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Abstract 

This article illustrates how tools exploiting the knowledge of protein three-dimensional 

structure can be used to identify homologues of known structure, generate sequence-

structure alignments and assist model building. The tools described here include 

HOMSTRAD, a database of structure-based alignments for protein families of known 

structure, JOY, a program to annotate local environments in structure-based alignments, 

and FUGUE, a program to perform sequence-structure homology recognition. After a 

brief review of the whole process of homology recognition and comparative modeling, 

a specific example clarifies all the steps involved. This type of analysis will help obtain 

a better understanding of the function of many proteins whose sequences are known. 
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INTRODUCTION 

Divergent evolution has given rise to families of homologous proteins, where 

members of a family share similar but often diverged amino acid sequences. Even 

though these distantly related members have little sequence similarity, their three-

dimensional (3D) structures are very well conserved and they also share, broadly 

speaking, common functions. Thus, if we can somehow assign an unknown protein 

sequence to a known family, which has a member of known structure, we can learn 

about the structure and function of this unknown protein (Fig. 1). This is the basis of 

structure prediction and functional inference using sequence-structure homology 

recognition. This type of analysis can bridge two traditional branches of biology, 

sequence database searches and structural studies. With the total number of complete 

genomes soon to exceed 200, and a growing number of experimentally defined 3D 

structures, it has huge potential for providing a new type of knowledge in the post-

genomic era. 

3D structure, function

Divergent evolution

Families of homologous proteins
- Similar/dissimilar sequence
- Common 3D structure
- Common function

Protein Known family
VCVEVPSETEA...

 
Fig. 1. From divergent evolution to 3D protein structure and function. 

 

We have developed various tools to facilitate many of the important steps in 

structure/function prediction using homology recognition. The database HOMSTRAD1 

(http://www-cryst.bioc.cam.ac.uk/homstrad/) provides information about protein 

families with known structure and presents a curated collection of structure-based 
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alignments of the members of these families. We take all known protein structures, 

cluster them into families and align the sequences of the representative members of 

each family on the basis of their structures. The alignments are generated by the 

program COMPARER2 and several other tools to optimize the conservation of local 

environments and are individually checked. Because it provides structural alignments, 

it can be used to evaluate sequence alignments, as a standard benchmark set3 or by 

direct comparison with sequence alignments in Pfam.4 Because it is manually curated, 

it can even be used to benchmark automatic structure comparison methods.5 
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We use HOMSTRAD in many ways, but perhaps the most important 

application is the derivation of environment-specific substitution tables.6 Each residue 

in a protein structure stays in a particular local environment, which can dramatically 

influence the amino acid substitution pattern of the residue. For instance, it is well 

known that residues buried in the core of the structure are more conserved than those 

on the surface, and 

residues within 

secondary structure 

elements (SSEs) are 

more conserved than 

those in coil regions. 

One example is 

illustrated in Fig. 2, 

which shows 

probabilities that a 

residue will not be 

substituted by any 

other residue type 

during evolution. 

These probabilities 

th

p

 
Fig. 2. Probabilities that a particular amino acid residue will not be
substituted by any other residue type during evolution. The data 
were calculated from selected structure-based alignments in the 

HOMSTRAD database. Disulphide-bonded cysteine (C) and non-
disulphide-bonded cysteine (J) residues are distinguished. 
were calculated from 

e structure-based alignments in the HOMSTRAD database. Not only does a buried 

osition have a higher conservation probability than a surface position for all 20 amino 
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acids, the figure also shows that the increases in conservation from surface to buried 

residues are not uniform, i.e., the residues that undergo the largest increases in 

conservation are polar or charged, a typical example being asparate (represented as D). 

This indicates that local environments contain useful information for predicting amino 

acid substitution patterns. 

 

The program JOY7 (http://www−cryst.bioc.cam.ac.uk/~joy/) can define these 

local environments and annotate structure-based alignments. It produces formatted 

alignments, in which normal one-letter amino acid codes are decorated with special 

symbols to allow easy identification of local environments (see Fig. 8). The program 

has proved to be a useful tool in examining and optimizing sequence-structure or 

structure-structure alignments and identifying distant homologues.8,9 A JOY-formatted 

alignment highlights unique patterns of amino acid substitutions in various 

environments. For example, the conservation of buried asparate residues can be easily 

recognised, as these are shown in bold capital letters. Thus, it helps to identify 

misaligned regions or residues that play important structural roles. 

 

Using JOY and structure-based alignments in HOMSTRAD,1 we have derived 

amino acid substitution matrices for different environments.6 These are one of the 

essential elements of the homology recognition program FUGUE10. 

 

FUGUE is a tool developed to associate a query sequence with its homologues 

of known structure. It compares a query sequence or sequence alignment against each 

structural profile in its profile library derived from HOMSTRAD and assesses the 

compatibility between the sequences and the structures. A structural profile consists of 

two matrices: a scoring matrix and a gap penalty matrix. The key feature of FUGUE is 

to calculate both matrices not only according to the amino acid sequence information, 

which is used by traditional sequence-only fold recognition methods, but also the local 

structural environment information. 

 

Traditional sequence-only methods ask the question “what is the likelihood of 

amino acid A being substituted by amino acid B during evolution?” In contrast when 
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we construct the scoring matrix for the FUGUE structural profile, we ask the question 

“what is the likelihood of amino acid A, within structural environment E, being 

substituted by amino acid B during evolution”. FUGUE uses 64 environments defined 

by the combination of three structural features: main-chain conformation and secondary 

structure (helix/strand/coil/positive phi torsion angle), solvent accessibility 

(accessible/inaccessible) and hydrogen bonding status (true or false for: side-chain to 

main-chain NH/side-chain to main-chain CO/side-chain to other side-chain). The local 

environment is calculated for each residue of the structure and the corresponding 

environment-specific amino acid substitution pattern is stored in the scoring matrix of 

the structural profile. 

 

During divergent evolution, insertion/deletions occur more frequently on the 

surface region of the protein than in the core region and also more frequently within the 

coil region than within SSEs. In sequence alignments, insertions/deletions are 

represented as gaps. FUGUE calculates the gap penalty matrix according to the local 

structure information. For instance, positions in SSEs and core regions receive higher 

gap penalties than those in coil and surface regions and positions at the center of an 

SSE receive higher gap penalties than those at the terminal of an SSE. These structure-

dependent gap penalties are the second essential element of FUGUE. 

 

In this article, we illustrate how these and other tools can be used to identify 

homologues of known structure, generate sequence-structure alignments and assist 

model building. After briefly reviewing the whole process of fold recognition and 

comparative modeling, we first describe some practical considerations in using 

FUGUE, which plays a key role in the whole process. We then use a specific example 

to illustrate all these steps, including discussions on various other tools. 

 

OVERVIEW 

Our goal is to assign an unknown sequence to a family with known structures 

and build an accurate model for the 3D structure of the protein, which then will allow 

functional inferences. There are several steps to achieve this goal. First, given a target 

protein sequence, one or more homologous proteins of known structure need to be 
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identified. Second, it is important to have a good sequence alignment between the 

homologues and the target protein. These two steps are crucial; if the proteins identified 

are not true homologues, or if the two amino 

acid sequences are wrongly aligned, the 3D-

model obtained will be wrong even if the rest 

of the process is perfect. In the next two 

sections we will discuss how FUGUE can 

play crucial roles in these two steps. 

 

The next step in the process consists 

of obtaining the structure from the alignment 

by using one of the available comparative 

modeling programs, followed by the 

refinement of the obtained structure. Finally, a 

check of the structure is needed to avoid 

implausible models. If the protein structure 

includes some unlikely or impossible features, 

we go back to the alignment and try to 

improve it. If the alignment cannot be 

improved or alternative alignments do not 

lead to better models, it is possible that the 

selected homologues might be incorrect and 

new homologous proteins should be 

identified. Fig. 3 shows this process 

schematically. Fig. 3. Schematic representation of the 
steps followed in comparative 

modeling.  

For each step described above, there are several good tools that can be used and 

in some cases it is a good idea to use more than one tool and select the best results. 

 

IDENTIFICATION OF HOMOLOGUES 

FUGUE is available to the public via a web server at http://www-

cryst.bioc.cam.ac.uk/fugue. Given a single query sequence, the server runs PSI-
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BLAST11 to perform a search against the NCBI non-redundant sequence database and 

collects sequence homologues. The alignment produced by PSI-BLAST is then used to 

calculate a sequence profile, which describes the observed amino acid distribution at 

each position of the query sequence. FUGUE compares this sequence profile against 

each structural profile in its library derived from HOMSTRAD and assesses the 

compatibility between the sequences and the structures. 

 

The sequence homologues retrieved by PSI-BLAST provide valuable 

information about the sequence family, which can improve the performance of 

FUGUE. However, in some cases non-homologous sequences (false positives) may be 

included in the PSI-BLAST alignment and the alignment itself may contain serious 

errors. Advanced users are recommended to check the PSI-BLAST alignment when 

receiving the FUGUE results. They can improve the alignment and re-submit it to the 

FUGUE server by selecting the option that tells the server to use the input alignment 

for sequence-structure comparison. There is also an option on the FUGUE server to 

skip the PSI-BLAST search and use a single input sequence for the search. This option 

should only be used when the user fails to obtain an alignment of reasonable quality 

between the query sequence and its sequence homologues. 

 

During the database search, FUGUE aligns the query sequence profile against 

each structural profile using the scoring and gap penalty matrices stored in it. The query 

sequence profile is then randomized by 100 times and an alignment score is calculated 

for each randomized profile. A Z-score is calculated by comparing the alignment score 

for the original sequence profile against the scores for the randomized ones. Higher Z-

scores indicate better compatibility between the query sequence and the structure and 

greater probability of homology. 

 

FUGUE was benchmarked using a test set developed by Lindahl and 

Elofsson.12 In the test set, 976 proteins of known structure are clustered into families, 

superfamilies and folds based on the SCOP13 classification. An all-against-all 

recognition test can be carried out to check how well the program being benchmarked 

can re-establish the correct relationships among those proteins. Figure 4 shows the 
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benchmark result for FUGUE in recognizing protein pairs that share family level 

similarity, together with the results for some other fold/homology recognition tools 

provided by Dr. Elofsson. FUGUE significantly outperformed other methods. For 

example, at 99% specificity (i.e. 1 error out of every 100 predictions of homology), 

FUGUE obtained a sensitivity of 49% (i.e. 49% of true homologous protein pairs were 

recognized), while the best performance of other methods, obtained by HMMER-

PSIBLAST, hit 42% sensitivity. Z-score confidence thresholds were estimated from the 

benchmark result. Specificities of 99% and 95% corresponded to Z-scores of 5.6 and 

4.6, respectively. In practice, we set the default Z-score thresholds at 6.0 for 99% 

confidence and 5.0 for 95%. 

 
Fig. 4 Specificity-sensitivity curves of recognition performance at the family level  

using the test set provided by Dr. Elofsson.12 Data other than that  
of FUGUE were kindly provided by Dr. Elofsson. 

 

The recognition performance of FUGUE has also been benchmarked in two 

independent assessment exercises: CAFASP2 (http://cafasp.bioinfo.pl/) and 

LiveBench2 (http://bioinfo.pl/LiveBench/). FUGUE was ranked among the top servers, 

and was also key to the success of the Blundell group in CASP4.14 This demonstrated 
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the usefulness of environment-specific substitution scores and structure-dependent gap 

penalties in homology recognition.  

 

GENERATING SEQUENCE-STRUCTURE ALIGNMENT 

FUGUE can also be used as a sequence-structure alignment program. The 

environment-specific substitution scores and structure-dependent gap penalties can also 

help to build more accurate sequence-structure alignments compared with many 

sequence-only alignment programs like CLUSTALW,15 especially when the percentage 

sequence identity (PID) is low and the structural information becomes more significant. 

By using Fischer’s benchmark test-set,16 we observed that FUGUE outperforms both 

CLUSTALW and GenTHREADER17 in alignment accuracy.10 

 

The FUGUE homology recognition server searches for homologues in the 

structural profile library and automatically generates the best alignments for the top 

hits. This step can be shortened, however, if some homologues of known structure are 

already known. For example, suppose we are interested in a protein, which is known to 

belong to the aspartic proteinase family. Rather than submitting this sequence to the 

FUGUE homology recognition server, we can directly go the asparatic proteinase page 

of HOMSTRAD (http://www-cryst.bioc.cam.ac.uk/cgi-bin/homstrad.cgi?family=asp), 

This page can be reached using the search facility, either with a keyword (type in 

'aspartic'), or the PDB code of a homologue if it is known (type in '5pep'). A quick 

BLAST search is also available (http://www-cryst.bioc.cam.ac.uk/cgi-
bin/homstrad/blast.cgi). Once the aspartic proteinase page has been located, 

the user can simply click the blue 'ALIGN' icon at the top left corner. This will allow 

the submission of a user's own sequence and FUGUE will generate the optimal 

sequence-structure alignment. 

 

EXAMPLE 

All the steps described above for homology recognition and comparative 

modeling will be illustrated using a particular example. NDP-4-keto-6-deoxyglucose 

3,5-epimerase18 (EvsA) from Amycolatopsis orientalis is involved in the production of 

NDP-4-epi-vancosamine, an L-amino-2,6-dideoxysugar needed in the biosynthesis of 

http://www-cryst.bioc.cam.ac.uk/cgi-bin/homstrad/blast.cgi
http://www-cryst.bioc.cam.ac.uk/cgi-bin/homstrad/blast.cgi
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the heptapeptide antibiotic chloroeremomycin,19 which is effective in combatting 

infections from Staphylococcus aureus. EvsA epimerizes the positions three and five of 

the sugar ring (Fig. 5). Two molecules of NDP-4-epi-vancosamine are attached to the 

antibiotic heptapeptide backbone. 

 
Fig. 5. Chemical reaction catalyzed by EvsA 

from Amycolatopsis orientalis. 
 

Searching for homologues 

The amino acid sequence of EvsA can be obtained from SWISSPROT/TrEMBL 

(accesion code: O52806) and is 205 residues long. We can easily check if there are 

close homologues of known structure, using a BLAST11 search against the PDB. There 

are numerous web servers such as the one at NCBI 

(http://www.ncbi.nlm.nih.gov/blast/index.html). For EvsA the 

BLAST search detected two statistically significant hits. Both are the same enzyme 

dTDP-6-Deoxy-D-Xylo-4-Hexulose 3,5-Epimerase (RmlC) from different organisms. 

The first hit is RmlC from Salmonella typhimurium (PDB code 1DZR Chain A) with an 

E-value of 1·10-22, a PID of 33%, an alignment of 175 residue long and with 0% gaps. 

The second hit is RmlC from  Methanobacterium thermoautotrophicum (PDB code 

1EP0, Chain A) with an E-value of 1·10-23, a PID of 33%, an alignment of 167 residue 

long and with 2% gaps. The structures of these proteins consist entirely of β strands and 

the fold is called a double-stranded β-helix. Each turn of the helix is made up of two 

pairs of anti-parallel strands that are linked with short turns. RmlC catalyzes the same 

reaction as EvsA (Fig.5), the only difference being the nucleotide moiety of the 

substrates. It is deoxythymidine diphosphate (dTDP) in the case of RmlC whereas it is 

unclear in the case of EvsA. 
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It is not always possible to find close homologues of known structure with high 

PIDs. If BLAST does not detect any homologous protein in the PDB, it is necessary to 

perform additional analyses. Even if there are close homologues, as in our present 

example, it is always a good idea to perform these additional analyses, as they provide 

more information that can assist the alignment and model building processes. 

 

A first, and probably the most useful, piece of information can be derived from 

a homology search against a bigger sequence database, for example, the NCBI non-

redundant database. This can be carried out, again, with the BLAST or PSI-BLAST 

programs, either running the program locally or using a web server. An advantage of 

running the program locally is that we can process the output and use various other 

tools. For example, the BLAST alignment can be converted into a FASTA formatted 

file using the program blastalign2fasta in the SEALS package.20 This alignment can be 

viewed and examined, or sent directly to other programs such as FUGUE. 

 

In the current example of EvsA, our BLAST search against the non-redundant 

database detected 106 homologues. The closest are the EvsA proteins from: 

Streptomyces griseus, Streptomyces peucetius, Streptomyces galilaeus, Streptomyces 

overmitilis, Streptomyces nogalater and Saccharopolyspora erythraea. The alignment 

revealed the following conserved residues: D21, R23, G24, Q48, S51, V58, R60, G61, 

H63, K73, V75, G80, D84, D88, R90, S93, W99, H120, F122, Y133, Y139, D151, 

S167 and D170. Even though no direct structural information is available for any of 

these homologues, these conserved residues are likely to play important roles, by either 

stabilizing the structure, or being involved in catalysis. 

 

A second piece of information, universally available, is the secondary structure 

prediction of the target protein. There are several programs that predict the secondary 

structure, for example: PSI-PRED21 (http://insulin.brunel.ac.uk/psipred/), PHD22 

(http://www.embl-heidelberg.de/predictprotein/predictprotein.html), SSPRED23 and 

PREDATOR.24 In the current example, the JPRED25 server (http://jura.ebi.ac.uk:8888/) 

was used. The consensus JPRED prediction indicates three helices at sequence 

positions 31-38, 176-181 and 188-196, and 10 strands at positions: 11-15, 26-28, 45-49, 
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58-64, 73-78, 82-89, 98-104, 110-115, 122-125 and 129-135. Many secondary structure 

prediction programs, in fact, use the alignment obtained from a BLAST search, thus, 

these two analyses can be combined and performed at once. 

 

 
 

Fig. 6. Prediction results from the FUGUE server using the sequence of EvsA as query. 
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These two analyses, sequence database searching and secondary structure 

prediction can be effectively combined with more sophisticated fold or homology 

recognition programs (see URL for LiveBench, for examples). These programs can 

recognize homologues of known structure, which may not be detected by BLAST or 

other sequence-only methods. We used FUGUE to search for homologues of EvsA.  

 

Fig. 6 shows the prediction result from the FUGUE server using the sequence of 

EvsA as a query. The output consists of three sections: header, rank and alignment. 

Here we explain the first two sections in detail and the alignment section will be 

explained later when we discuss sequence-structure alignment. 

 

The header section gives the version number of FUGUE, the size of the current 

HOMSTRAD structural profile library, the divergence of homologous sequences 

collected by PSI-BLAST, the confidence level of different Z-score values and the 

explanations of abbreviations used in the rank section. Note that the sequence 

divergence is used by FUGUE internally to adjust Z-score values and should normally 

be ignored by the user. 

 

The rank section lists the top 10 hits found by FUGUE, ranked by Z-score. The 

first column gives links to the corresponding HOMSTRAD family pages of the hits, 

where more structural/functional information can be obtained. The fifth column is the 

Z-score. The eighth column translates the Z-score into one of the five more 

understandable categories of prediction assessment: certain, likely, marginal, guess and 

uncertain, with decreasing confidence levels. 

 

In our example, FUGUE searched 2646 HOMSTRAD families and predicted 

that the family hs1dzra (RmlC from Salmonella typhimurium, PDB-ID: 1dzr) is the 

most compatible structure of EvsA with a significant Z-score of 38.89, which 

corresponds to the confidence level of “certain”. The second hit has a Z-score of 3.42, 

which indicates an “uncertain” prediction. Thus, according to the FUGUE result, we 

have good confidence on the prediction that the first hit is a homologue of EvsA and it 

can be used as a structural template for EvsA in comparative modeling. 
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Alignment 

The next step, and one of the most important, is to obtain a good alignment 

between the template protein(s) and the target protein(s). The FUGUE server produces 

alignments between the query sequence and entries of the HOMSTRD databases and 

annotates the alignments using JOY7. The annotated alignments are useful for 

examining whether particular local environments are compatible with the query 

sequence and its homologues. 

 

The alignment section in the FUGUE output (see Fig. 6) gives alignments 

between the query sequence and each of the top 10 hits in three formats: HTML for 

online browsing, PostScript for printing and pure text format for using with other 

programs. The HTML and PostScript versions are produced by JOY for annotations of 

the structure. Four types of alignments are available. The “aa” type is the alignment 

between the query sequence, together with its homologues collected by PSI-BLAST 

(all sequences), and all the structures of the corresponding HOMSTRAD family (all 

structures). This is the most informative type, as all the available sequence and 

structure information is shown. However, when there are a large number of sequence 

homologues collected by PSI-BLAST, this type of alignment is difficult to examine by 

eye. In such situations, the “ma” type, which removes the sequence homologues from 

the “aa” type (showing only the master sequence), can be used for visual inspection. 

The “mh” type is the alignment between the query sequence and the single structure, 

which has the highest PID to the query, in the HOMSTRAD family (master against the 

structure with the highest PID). It can be directly used as the input for comparative 

modeling software. The “hh” type represents the most similar sequence-structure pair, 

in terms of PID, in the “aa” type alignment. 

 

FUGUE also builds rough models (see the “model” column in the alignment 

section) for the query sequence by using “mh” type alignments of the top 10 hits. For 

each model, backbone coordinates are copied from the template structure according to 

the sequence-structure alignment. For the residues in the query sequence, which do not 

have corresponding residues in the template structure, no coordinates are predicted. The 
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rough models can help the user to assess the confidence of homology recognition and 

the alignment quality. For example, a model consisting of only short fragments 

suggests either a poor alignment or a non-homologous sequence-structure pair. 

 

In Fig. 6, a rough model built by using the “mh” type alignment of the top hit is 

shown in Rasmol26 in the upper-right corner. The model maintains most of the basic 

structural elements of the template structure, which, together with a significant Z-score, 

suggests that the FUGUE alignment between EvsA and the HOMSTRAD family 

hs1dzra be of reasonably good quality. 

 

It is important to confirm that most of the conserved residues in the family 

alignment of the target are correctly aligned with the template. In our example all 

conserved residues, previously mentioned, are also conserved in the template, 

indicating that the FUGUE alignment is reliable. It is also important to check if the 

active site residues in the template protein(s) are conserved in the target. In our 

example the active site residues, reported in the literature27, in RmlC are: Phe20, 

Arg24, Phe27, Glu29, Gln48, Asn50, Arg60 and Tyr139. All these residues are 

conserved in EvsA except for Phe27, Glu29 and Asn50. These three residues in RmlC 

are involved in binding the nucleotide, suggesting that the nucleotide moiety of the 

substrate for EvsA may be different. 

 

Another way of checking the conservation of functional residues is to go back 

to the template entry in HOMSTRAD. Clusters of conserved residues are often 

observed in the amino acid sequences of proteins with a common function. Such 

conserved clusters, usually called patterns, motifs or fingerprints, are catalogued in 

databases such as PROSITE,28 BLOCKS,29 PRINTS,30 and PROF_PAT.31 

HOMSTRAD4 has incorporated 644 PROSITE patterns, as decorations in the family 

alignments. Fig. 7 shows an example of a HOMSTRAD family “Muconate lactonizing 

enzyme-like” that has two PROSITE patterns, one of which is shown in the figure. The 

occurrence of the family pattern(s) in the query sequence is often a good indication that 

the homologues have been chosen correctly and that the alignment is reasonable. 
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Fig. 7. Muconate lactonizing enzyme-like HOMSTRAD family aligned with  
two PROSITE motives and showing one of them. 

 

Sequence alignment algorithms are dependent on adjustable parameters whose values 

determine the sequence similarity, placement of gaps and the ultimate alignment. Even 
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using the best alignment program, manual adjustments may be necessary. This is partly 

because most programs do not utilize all available information. For example, FUGUE 

uses a PSI-BLAST alignment as input, thus takes into account the conserved residues 

of the target protein. It does not, however, use any functional information such as the 

positions of active site residues. In the present version of FUGUE, information about 

predicted secondary structures is not used. Therefore, it is possible to improve the  

 

  
 

Fig. 8. Sequence alignment of target EvsA with parent RmlC 
and formatted by JOY. 
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alignment by altering active site residues or by maximizing the consistency between 

predicted secondary structures and those in the template structures. Fig. 8 shows the 

FUGUE alignment after a small manual modification, in which the last four residues in 

RmlC have been moved four position to the right in order to align the two leucines in 

both proteins and the glutamic acid to the aspartic acid.  

 

Modeling 

Once a good alignment is available, a 3D-structural model of the target protein can be 

built. In order to obtain the model several programs can be used, including 

COMPOSER32 and MODELLER33. These two programs produce an output file in PDB 

format containing the 3D coordinates of every non-hydrogen atom including all loops, 

the N- and C-termini and side chains. Other programs, such as SCORE34, produce only 

the backbone of the conserved parts of the protein. After the backbone, the structurally 

variable regions, which normally corresponded to the loops, can be obtained using 

Sloop,35 CODA36 or the Loop Database of SYBYL.37 CODA runs two programs for the 

prediction of the structurally variable regions of protein structures: FREAD, a 

knowledge-based method using a database of fragments taken from the PDB and 

PETRA, an ab initio method using a database of computer generated conformers. 

CODA is available on the web at "http://www-

cryst.bioc.cam.ac.uk/~charlotte/Coda/search_coda.html". CODA is helpful for solving 

the problem generated by the insertions where there is no template for these residues. 

 

When the backbone is available the side chains may be added. To do this, 

programs such as SCRWL38 or CELIAN39 can be used. The replacement of side chain 

residues often results in unfavorable interactions such as steric overlaps between atoms. 

Relaxing these bad side chain contacts requires repositioning side chain atoms while 

fixing the backbone, to seek a local energy minimum. When that procedure cannot 

relax a local conformation from a high energy state, the original alignment may require 

adjustment. 
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Heteroatoms 

In some cases, it is important to obtain protein-cofactor, protein-substrate or 

protein-cofactor-substrate complexes, especially if the aim of the work is to study the 

reaction mechanism or for drug design. This is difficult, however, if the template 

structure does not include the cofactor or substrate. Sometimes in the PDB there are 

multiple entries of the same protein, with and without the coordinates of the cofactors 

and/or substrate, and a relevant template should be chosen depending on the purpose of 

the study. The program MODELLER allows for the  building of cofactors/substrates. 

The program SCORE, however, does not build cofactors/substrates automatically. In 

this case a coordinate superposition between the model (without cofactors) and the 

template (with cofactors) can be obtained using programs such as MNYFIT40 and the 

coordinates for the cofactors/substrates can be transferred. 

                                              a                                                      b 

 
Fig. 9. a) Initial substrate analog of RmlC from Salmonella typhimurium placed in the EvsA model. 

b) Modifyed substrate for EvsA. Figures generated by GRASP.48 
 

The PDB entry 1DZT is a structure of RmlC complexed with the substrate 

analog 3'-O-acetylthymidine-5'-diphosphate-phenyl ester. Using this entry as the 

template, we have built, using MODELLER, the model of EvsA complexed with this 

molecule (Fig. 9a). Even though the experimental evidence to define the nucleotide 

moiety of the substrate is inconclusive,41 we assume that 3'-O-acetylthymidine-5'-

diphosphate-phenol is a substrate analog for EvsA. This substrate analog can be 

modified using programs such as: SYBYL and InsightII42 to obtain the coordinates of 
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the real substrate. Fig. 9b shows the result after the modification of the substrate analog 

with InsightII. The phenyl group has been transformed to the sugar molecule. 

 

Refinements 

After generating initial backbone and side chain conformations, the entire 

structure is energy minimized. Since energy minimization only finds a nearby local 

minimum for a given initial structure, molecular dynamic and Monte Carlo techniques 

are sometimes used to seek more energetically favorable structures. 

 

There are several methods to evaluate what parts of the model are not well 

modeled. Apart from visual inspection, PROCHECK,43 Verify3D44 or PROSAII45 can 

be used. After the energy minimization some residues can still present wrong torsion 

angles in the Ramachandran plot or negative values in the Verify3D output. In these 

cases, the templates should be checked to see whether the problem has been carried 

over from the template structure. If the problematic residues are placed in a loop, the 

entire loop can be remodelled, with CODA, for example, selecting different loops until 

all test results become satisfactory. 

 

Model validation 

There are several methods for validating models. Programs such as Verify3D or 

PROSAII check whether the structure is reasonable from the perspective of sequence-

structure compatibility and other programs such as PROCHECK examine the backbone 

and side chain stereochemistry. 

 

Another good way to test the generated model is by realigning the model to 

their template structure using the structure alignment program COMPARER,2 and 

annotate the alignment with JOY. This allows visual inspection of the conservation of 

both residues and their structural environments. A model can be validated by docking 

known substrates or inhibitors to the active site, if this information is known. The 

results should be consistent with the known specificity for substrates and inhibitors. 
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Finally, experimental evaluation can be performed. Site-directed mutagenesis 

on the active-site or binding regions can be carried out. Structurally important residues 

can be mutated to check if the mutation affects the folding of the protein. 

 

Model 

On the basis of these model validation methods, the model is either accepted, 

rejected, or the alignment is modified and the comparative modeling process repeated. 

Once the model is accepted, a large amount of useful information can be derived. 

 

                            a                              b                                c 

 
 

Fig. 10. a) Cartoon representation of the model of EvsA as a monomer. 
b) Representation of the active site of EvsA. Protein side chains (dark bonds) and 

substrate (light bonds) are illustrated. Hydrogen bonds are represented as dashed lines. 
c) Cartoon representation of the model of EvsA as a dimer. 

 

Fig. 10 shows cartoon representations of the model obtained for EvsA by 

following the previously explained steps (drawn by the programs MOLSCRIPT46 and 

RASTER3D47 ). Although RmlC is known to be a dimer, it is not known whether this is 

also true for EvsA. We have examined amino acid sequences and structural features in 

the putative dimeric interface of the model of EvsA and concluded that it is likely to be 

a dimer. A dimer model has been obtained for EvsA, Fig. 10c, in which the same 

dimeric interactions as in RmlC have been found. In addition residues from both 

subunits are involved in the active site. 

 

One of the most important pieces of information provided by a model is the 

knowledge of the active site. The residues that bind the cofactor and/or the substrate by 
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Fig. 11. Schematic representation of the interactions at the EvsA 
active site. Hydrogen bonds are represented as dashed lines. 

hydrogen bond or salt bridge can be examined with JOY. For EvsA, the residues 

hydrogen-bonded to the substrate are: Gln A48, Arg A60, Tyr A139 and Arg B23. The 

last residue belongs to 

the second chain of the 

dimeric structure. In 

Fig. 10b all these 

residues as well as those 

involved in van der 

Waals contacts with the 

substrate are presented. 

Fig. 11 shows a 

schematic representation 

of the interactions of the 

substrate with the 

active site residues. 

 

In this example, the main aim for modeling the EvsA enzyme is to study its 

active site and find some possible mutation targets that could alter the enzymatic 

reaction. By altering one step of the biosynthesis of the antibiotic chloroeremomycin, 

Amycolatopsis orientalis may produce a new antibiotic, which cannot be recognized by 

antibiotic resistant bacteria. Fig. 12 shows part of the active site of EvsA (the figure has 

been produced by Rasmol26). Tyr 139 is 

hydrogen bonded to the hydroxyl group in 

the C2 of the sugar, while the hydroxyl 

group in the C3 has a closer residue, Thr 

141, but the distance (4.2 Å) is still too 

large for hydrogen bond formation. 

Probably Thr 141 is involved in the 

isomerization of the C3 carbon of EvsA. If 

mutations of T141Y and Y139T are made, it 

is possible that the situation could be 
Fig. 12. Substrate and two residues from 

the active site of EvsA. 
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reversed. Tyr 141 could be hydrogen bonded to the hydroxyl group in the C3, thus 

preventing its isomerization, while Thr 139 would be at the correct distance to help the 

isomerization of the hydroxyl group in the C2. This means that the mutant might 

catalyze a 2,5-epimerization instead of a 3,5-epimerization. 

 

CONCLUSIONS 

 We have discussed some of the key issues in predicting the structure and 

functions of proteins by homology recognition. The new tools described here are 

particularly useful in improving the identification of homologues and sequence-

structure alignments. By exploiting information about protein 3D structure we can 

obtain a better understanding of the function of many proteins whose sequence are 

known. 
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Figure Legends 

 

Fig. 1. From divergent evolution to protein 3D structure and function. 

 

Fig. 2. Probabilities that a particular amino acid residue will not be substituted by any other 
residue type during evolution. The data were calculated from selected structure-based 
alignments in the HOMSTRAD database. Disulphide-bonded cysteine (C) and non-disulphide-
bonded cysteine (J) residues are distinguished. 
 

Fig. 3. Schematic representation of the steps followed in comparative modeling. 

 

Fig. 4 Specificity-sensitivity curves of recognition performance at the family level using the 

test set provided by Dr. Elofsson.12 Data other than that of FUGUE were kindly provided by 

Dr. Elofsson. 

 

Fig. 5. Chemical reaction catalyzed by RmlC from Amycolatopsis orientalis. 

 

Fig. 6. Prediction results from the FUGUE server using the sequence of EvsA as a query. 

 

Fig. 7. Muconate lactonizing enzyme-like HOMSTRAD family aligned with two PROSITE 

motives and showing one of them. 

 

Fig. 8. Sequence alignment of target EvsA with parent RmlC and formatted by JOY. 

 

Fig. 9. a) Initial substrate analog of RmlC From Salmonella typhimurium place in the EvsA 

model. b) Modified substrate for EvsA. Figures generated by GRASP.48 

 

Fig.10. a) Cartoon representation of the model of EvsA as a monomer. b) Representation of the 

active site of EvsA. Protein side chains (dark bonds) and substrate (light bonds) are illustrated. 

Hydrogen bonds are represented as dashed lines. c) Cartoon representation of the model of 

EvsA as a dimer. 

 

Fig. 11. Schematic representation of the interactions at the EvsA active site. Hydrogen bonds 

are represented as dashed lines. 

 

Fig. 12. Substrate and two residues from the active site of EvsA. 


