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Introduction

Over the last ten years several international structural genomics initiatives have been funded
[1;2] with diverse themes. Some are targeting specific biological and medical systems, whereas
others, like the Protein Structure Initiative (PSI) in the United States, whilst incorporating some
biological themes also aim to extend our ability to provide structural data to the increasing
number of genomic sequences. By boosting the structural repertoire, it is hoped that we will
be able to improve our understanding of fold space and how proteins evolve new functions.
Consequently, the four major PSI Centres have targeted large sequence families that are most
likely to adopt novel structures [1] (http://www.structuralgenomics.org), although these often
have little or no functional annotation [3]. To maximise the biomedical benefit of PSI
structures, recent reviews have proposed broadening selection criteria to explicitly focus on
the relevance to human disease [4] or to provide structural characterisation of families with
known functions [5].

Figure 1 shows that as the international genomics initiatives gather pace, both the number of
sequences and protein families is still growing at an exponential rate, although the rate of
expansion of protein families is substantially less. This trend is also observed among
domain families, which are tenfold fewer (<10,000) than the number of protein families. By
targeting these, the structural genomics initiatives can aim to characterise the major building
blocks of whole proteins and since these domains recur in different combination in the
genomes, it will be an important step towards understanding the complete structural repertoire
in nature. Furthermore, the complement of molecular functions found within an organism is
likely to be even fewer. For example, 97% of proteins in yeast can be assigned one or more of
~4000 unique GO terms. Therefore, target selection strategies that attempt to sample
structurally uncharacterised domain families/subfamilies with distinct functions (known or
predicted) will help to increase our knowledge of both structure and function space.

In this review, we first consider how approaches to defining the structural novelty of newly
solved structures are changing and how this might impact on protein function. Similarly, we
explore the ways in which analyses of diverse protein structural families have increased our
understanding of how protein functions have evolved and how this knowledge can be exploited
to improve methods for predicting function from structure. We then look at recent approaches
to predicting function from sequence, focussing on those that are suitable for annotating genes
at the whole genome scale, involving thousands or even tens of thousands of proteins. Such
broad coverage of genomes with functional information is essential not only for interpreting
functional genomics data, but also for dividing sequence space in a more biologically focussed
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way, allowing targeted selection of structurally uncharacterised functional families for
structure determination.

How do we define structural novelty?

There have been several recent attempts to define a protein fold [6][Sippl] or question whether
it is even realistic to seek to partition the protein universe at the fold level [7]. However, it
appears that regardless of how structural novelty is defined, significant structural change often
mediates divergence in functional properties, particularly in the very large, diverse
superfamilies that tend to dominate the sequenced genomes [8]. Currently, the precise
mechanisms by which this occurs are difficult to fathom given the sparsity of data. For example,
in the largest of these diverse superfamilies, less than 10% of sequence diverse relatives (<30%
sequence identity) have a close homologue with known structure [9].

The fact that homologues can change their fold has been commented on previously by Grishin
[10] and others. The extent of this is becoming clearer as the new generation of powerful
sequence profile (e.g. HMM-HMM) methods have detected some very remote homologues
with different folds (see [11] and references therein). Furthermore, extreme examples of
chameleon sequences that can adopt several alternative three-dimensional configurations
[12], have complicated our view of the sequence to structure paradigm.

The traditional notion of a fold (as defined by SCOP and CATH) is to cluster domains based
on a similar arrangement and connectivity of core secondary structures. However, these
common elements may account for less than half of the domain size and in some fold groups
relatives exhibit as much as a three fold size variation in terms of their numbers of secondary
structures [8]. At what point these extra secondary structure elements can be thought to
represent achange in fold is subjective and some have suggested that we can only view structure
space as a continuum [7]. The lack of a clear definition of a protein fold becomes especially
pertinent when assessing the power of structure prediction methods and the structural novelty
that the PSI structures bring to the PDB.

In order to more objectively gauge the novelty of newly deposited structures and determine
the extent to which structural similarities correlate with function, especially for the large
structural families comprising hundreds of structures, we need fast and sensitive global
structure comparison methods. A number of benchmark studies have been performed recently
[13;14] which demonstrate the value of using normalised RMSD measures to assess structural
similarity. Perhaps the most appropriate means of assessing global similarity, SIMAX [14],
normalises by the number of aligned residues as a fraction of the number of resides in the larger
protein, and thus decreases the significance of small common structural motifs.

Applying this approach to compare structures classified in CATH (version 3.1) and assuming
that two structures have “similar folds” or belong to structurally similar groups (SSGs) if they
superpose with a SIMAX score <5A (see Figure 2a), we find that there are approximately 3000
different SSGs classified to date. This contrasts with the ~1000 folds currently identified by
SCOP and CATH using rather subjective criteria. In fact, Figure 3a shows that the largest 300
CATH superfamilies that are highly recurrent in the genomes [8;9], contain nearly 40% of
SSGs in CATH and some contain more than 10 different SSGs (see Figure 3b). Analyses of
these very large, diverse families in CATH [8] have revealed that relatives with significant
divergence in structure or fold tend to have different functional roles and protein interactions
(Figure 2b and Figure 4). Hence, by solving additional structures from these very large
superfamilies, structural genomics could enrich our understanding of structure-function
relationships within these superfamilies, most of which are structurally under-represented and
highly recurrent in the genomes — although CATH comprises 2100 superfamilies the largest
300 superfamilies account for ~35% of predicted structural domains in genome sequences.
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How does function evolve within superfamilies?

It is clear that the relationship between the evolution of the function of proteins with respect
to the evolution of their sequence and structure is complex [15]. Very close homologues can
differ in function, and there are many known instances of a given protein being reused for
entirely unrelated functions, depending on the context in which they are found, in a
phenomenon known as “recruitment” or “moonlighting” [16;17]. A classic example of this is
that of duck eye lens crystallins, which are identical in sequence to liver enolase and lactate
dehydrogenase [18].

Given the complexity of the relationship between sequence, structure and function divergence
in proteins sensu lato, a sensible approach is to study these relationships in the limited context
of individual families, superfamilies and structural folds (for several recent examples of such
studies, see [19-23]). In fact, functional diversity within a given fold or superfamily can span
a wide variety of different molecular activities and biological processes, and studies of large
and diverse superfamilies are particularly relevant given the recent evidence that they are more
likely to contain proteins with essential functions [24]. For example, protein domains in the
HUP-domain superfamily [25] illustrate the diversity of structures and functions that can be
observed amongst homologous protein domains (Figure 4).

A detailed analysis of limited sets of superfamilies recently culminated in the development of
a new resource for the study of structure-function relationships within enzyme superfamilies,
namely the Structure Function Linkage Database (SFLD) [26]. Divergence of function amongst
homologues can result from several mechanisms such as substitutions in the active sites [27],
changes in residues that determine the specificity of interactions (see [28;29] for recent methods
that exploit this principle), or variation in environmental context such as the presence of other
potential protein interaction partners [23]. However, one conclusion derived from the analysis
of the data in the SFLD is that many functionally divergent enzyme superfamilies seem to
conserve acommon partial reaction or other chemical capability [26]. This is further supported
by structural comparisons of adenine-binding proteins using a new generation of structure-
function comparison method[30]. This approach detected ligand binding similarities between
domains in different SCOP superfamilies, suggesting remote homologies between these
proteins, where the ability to bind adenine-containing ligands is maintained as other functional
properties diverge.

The development of other databases — EzCatDB [31] and MACIE [32] — are aimed at the
description of catalytic reactions from a mechanistic point-of-view. These should help in
deciphering further relationships between the catalytic mechanisms of homologous enzymes,
which might be overlooked when describing reactions using EC numbers alone. Recent studies
using these catalytic mechanism databases have already identified multiple cases of the
convergence on a common catalytic mechanism in unrelated enzymes [33].

Figure 4 shows that each functional sub-group in the HUP-domain superfamily can be
characterised by distinct secondary structure features. Recent studies have shown that
successive indels in a particular structural region were a common phenomenon and that such
“nested indels” could result in the occurrence of new domains and/or new functions [34]. In
particular, it was demonstrated in a set of diverse CATH superfamilies that such
embellishments often occur in regions close to the active site of enzymes, or at the surface of
proteins thus providing alternative interfaces for interaction with other proteins and domains
[8]. It was also observed that some structural architectures, and hence the superfamilies therein,
accommodate structural embellishments more easily thanks to their higher intrinsic stability
or to their specific features (e.g. large central beta-sheets to which peripheral beta-strands can
be added relatively easily), and that these embellishments in turn allow exploration of new
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functions in superfamilies. Other recent results suggest that in addition, another structural
measure, namely the structural designability (i.e. mutational plasticity), correlates with
functional flexibility amongst homologous proteins [35] and that the size of permitted indels
depends on the specific function [36].

How can we predict function from structure?

Although the majority of structural data are associated with additional experimental data
regarding a protein’s function, this is not the case for a large proportion of PSI structures [3].
For these proteins it is necessary to attempt to predict the function from the structure.
Furthermore, to better understand the structure-function relationship, it is useful to sub-classify
structures within superfamilies according to their functions.

Significant global structural similarity can be used to transfer functional annotations where
close homology can often be identified in the absence of high similarity at the sequence level,
using methods such as CE [37], STRUCTAL [13], DALI [38], CATHEDRAL [14], FATCAT
[39] and SSM [40]. Recently, methods such as ProKnow [41], Annolite [42] and
PHUNCTIONER [43] have provided interfaces for assigning confidence values to GO
functional annotations transferred from putative relatives using global structure comparison,
structural motif and sequence methods.

Where global structural similarity provides insufficient evidence for functional annotation,
methods which detect binding or catalytic site similarity can provide additional clues.
PDBSITE and MSDSITE permit the detection of known functional sites annotated by the
authors of a structure. The PROFUNC [44] and TEMPURA interfaces allows the user to scan
a novel structure against hand-curated catalytic residues in the Catalytic Site Atlas[45].

To manually generate structural templates based on known functional residues is hugely time-
consuming and hence the literature contains numerous examples of methods that automatically
generate these templates to classify new structures. The reverse template method available as
part of the PROFUNC suite decomposes the query structure into tri-peptide fragments (putative
functional residues) which are then matched against a non-redundant set of PDB structures
using JESS [46]. Each hit is then compared to the query according to the sequence similarity
of the local environment of the template. A recent extension of the Evolutionary Trace method
for binding site prediction was to generate structural templates based on predicted functional
residues[47]. SiteEngines [48] produces templates by comparing the physico-chemical
properties of residues in binding site clefts. As well as atom or residue-level templates, other
approaches seek to compare the electrostatic properties of binding sites (ef-Site, [49], SURF’s
UP [50]. For enzymes, pvSOAR (CASTp) [51] compares surface accessible clefts, which often
co-locate with the active site.

The GASP method [52] instead uses a genetic algorithm to construct templates based on their
ability to discriminate between different protein families against a background of
representatives from the SCOP database. Similarly, DRESPAT [53] implements a graph
theoretical approach to discover structural patterns associated with a given family of protein
templates. At a coarser level, Doig et al. [54], developed a Support Vector Machine (SVM) to
predict enzyme class based purely on general properties, such as secondary structure content,
solvent accessibility and amino acid composition.

One of the inherent problems with using PDB structures to transfer annotations between
enzymes is the binding state in which it is crystallised. These vary between structures
crystallised with non-cognate ligands, transition state structures or apo-enzymes. Hence,
precise geometric matching in the active site region can be problematic. The SOIPPA method
[30;55] addresses this by introducing the concept of a “geometric potential” to characterise the
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shape formed by a given set of C-alpha atoms, which accounts for both local and global
relationships between residues across the protein structure. This is used to compare ligand
binding sites and was able to detect distant evolutionary relationships between proteins binding
a range of adenine-containing ligands.

Arguably, the most difficult problem facing prediction methods is the complexity of protein
function. Errors in annotation databases mean it can be difficult to generate a gold standard
data set to test methods, although the above-mentioned SFLD [26] continues to expand its
database of manually curated families, creating a useful benchmark.

Exploring functional diversity within superfamilies from a sequence
perspective —which subfamiles should be targeted for structural
determination?

For most organisms, the level of direct experimental characterisation is low (<30% of all
proteins) [56]. As previously discussed, better characterisation of the molecular functions of
proteins and the interaction networks in which they participate will illuminate functional
evolution and lead to more powerful prediction methods. In general, the relationship between
sequence and function divergence is subject to much debate, and several contradictory
conclusions have been published on the level of sequence similarity needed to confidently
transfer functional annotations between homologues [17;27;57-59].

Identifying orthology is perhaps the safest way of transferring functions between relatives and
various approaches exist for recent reviews and resources (see [60-63]), yet the majority of
relatives in the highly diverse superfamilies are paralogues — the result of different evolutionary
history in different organisms. Whilst knowledge of their functions would be extremely
valuable for understanding phenotypic diversity, it is important to bear in mind that functions
can vary considerably between paralogues. However, as described above, studies of large
superfamilies have shown that frequently some central aspect of function (e.g. catalytic
chemistry), is shared between relatives and can provide useful clues for genomics initiatives
in the context of other data. Various domain and protein family resources cluster relatives at
different levels of sequence similarity reflecting higher likelihood of shared functions (see
[62] for review of these resources).

Most of these family based resources have evolved through application of pair-wise or profile
based algorithms established to recognise homologues but which have not been specifically
optimised or benchmarked for capturing functional similarity. In the PANTHER database
[63] which explicitly seeks to classify functional relatives, relationships are manually validated,
so whilst less prone to error the resource is less comprehensive than some others.

More specific approaches which attempt to divide families into functional subfamilies
generally mine information captured in a multiple sequence alignment of relatives.
Phylogenetic trees derived from this alignment can be interrogated at different nodes to trace
changes in the patterns of conserved residues necessary for different functions (see [62;64;
64-67] for a review and recent approaches). Barton and co-workers recently compared a range
of different conservation measures ranging from simple counts of identical positions through
to entropy based approaches [68]. Since highly conserved residues are likely to be close to a
functionally important site, the evolutionary trace method of Lichtarge and co-workers exploits
structural data, where available, attaching significance to conserved residues clustering in 3D
space. A more recent implementation has shown improvements using a refined entropy based
scoring scheme [69]. The sequence harmony method of Heringa and co-workers also exploits
an entropy-based approach to identify positions distinguishing specific functional subtypes
[70]. Variations on this theme, developed in the Valencia group, include approaches which
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reflect the multi-factorial nature of function and overlay trees derived from other properties
associated with function onto the phylogenetic tree to confirm functional groupings [71].

Whilst many of these approaches appear powerful with promising performance for selected
superfamiles, few have been benchmarked on large sets of families nor applied on a genome
wide scale. The need to predict functions on a larger scale, to assist both structural and
functional genomics initiatives have prompted the recent development of some new strategies
that can be applied to larger datasets or entire family resources (e.g. Pfam) [64;68;72]. Some
attempt to bolster confidence in functional assignments through homology by examining the
similarity of functions from multiple relatives identified by BLAST[73;74] or apply
‘phylogenomics’ using Bayesian approaches to combine information in close branches of a
phylogenetic tree [75].

Others apply sensitive profile-profile based comparison strategies with residue conservation
scores finely tuned to recognising functional homologues [64-66]. One of the challenges in
developing methods for large scale application is the lack of any large datasets to optimise
thresholds for safe functional inheritance. In this context, the SFLD resource [26] described
above, provides highly valuable data. The SCI-PHY method of the Sjolander group explores
phylogenetic trees by using iterative HMM-HMM alignment and entropy based scoring to
detect putative functional subgroups and has been benchmarked on 12 curated families (5 from
the SFLD) and more than 500 Pfam families. Performance was assessed using informative
measures based both on the purity of the subgroups and ability of the method to capture diverse
relatives within the subgroups.

Another similar approach which has been applied to recognise shifts in function across
superfamilies and has been applied to a large dataset of superfamilies is the FunShift method
of Sonnhammer et al. [64]. Entropy based methods can also be applied to iteratively
characterise and progressively merge related functional sub-clusters within a family, avoiding
the need for a phylogenetic tree [28].

Many of the methods described above attempt to predict the molecular function of proteins,
yet it is clearly also important to consider the functional complexes and biological processes
in which they participate. There are increasing number of resources providing data on protein
networks and also methods for predicting protein interactions (see [62] for reviews). Thus the
structural genomics initiatives also target structurally uncharacterised proteins predicted to
participate in networks of biological and medical interest (e.g. cancer). Recent interest in
protein families highly enriched in gut microbiomes would also benefit from targeting proteins
in key metabolic pathways.

Over the next five years, the worldwide structural genomics initiatives may add a further
2000-3000 structures to the PDB. Some structure genomics initiatives already explore the
relationship between structure and function [26;76]. The PSI initiative is currently depositing
more structures in the PDB per annum than all other initiatives combined [ref]. Many of these
structures are novel - using the 5A threshold defined above for fold similarity). By refining
target selection to include all available functional annotations (both experimental and
predicted) this initiative could enrich our understanding of structure-function space and help
to reveal structural mechanisms by which functions are modified. We will need further
developments in methods for classifying sequence space, in order to recognise and target
distinct functional groups. However, to assess the extent to which these initiatives succeed, we
will also need better methods for recognising function from structure. Expanding the repertoire
of structure-function groups will give valuable insights into protein evolution, which are not
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only likely to be fascinating but will also ultimately improve the power and accuracy of function
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Figure 1.

This figure shows the numbers (as a log scale) of genome sequences (PROTEIN), OFAMs
(putative orthologous gene families), CATH-S30 (30% non-redundant sequence families),

PFAM families, and CATH domain superfamilies, as genomes are added to the database in
increasing order of size.
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a) Two domains which differ by less than 5A (SIMAX) can vary structurally but share the
same fold. b) Two domains from the galectin-type carbohydrate recognition domain
superfamily. The domains are coloured so that residues having the same a-helix or B-sheet
conformation in 75% of domains appear red. Domains 1bkzAO and 1dypAO are in the similar
orientations so that secondary structure embellishments to the core of 1dypAO can be seen.
1dypAO00 has a significant number of extra secondary structure elements, many of which are
located at the binding site and are modifying the geometry of the active site.
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a) This figure shows a cumulative plot of the percentage of structurally similar groups (SSGs)
for all superfamilies in CATH, when ranked by largest to smallest. It can be seen that the top
300 CATH superfamilies (MEGA) account for ~40% of the fold groups and are hence
extremely structurally diverse. b) This histogram shows the fraction of SSGs in MEGA and
NON-MEGA superfamilies in CATH. It can be seen that the MEGA superfamilies have a
disproportionate number of SSGs.
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Figure 4.

Function and structure diversity in the HUP domain superfamily (CATH code 3.40.50.620).
Four major functions in the superfamily are represented on this figure, together with one protein
of yet unknown function. For each of the functional groups, a representative structure is
displayed in cartoons with alpha-helices coloured pink and beta-strands coloured yellow.
CATH domain identifiers of the displayed structures are specified on the figure. 2DSEC plots
[8] showing the conservation of secondary structure elements within each functional groups
are also shown to illustrate that the different functional groups tend to be characterised by
specific secondary structure patterns. These 2DSEC plots represent conserved helices as pink
circles and conserved strands as yellow triangles. This figure illustrates the diversity of function
that can be found within a homologous superfamily, and the correlation between function and
structure divergence.
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