccc.edu/SCWRL3.php

WLOOP http://www.bioserv.rpbs.jussieu.fr/cgi-bin/WLoop

ARCHPRED http://www.fiserlab.org/servers/archpred

MODLOOP http://www.salilab.org/modloop

Model evaluation

PROCHECK http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html

WHATCHECK http://www.swift.cmbi.ru.nl/gv/whatcheck/

Prosa-web http://www.prosa.services.came.sbg.ac.at/prosa.php

VERIFY3D http://www.nihserver.mbi.ucla.edu/Verify_3D

ANOLEA http://www.protein.bio.puc.cl/cardex/servers/anolea/

AQUA http://www.urchin.bmrb.wisc.edu/~jurgen/Aqua/server/

PROQ http://www.sbc.su.se/~bjornw/ProQ/ProQ.cgi
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