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Assigning three-dimensional protein folds to genome
sequences is essential to understanding protein function.
Although experimental three-dimensional structures are
currently available for only a very small fraction of these
sequences, computational fold assignment is able to assign
folds to 20–30% of the sequences in various genomes. This
percentage varies depending on the particular organism
under analysis, on the sensitivities of the methods used and
on the number of experimental structures available at the
time the assignment is carried out. The fraction of
assignable sequences is currently increasing at an annual
rate of roughly 18%. If this rate is sustained throughout the
coming years, three-dimensional computational models for
more than half of the genome sequences may be available
by the year 2003. 
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Abbreviations
3D three-dimensional
ORF open reading frame
ORFan orphan ORF
WWW Word Wide Web

Introduction
The determination of complete genome sequences has
opened possibilities for extending our understanding of
life at the molecular level. Currently, the complete
genomes of about two dozen organisms have been deter-
mined and dozens more are expected to be completed by
the turn of the century (see http://www.tigr.org for a list),
including that of the human. Knowing the three-dimen-
sional structures of the proteins encoded in these
genomes is essential for understanding their molecular
functions; however, three-dimensional (3D) structures
have been determined experimentally for only a small
fraction of these proteins. Thus, in the absence of exper-
imental structures, computational methods aimed at
assigning 3D models are likely to aid in the characteriza-
tion of genome proteins. This review describes recent
work on the computational assignment of folds to com-
plete genomes using homology modeling and fold
assignment or threading techniques; we avoid mention-
ing other computational structure-prediction methods
that, to the best of our knowledge, have not yet been
applied to complete genomes.

Three-dimensional fold assignments
3D assignments to genome proteins can be divided into
two classes. The first corresponds to clear assignments in
which the sequence similarity between the genome pro-
tein and the assigned fold is above a predefined threshold.
The second class corresponds to assignments in which the
sequence similarity between the genome protein and the
assigned fold is below the given threshold and, thus,
sequence similarity alone cannot establish their validity.

Assignments by sequence similarity
Several groups have analyzed complete genomes in order
to identify those sequences with clear sequence similarity
to proteins of known structure [1,2••,3••,4] (Table 1). To
this end, standard sequence comparison techniques, such
as BLAST [5] or FASTA [6], can be applied. These tech-
niques are very efficient and reliable in detecting the vast
majority of homologs above the, so-called, twilight zone of
sequence similarity. The assignment is carried out as fol-
lows: given an ORF (open reading frame) from a newly
sequenced organism, a database containing the sequences
of known 3D structures is searched in order to detect
sequence similarities above a predefined threshold. If a
sufficiently high-scoring match is found, a 3D model for
the new ORF can thus be assigned. The sequence-to-
sequence alignment largely corresponds to the structural
alignment that could be obtained had a structure existed
for the genome sequence. Thus, from such assignments,
relatively accurate 3D models can be built using homology
modeling techniques [3••]. The fraction of the ORFs from
complete genomes that can be assigned a structure
depends on the following four factors: the particular organ-
ism under consideration; the date on which the study was
carried out (new structures are being determined at a very
fast rate, see Conclusions); the sensitivity of the method
used; and the threshold used to consider an assignment
valid, which, in turn, determines the rate of potential false
positives. The reported fractions of fold assignments in the
various genomes vary from 10–15% for the earliest studies
(e.g. [1]) to 15–20% for the most recent and/or more per-
missive studies [2••,3••].

Assignments with no sequence similarity
Of those genome sequences with no sequence similarity to
proteins of known structure, some correspond to novel,
previously unobserved folds and the others correspond to
folds that have already been observed. During evolution,
structure is better conserved than sequence; consequently,
although a new genome protein may show no sequence
similarity to any protein of known structure, it may adopt a
known fold. Two proteins with a similar 3D fold, but with
no sequence similarity may be distant relatives belonging
to the same superfamily (the sequences have diverged
beyond the level of random similarity among unrelated
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proteins) or may be members of different superfamilies
that have convergently adopted a similar 3D structure.

In order to identify those genome proteins with below-
threshold sequence similarity that correspond to known
folds, methods that are more sensitive than standard
sequence-comparison procedures are needed. Two differ-
ent types of methods have been used for this purpose:
sequence-motif and sequence-profile methods [7,8], and
fold-assignment, fold-recognition or threading methods
(see [9] for a review). Sequence-profile methods use evo-
lutionary information from neighboring sequences in the
sequence databases to build a profile. An iterative,
sequence-profile method that is able to detect very distant
relationships is the recently developed PSI-BLAST
method [10•]. Fold-assignment or threading methods
explicitly incorporate structural information from the avail-
able structures. In many cases, these methods are able to
detect distantly divergent proteins, as well as unrelated
proteins with a similar fold [11•]. Thus, fold-assignment
methods appear to have a wider applicability than
sequence-only methods. The various studies that have
applied more sensitive sequence-only methods [12••–15••]
or fold-assignment methods [16••] (see Table 1) recognize
all the relationships that simple sequence-only methods
detect and, in addition, they are able to assign 3D folds to
another 10–15% of the genomic ORFs. The variation here
also depends on the four factors described above.

Clear homolog assignments versus prediction of structure
It is useful to distinguish between those assignments with
clear sequence similarity to proteins of known structure
and those with no significant similarity. The former are
straightforward assignments based on the observation that
high enough sequence similarity implies structural similar-
ity. These assignments merely recognize the homology
between the proteins and the evidence for their correct-
ness is their sequence similarity. Most of these

assignments can be obtained using the simplest sequence
comparison methods. Thus, these assignments can hardly
be considered ‘predictions’. Admittedly, it is not trivial to
determine what is meant by ‘clear sequence similarity’ or
where a threshold can be drawn; however, a fold assign-
ment with, say, above 35% sequence identity, in which the
alignment covers the full lengths of both proteins and con-
tains few gaps, is commonly accepted as a correct
assignment. Assigning structures to genome sequences
with little or no sequence similarity poses a greater chal-
lenge. Such assignments amount to predictions. The
claimed accuracy of the method applied is usually assessed
using benchmarks of known structures. As predictions,
some will be correct and some will not. Indeed, although
several methods predict the same or a similar structure for
a number of sequences, some of the predictions are mutu-
ally inconsistent; the number of assignable ORFs in the
various genomes differs depending on the method used
and some of the sequence-structure alignments may not be
accurate enough to build useful homology models.
Nevertheless, in the absence of experimental structures,
many of the predictions can significantly aid further com-
putational and experimental studies.

Partial sequence-structure matches
One caveat in the assignment of structures to genome
sequences is that many assignments cover only parts of the
sequence or the structure. In the various studies, the
reported coverage of fold assignments is computed as the
number of ORFs having some structural assignment, even
if only a segment of a genome sequence matches a seg-
ment of a 3D structure. For genome sequences containing
more than one structural domain, such partial matches are
necessary. It is not always clear, however, what the utility
and meaning of structural subdomain matches are. Some
methods avoid subdomain matches by using the ‘global
local’ variation of the dynamic programming algorithm
[16••,17], but may fail to identify some of the meaningful

Table 1

World Wide Web (WWW) sites related to the assignment of structures to genomic sequences.

WWW site References URL

GeneQuiz II [1] http://columba.ebi.ac.uk:8765/ext-genequiz/
TIGR – http://www.tigr.org/tdb/mdb/mdb.html
PEDANT [2••] http://pedant.mips.biochem.mpg.de/
Sali group [3••] http://guitar.rockefeller.edu
Sacch3D [4] http://genome-www.stanford.edu/Sacch3D/
CASP3 [11•] http://Prediction center.lnl.gov/
Bork group [12••] http://dove.embl-heidelberg.de/3D
Godzik group [13••] http://cape6.scripps.edu/leszek/genome/
Koonin group [14••] ftp://ncbi.nlm.nih.gov/pub/koonin/FOLDS/index.html 
Chothia group [15••] http://www.mrc-lmb.cam.ac.uk/genomes/MG_strucs.html 
FRSVR [16••] http://www.doe-mbi.ucla.edu/people/frsvr/preds/MG/MG.html 
CAFASP1 [19•] http://www.cs.bgu.ac.il/~dfischer/cafasp1/cafasp1.html
Gerstein group – http://bioinfo.mbb.yale.edu/~mbg/ 
Jones group – http://globin.bio.warwick.ac.uk/genome/ 
123D – http://cartan.gmd.de/Genome



subdomain matches. In any case, in addition to the fold
assignment coverage, as measured by the number of
assigned ORFs, it is instructive to compute the fold assign-
ment coverage as the ratio of residues assigned over the
total number of residues in the genome. For example, the
percentages of assignable ORFs in Mycoplasma genitalium
[18] reported by two different methods are 32% [16••] and
37% [12••], but the percentage of assigned residues is
about 23% for both methods. A similar reduction of cover-
age has been observed in studies of other genomes. 

Attractive targets for crystallization
Another useful result from computational structural stud-
ies of complete genomes is their ability to identify those
ORFs that are most likely to represent new folds. New
folds are attractive targets for structural studies because,
among other things, new folds accelerate the process of
assigning folds to other genome sequences. A list of attrac-
tive targets has already been reported for at least one
genome ([16••] and http://www.doe-mbi.ucla.edu/people/
frsvr/preds/MG/MG.html). These targets were identified
by selecting those ORFs with many homologs in the
sequence database that received low compatibility scores
during their assignment process. It is expected that when
the 3D structures of these attractive targets are deter-
mined, most of them will turn out to be new folds or, at
least, they will be interesting, nontrivial variations of
known folds. Since the compilation of the list of interest-
ing targets in 1997, the 3D structures of eight proteins
homologous to the listed targets have been determined.
Of these, five turned out to be novel folds. Further iden-
tification of the most attractive targets in the various
genomes can aid structural genomics in prioritizing struc-
ture determination efforts. 

Conclusions
Reliability of the predictions
In order to establish the reliability of fold-assignment meth-
ods, it is important to assess their sensitivities and
selectivities using well-designed benchmarks and experi-
ments [11•,19•] to carefully determine their expected error
rates at different confidence levels, to learn their limitations
and shortcomings and to keep a record of the predictions for
future validation (see, for example, http:// presage.stan-
ford.edu and http://www.doembi.ucla.edu/people/frsvr/
preds/MG/MG.html). For example, validation has already
been obtained for a number of M. genitalium predictions
[16••]. As new, intermediate sequences have since appeared
in the databases, several of these predictions can now be con-
firmed by sequence similarity. In addition, the correct fold
has been predicted for eight of the nine M. genitalium ORFs
for which homologous 3D structures have since been deter-
mined (see the list at http://www.doe-mbi.ucla.edu/
people/frsvr/preds/MG/MG.html).

Sequence or structure-based methods? 
Some of the predictions from fold-assignment methods are
not detectable using sequence-based methods [11•].

Conversely, sequence-based methods sometimes identify
distant relationships that fold-assignment methods do not
detect. Current sequence-based methods succeed in these
cases because they incorporate evolutionary information
from neighboring sequences, whereas traditional fold-
assignment methods do not exploit this information to the
same extent. It is thus clear that a new generation of hybrid,
fold-assignment methods that use both structural and evo-
lutionary information will result in even more sensitive
methods. Such methods have already demonstrated their
sensitivity in recent blind prediction experiments [11•,19•]. 

Still a long way to go
As of today, the vast majority of the computational fold
assignments correspond to ORFs with assigned functions,
unevenly covering the various functional categories [20].
The lowest number of assigned folds corresponds to pro-
teins in the ‘membrane’, ‘ribosomal’, ‘transcription’ and
‘unknown function’ categories (D Fischer, unpublished
data). 30–40% of the ORFs in the various genomes are of
unknown function. Of these, roughly half show similarities
to other ORFs of unknown function and the others have
no match in the databases. We refer to the latter as
‘sequence-orphan ORFs’ or ‘sequence-ORFans’ for short.
Although it is not yet possible to fully understand the ori-
gin and meaning of sequence-ORFans, many of them may
be the species determinants. Most sequence-ORFans are
likely to be very distant members of known families; how-
ever, fold-assignment methods succeed in predicting folds
for only a small number of sequence-ORFans ([16••,21]; D
Fischer, unpublished data). Sequence-based methods are
not able to assign folds to sequence-ORFans because, by
definition, sequence-ORFans have no sequence neigh-
bors. In order to assign folds to the growing number of
sequence-ORFans, more sensitive, structure-based, fold-
recognition methods will be required.

Three-dimensional models for the proteins encoded in
the human genome
It has been estimated [16••] that, as fold-assignments meth-
ods improve and as more 3D structures are determined, by
the time the human genome project is completed (2003), we
may be able to assign folds to over half of human soluble pro-
teins. A quantitative illustration of the fast rate of structure
determination is given at http://www.doe-mbi.ucla.edu/peo-
ple/frsvr/preds/MG/MG.html. In mid 1997, 25% of the
M. genitalium genome had been assigned a 3D fold [16••].
After repeating the assignment process using a library of
folds that included all the new structures available at the end
of 1998, the fraction of assigned ORFs grew to over 32%, cor-
responding to an annual increase in assignable ORFs of
roughly 18%. Rational structural genomic initiatives are like-
ly to help to maintain this rate of determination of new
structures throughout the next few years. Finding folds for
the majority of the human sequences will not be achieved
should this rate drop or should the number of different folds
in nature turn out to be significantly higher than current 
estimates [22]. In either case, however, predicting structures
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for genome proteins will significantly contribute to our
understanding of the genomic material.
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