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Abstract
There has been considerable progress towards the goal of understanding the space of possible
tertiary structures adopted by proteins. Despite a greatly increased rate of structure
determination and a deliberate strategy of sequencing proteins expected to be very different
from those already known, it is now rare to see a genuinely new fold, leading to the conclusion
that we have seen the majority of natural structural types. The increase in knowledge has also
led to a critical examination of traditional fold-based classifications and their meaning for
evolution and protein structures. We review these issues and discuss possible solutions.
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1. Introduction

Proteins are the crucial link between the processes of
information and replication that take place on a genetic level
and the infrastructure of living things. The spontaneous
formation of specific three-dimensional structures by amino
acid sequences is the property which underpins the versatility
of function which has allowed proteins to become essential
components of all processes of living organisms. Although
it is not necessary for proteins to adopt stable structures to be
functional (see [1] for a review on disordered proteins) it seems
that the majority do so. It is important to understand why this
is and what the options are.

The importance of tertiary structure is related to the need
for specificity and efficiency in functions such as catalysis
and the propensity of proteins to aggregate, which if left
unchecked has serious pathological consequences [2, 3].
Since proteins present a large number of potentially reactive
groups the main issue when using them for cellular

processes is to prevent undesirable side-reactions with small
molecules and undesirable interactions with other proteins and
macromolecules whilst maintaining access to functional parts
of the protein. Structure is also required to ensure that the
functional residues of the protein are precisely positioned,
leading to efficient function.

Evolved proteins solve these problems by adopting
specific chain configurations in their native conditions,
their tertiary structures. These structures are intimately
related to the molecular function of each protein, yet
in general there is comparatively little functional signal
in protein structure [4] except what can be explained as
evolutionary conservation. Once a particular structure–
function pairing is found it appears to be highly conserved,
with new functions being adopted by mechanisms which
may require duplication, functional redundancy and possibly
multifunctionality [5]. Since structural stability, as a
requirement for functional efficiency, is the most significant
constraint on protein sequence evolution [6], even very subtle
sequence conservation is strongly predictive of structural
similarity [7, 8]. Understanding protein structure is
therefore essential for understanding the mechanism behind the
functions of particular proteins as well as how they can evolve,
which makes protein structures of central importance to much
of molecular biology.

In recognition of this there has been a great deal of
effort towards the goal of understanding protein structure,
how it underpins protein function and how it directs the
evolutionary process on a sequence level. This would provide
substantial benefits for almost every area of biology, much
as the application of crystallography to biological structures
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has provided substantial insights into both biochemistry and
genetics [9]. However, although there has been substantial
progress and a great increase in knowledge there remain many
questions and difficulties.

In this review we will assess the current state of knowledge
of protein structure with regard to the question of classifying
structural types and enumerating the structures available to
proteins and those which have been chosen for use by living
organisms. We start by summarizing the basics of protein
structure before discussing comparison and classification of
structures and some of the conceptual and practical issues
arising. We will then consider the question of the abstract
space of possible protein structures (‘fold space’) and what
can be said about it. The final sections then discuss how this
space looks to the evolutionary process by considering how
sequences, structures and functions interrelate.

2. An overview of protein structure

The compact, relatively complex three-dimensional structures
(tertiary structures) formed by proteins are characterized by the
formation of extensive networks of hydrogen bonds between
peptide groups, a densely packed hydrophobic core and a
hydrophilic surface. The protein chain is a linear polymer of
2 amino acids formed by condensation of the amino group of
one monomer with the succeeding group’s carboxyl moiety to
form a peptide unit. The peptide bond is partially aromatic,
which constrains the torsional angle across the bond (known
as the omega torsion angle) to two values: 0 and pi radians.
The succeeding two torsions, the phi and psi angles, rotate
freely but experience a number of steric constraints which
limit their joint conformation. Using a simple hard-sphere
potential function the density of occupation of phi/psi pairs
by peptide units can be predicted with substantial accuracy;
such density plots (Ramachandran plots) [10] are amongst the
most important standard tools for determining protein model
quality [11–13].

The resonance of the carbonyl oxygen and amide nitrogen
makes them excellent hydrogen bond donors and acceptors.
Consequently it is preferable to expose these groups to a
polar environment such as the aqueous solvent. If the chain
is to become compact (and hence bury substantial numbers
of these groups) it is necessary for them to find hydrogen-
bonding partners from within the chain. This leads to
the formation of repeating structures known as secondary
structures, which account for a large proportion of the structure
of most proteins [14, 15].

The nature of the two structures depends on whether these
bonds are made locally (to amino acids nearby in the sequence)
or non-locally. The main locally bonded structure is the alpha
helix, a minority of local structures are turns in the chain.
Non-local bonds result in extended beta structures which in
turn generate hairpins and sheets, the details of which are a
consequence of the steric constraints described above and the
precise geometric requirements for hydrogen bonding.

The tertiary structure of a protein can be described by the
packing of these secondary structure elements together to form
a compact structure [16–18]. All naturally occurring proteins

of above a certain size form a well-packed hydrophobic
core [19], which suggests that in the majority of evolved
proteins it is the hydrophobic effect that is likely to be the
dominant driver for folding—the reduction in chain entropy
experienced by the protein being counteracted by the gain
in solvent entropy achieved by burying nonpolar surface
area [20].

The refolding experiments of Anfinsen in the 1960s
established that the protein sequence is sufficient to specify
the structure of the protein [21]. This finding motivates both
the study of protein structure prediction and protein folding—
the former since the protein’s sequence must be sufficient to
predict its structure and the latter since proteins must be able
to find this structure quickly, which requires a non-random
process [22]. Both problems have proven extremely difficult
and remain open, but fortunately for structural biologists nature
has provided a shortcut: as noted above the conservation of
structure means that statistically significant sequence similarity
implies structural similarity. On this basis it might be possible
to approximately cover all of protein structure space by
sampling from each unique structural group. Whether this is
possible and how easy it is depends on several features of the
space, which we will discuss in section 3.

3. Protein structure classification

The principal aim in classifying protein structures is to
provide a high-level view in which the dynamic details of
the structure and conformational changes undergone during
functional motions of the proteins are omitted. Not only does
this serve as a useful aid to human understanding but it also
provides a means to assess structural coverage and address
questions about the nature of the interplay between physics and
evolutionary contingency in protein structure. The category
produced by the classification is usually known as the ‘fold’ of
the protein, the overall goal being to determine which natural
groups exist in order to provide some structure to analyses of
the progress of our knowledge of protein structure as well as
evolutionary questions.

Although the notion of a ‘fold’ as a large-scale description
of structure is a useful one it has proven surprisingly difficult
to pin down the concept, a fact which is immediately obvious
from the existence of two authoritative and widely-used
classifications of protein structure: CATH and SCOP [23, 24].
The method in both cases is very similar: sequences are
grouped into homologous superfamilies, superfamilies are
structurally clustered into fold groups and these are also
grouped into larger-scale classes defined on the basis of
their content of secondary structure elements. There are
some minor differences in structure: SCOP defines more
classes (proteins containing alpha and beta structure are
divided into two groups), CATH inserts an extra ‘architecture’
level above the fold level (which it refers to as ‘topology’),
examples of architectures being three- or four-layer sandwich
structures, up–down helical bundles and beta–alpha barrels (a
few examples are shown in figure 1). Overall, however, there
are more similarities than differences [25–27].
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Figure 1. Examples of protein structural diversity. Four distinct protein structural types are shown. From left to right: HISF from T. maritima,
an alpha/beta barrel; a DEATH domain from Drosophila, an all-alpha orthogonal bundle; an immunoglobulin from mouse, representing a
two-layer all-beta sandwich domain; MOBB from E. coli, a three-layer alpha/beta/alpha sandwich with a Rossmann-like topology. Figure
created with Pymol [28].

(This figure is in colour only in the electronic version)

The most significant contrasts between the two relate to a
more subtle difference in emphasis: CATH emphasizes auto-
matic classification on structural grounds while SCOP empha-
sizes manual classification and preservation of evolutionary re-
lationships and functional similarities. This is important as it
effects the way that proteins are split up into their constituent
domains: SCOP prefers to maintain frequently occurring units
even if they can be seen to be further decomposable into do-
mains (e.g. the periplasmic-binding-like proteins, SCOP c.94).
In contrast CATH may split functional units, leading to a set
of similar structures that are not necessarily discrete functional
units [25].

As a consequence of attempting to make both classifi-
cations reflect evolutionary similarity and structural similar-
ity there may be substantial variation within particular lev-
els [29, 30], with some families being more diverse than certain
folds. This is a consequence both of the means of generating
the groups (discussed below) and the underlying natural varia-
tion [31, 32].

The basis of both major classifications of structure is the
comparison of two structures. To derive a classification by
these means therefore requires a way to generate a score by
comparison of structures and some way of scaling the score to
make it objectively meaningful. This is not always an entirely
straightforward procedure. We discuss this in section 4.

4. Protein structure comparison

Comparison of structures has been extensively studied,
with a large number of possibilities having been explored
from simple geometric methods [33–37], faster graph-based
methods [38–40], machine-learning approaches [41] and
topologically motivated methods [42, 43]. The core idea of
most of these methods is simply to identify a set of equivalent
positions in the two structures and then find the optimal
rotation and translation to minimize some function of their
geometric similarity, usually the RMS deviation between the
two sets of points. We briefly consider this; more issues are
discussed in a recent review [44].

Several fast methods have been developed for finding the
optimal superposition given a set of equivalences [45–50];
alignment methods differ in their choice of which to use
but apart from the overall speed and possible errors arising
from numerical instabilities this makes no difference to the

result. The difficulty comes from the need to doubly optimize:
the method must find both the optimal superposition for the
equivalences and the optimal set of equivalences.

If no constraints are set on the number of equivalences
it can trivially be made equal to zero by comparing only two
residues. It is therefore necessary to find the relationship
between RMSD and the size of the subset chosen for significant
similarities. The obvious approach to this question is to
model the background RMSD distribution with the size of
the equivalent set as a parameter. Maclachlan [51] derived a
model for the statistics of rigid-body superposition of random
chains of a particular length and found that the expected RMSD
grows proportionally to the square root of the chain length.
Subsequently there have been many improvements made to
this by sampling from real structures (e.g. [52]) or generating
random-walk ‘decoy’ models [53].

The key issue with applying the results above to protein
classification is that they derive statistical models from
superpositions of contiguous chains. Although this is very
useful in assessing the success of predictions of structure,
where the set of equivalences is not optimized, if arbitrary
gaps are permitted it is possible for an algorithm to converge
on a discontiguous solution of high significance. This can
lead to finding unexpected similarities between structures with
unrelated topologies [54, 55], however the significance of
aligning a beta strand to an alpha helix, for example, is
difficult to assess. It is clear that such similarities are a
consequence of the compactness of structures and the ubiquity
of highly similar local structures resulting from constraints on
hydrogen bonding, leading to a strong likelihood of structural
convergence.

The consequences of these sorts of inconsistencies for
protein classification have been analysed in several recent
papers [56–58]. Particularly interesting is Pascual-Garcia
et al’s use of transitivity violations to identify the level at
which structural clustering is justified [58]. On the basis
of RMSD comparisons using MAMMOTH and a number of
clustering methods they argue for a disjunction between a
regime in which comparisons form meaningful clusters and
another which is better viewed as a continuum. This implies
that if RMSD-based methods as they exist currently are used
to classify there will always be a region beyond which no
clustering is sensible.

Although classification and comparison of protein
structures are fraught with complications and difficulties as
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defined above both have been enormous sources of useful
knowledge, ideas and methods for other purposes within
bioinformatics—CATH and SCOP are routinely used in
benchmarking novel methods. However they are also used as a
basis for determining how much of fold space we have seen and
what relationships exist between them. These are the subjects
of the next two sections.

5. Protein fold space

When mapping protein fold space it is natural to ask how big
this space is and how connected up the regions of the space
are from the point of view of the evolutionary process. Several
attempts to estimate the number of protein folds been made
since Chothia [59] argued that there were about 1000 families
of proteins on the basis of the mean number of secondary
structural elements and their possible combinations. This is
an interesting question since it provides an estimate of what
level of structural coverage is likely to be achievable, the goal
of structural genomics programmes [60].

Orengo et al [61] presented an early discussion of the
overall statistics of protein folds and noted that nine groups
dominated the set of structures then known, which they
referred to as superfolds. These included alpha/beta barrels,
doubly wound alpha/beta sandwich structures, Greek key
double sheet sandwich proteins and up/down helical bundles.
Although the databases at that point were comparatively small
it could be shown that this bias was a natural effect and not
sampling bias.

Their methods form the basis of other published estimates.
Since each family of relatives will tend to conserve structure
the number of distinct structures is at most the number of
families. Therefore it is only necessary to determine the
number of families, the distribution of numbers of families per
fold and the sampling distribution, from which it is possible to
calculate the number of folds with zero observed families.

Several estimates have been generated on this basis
ranging from about 400 [62] to more than 10 000 [63].
Govindarajan et al [64] tested several distributional models
with synthetic data and rejected the uniform and Gaussian
distributions assumed by other authors in favour of a stretched
exponential. On this basis they argued that there were some
4000 folds with about 2200 sufficiently likely to be found in
nature. The estimate of 2000 is apparently still reasonably
current [65].

Attempting to determine the completeness of our map of
fold space in this way requires that our definition of a fold is
at least a good approximation to a natural discrete grouping
of structures. However some authors have suggested that
such a discrete representation of fold space is not possible
since the underlying space is continuous [66, 67] and that this
underlies the problems of classification. This is to some degree
underpinned by the finding that the distribution of fragments in
protein structures is also highly skewed towards a small set [68]
and that disparate folds can be linked in this way, a feature
of proteins which is also used in structure prediction [69, 70].
Since we find that proteins are made up of a set of recurring

fragments on a level larger than an individual element of
secondary structure.

Such similarities are extremely important observations,
however they remain similarities between substructures and
the observations of significant similarity between globally
different structures if either short contiguous fragments [71]
or arbitrary selections of residues [54] are considered is
not relevant to the comparison of global structures. Once
larger-scale similarities on a topological level are considered
the majority of protein fold space looks considerably more
empty [72], suggesting that nature may not have exhausted the
space of possible structures. We can then ask whether there
are restrictions on the global structures that can be reached and
whether they result from a small set of available fragments or
strong biases in the use of such fragments.

Observations of structural continuity have been taken by
some as a reason to avoid classification. In some cases
interesting functional relationships [73] and insights into
structural evolution [74] can be suggested regardless of global
structural similarities, and representations of either fragment
similarity or multiple relationships (as opposed to pairwise
relationships) are substantially predictive of function [66, 75].
While this is undoubtedly true it presupposes that there is no
reason to classify structure apart from functional inference,
which is not the case if one is interested in structures for their
own sake. Without a classification it is not possible to reason
about protein structures effectively, however the somewhat
vague notions of domains and folds which have been applied in
the past in an attempt to simultaneously preserve evolutionary
relationships and describe large-scale structural similarities
have muddied the waters somewhat [32].

A significant step towards an objective fold definition was
made by Taylor [76] in the definition of ‘ideal forms’. These
forms cover a substantial proportion of structures and permit an
unambiguous definition of structures to be made. Particularly
useful is the use of the forms to define a topology string as a
path through a graph which represents the secondary structure
elements in the protein. The similarity between two topologies
can then be unambiguously defined as a distance between
the two. This leads to a definition of fold space in which
groups can be defined flexibly without recourse to RMSD-
based measures which as we have seen can be difficult to derive
a metric for. This approach allows structure comparisons to be
made on a very abstract level so that a precise meaning to the
difference between two domains can be given as a topological
distance. This removes the need for a fold definition but
allows visualization of common topologies as an aid to human
understanding. Folds could then be defined as highly populated
topologies which do not overlap, although the method would
not provide a unique definition.

The space of protein structures is difficult to describe
effectively since it requires making choices about the tradeoff
between the size of a similarity and the degree of similarity. In
general there is no answer to the question of whether we should
consider two structures to be the same fold: if we are looking
for something that is conserved then evolution is able to make
large changes to global and local structures over long periods of
time, and for much older superfamilies which have repeatedly
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changed or modified function there will not necessarily be a
universally conserved core structure. In addition there is the
significant problem that some families of domains have global
structures which are contained within the global structures of
other family members. The similarity might be rather high
and yet the two groups are best considered separately. In the
limiting case we have to decide at what point two groups are
considered different and at what point they are considered the
same: is containing a single helix in both cases all that is
required to consider them the same fold group? How much
of an overlap is required? It is not possible in general to
answer these questions, which shows that although the concept
of a fold is useful it is nonetheless a human construct, at least
unless a more precise definition can be found. Certainly trying
to define it in evolutionary terms seems unlikely to work in
general since evolution can change structures considerably. We
consider the mechanisms of change and which changes have
been observed in section 6.

6. Evolutionary trajectories through fold space

In order to fully understand protein structure we must consider
the nature of the evolutionary process and its effects on how
protein structures are distributed. Although it is difficult
to robustly define fold categories without awkward overlaps
it is undeniably true that proteins with undetectably similar
sequences can adopt very similar structures and functions [61].

This leads to the question of whether the groups are likely
to be divergently related. Since structures are generally very
conserved the default position would be to expect that they are,
but this has to be very carefully examined since deciding what
level of similarity is required for an inference of homology is
not straightforward.

Additionally it is necessary to ask whether it is possible
for proteins to change structure substantially. This is an
issue which is still receiving a great deal of attention at
present. Assuming it were true, we could envisage either a
discrete process of structural change with ‘jumps’ between
folds occurring or a continuous process in which protein folds
can gradually change into others. In fact both have been shown
to occur, although the degree to which each has occurred in the
course of evolution is not at all clear.

In the discrete case the question is essentially whether
similar sequences necessarily have similar structures. Since the
overwhelming experience with naturally occurring sequences
is that the more similar a sequence is the more similar its
structure is we should very much expect this to be the case,
however these observations are biased in that they have been
selected by evolution.

These questions have been inspired partly by observations
that RNA ‘folds’ are connected extensively by neutral networks
whereby simple walks of point mutations can lead from one to
another [77]. Theoretical studies on cubic lattices provide the
result that protein folds are densely packed in sequence space
and that any two folds can be connected by a series of point
mutations [78, 79]. Subsequently the existence of proteins
with multiple ground-state structures has been demonstrated

repeatedly [80–82] and some evidence has been found that
these structures are evolutionarily relevant [83, 84]. In addition
the results of a substantial number of design experiments show
that proteins with entirely different secondary structure content
and tertiary folds can be designed [85–87], with the most
similar being 95% similar, a difference of only three amino
acids [88].

It seems that such transitions do exist and are therefore
available to evolution. Why, then, do structure predictions
based on sequence similarities work so well? The biannual
CASP protein structure prediction experiment, for example,
now classifies nearly all of its targets as solvable by
comparative modelling, meaning that a known structure
provides a useful template for the match. In general the rule
that for evolved proteins a similar sequence means a similar
structure holds. If there are as many of these transitions as
theory suggests then why does this work?

Assuming that we do not simply ignore the theoretical
results, there are two responses to this: firstly that the
transitions have occurred but that the sequences which have
crossed over between folds are now in a different neutral
network and so sequence information will quickly vanish as the
protein diffuses along this. This is plausible since the exterior
residues of the protein (most of which are likely to have
changed) are under very different pressures than the interior
residues; if stability is selectable then it is likely that all of
the subtle patterns which allow sequence-similarity detection
to function will be erased.

Another possible response is that they are very rare events
since to observe a transition the protein must become fixed
in the population, which is very unlikely unless it has some
sort of function. Although it seems that it is not difficult for
proteins to develop new functions (functional convergence is
apparently quite common), particularly given that they may all
be multifunctional, we would require that the protein found a
new structure and function (or maintained its old function) and
that this new function was sufficiently useful to become fixed
and finally that the protein was not outcompeted by another
with the same function.

It is not possible to test these ideas until a model which
suggests where to look for these transitions is well established.
It is also necessary to point out that the results above only
tell us what could happen; real proteins experience a number
of constraints from genome structure, mutational mechanisms,
function and need for interaction which may well close off
large areas of the network.

Perhaps less radical is the concept of continuous change.
In order to change without large discontinuities it is only
necessary to add and remove regions of structure until the goal
is reached. Obviously since evolution has no goal it is better to
describe this as a stochastic process in which certain insertions
and deletions are more likely to have acceptable consequences
for the structure. This is somewhat easier to imagine than
the mechanisms described above since it does not require a
large-scale change to have occurred at any point, and it is
relatively easy to conceive of a structure adding a few bits
while maintaining the old, finding a use for the new bits and
then losing the old as a redundant copy is created.
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That such a process could lead to a change of fold seems
intuitively fairly obvious, however it is only quite recently that
a full set of examples was brought together and reviewed [89].
Common examples include circular permutation, in which
the sequence is rotated through the structure by a process of
duplication and deletion, strand invasion and withdrawal and
changes of elements from one type to another. Many of the
larger topological changes can be rationalized as resulting from
processes of gene duplication followed by deletion. Naturally
these deletions do not have to be complete, and this may lead
to insertion of elements. Alternatively the deletions may occur
asymmetrically and lead to another fold.

Other mechanisms accounting for such changes might in-
clude exonization of intronic regions, asymmetric recombina-
tion and small-scale versions of the ‘discrete’ mechanism de-
scribed above (since a local change need not necessarily have
any effect on the function of the protein) in which local regions
mutate from one type into another. This is easy to spot in many
cases, particularly where deletions have made a helix into a
strand-like region. A few examples which might indicate this
sort of overlap have now been published [90, 91].

Another intriguing possibility is that the set of modern
folds has arisen from several origins [92]. In this model the
earliest proteins were oligomers of small fragments. These
fragments, which might form individual strands or helices or
larger regions of supersecondary structures, eventually joined
in a variety of combinations to form the ancestors of the
modern folds. The observation that fragment-based methods
are effective in structure prediction and can be used to join
quite different fold groups [68] might be seen to suggest this,
but at present it is not clear whether there is a physical reason
for this or whether it is simply convergence. Naturally the
models might all have been used in the evolutionary process,
although one may be the dominant force for change. In this
case it remains only to develop the models sufficiently to
determine the path which has been used by each family.

7. Conclusion

There remains considerable debate over the nature of the
space of possible folds, in particular the question of
continuity [66, 67, 75, 93–95]. In general it seems very
common for a strong global similarity to convergently evolve
and that a classification which is both structurally accurate
and representative of evolutionary relationships may not be
possible. Instead it may be preferable to derive a purely
structural classification and use this as a standpoint from
which to examine structural change in search of a more
natural description of protein fold space. The ideal forms for
protein structures [76] introduced in 2002 offer solutions to
the problem of defining domains and folds objectively, and in
combination with more traditional comparison methods should
be useful in advancing our understanding.

Within the limitations of current methods we can sum-
marize the state of knowledge as follows: protein structures
exhibit considerable similarity on the level of substructures,
which in turn may lead to certain structures being considerably
more common through convergent evolution. Additionally the

number of possible sequences stably adopting a given structure
can vary considerably between structures, which further in-
creases the bias towards particular large-scale structures since
this increases the chance of finding a useful function and be-
ing evolutionarily selected. Consequently certain protein folds
are substantially more common than others. It is not clear how
many folds there are in total, nor how many there are which
have been used by nature, although a number on the order of
2000 seems likely from previous estimates. From the experi-
ence of the CASP competition as well as three recent analy-
ses it seems likely that we are reaching the limit of the most
widely-used folds in nature, although it is not certain whether
this is the entire range available to polypeptides, a question
that the field of protein design seems ideally placed to answer.
The challenge now is to find explanations for how proteins can
move in this space and how we can use this to improve our un-
derstanding of protein structure and function, ultimately lead-
ing to improved tools for prediction and design.
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