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1. INTRODUCTION

Nothing in biology makes sense except in the light of evolution [1]. These words, writ-
ten by famed evolutionary biologist Theodosius Dobzhansky, have a special place
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in the life sciences. They serve not only as a reminder of the central role evolu-
tion plays in the processes of life, but also as a paradigm under which research
in biology should be conducted. When we think about evolutionary phenom-
ena, it is important to remember that they—like all natural phenomena—can be
reduced to events at the molecular scale. Evolutionary change is fueled by mu-
tations: changes in the molecular structure of the genetic material. When these
mutations are expressed, they result in changes to biomolecular structure and en-
ergetics which may in turn alter the abundance or interactions of proteins. Novel
organismal traits stemming forth from these molecular scale changes are then
judged by natural selection. Considering this perspective, it seems that nothing
in evolution makes sense except in the light of biomolecular structure and ener-
getics. It should therefore not come as a surprise that the relationship between
evolution and physical phenomena like these has been an area of interest for some
time. Here we review some of the major theories, models, and empirical evidence
relevant to the relationship between protein structure and evolution at various
scales.

2. DETERMINANTS OF EVOLUTIONARY RATE

Protein evolutionary rates are known to vary widely. In the genome of the model
organism Saccharomyces cerevisiae (baker’s yeast), evolutionary rates among the
roughly 6,000 genes are spread out over three orders of magnitude [2]. Since the
advent of the molecular biology age scientists have been interested in the way that
homologous genes and proteins accumulate changes. It has been observed that
the sequences and structures of some proteins are highly conserved, even when
comparisons are made between distantly diverged species (for example, the his-
tone proteins that package DNA, or the ribosomal proteins responsible for protein
translation) [3]. Other proteins evolve rapidly, either due to relaxed constraint or
positive selection for novel features (for example, proteins involved in immune
systems) [4]. While theories explaining these differences originated alongside their
observation, extracting general determinants of evolutionary rate variation has
only become possible with the advent of the bioinformatics age. Statistical and
machine learning techniques, when applied to massive genomic and phenotypic
datasets (such as protein structures, interaction networks, and expression profiles),
have been able to isolate some of the forces driving evolution at the molecular level
(for general reviews of evolutionary determinants, see [2,5,6]).

Features that are directly connected to protein structure have been shown to
explain roughly 10% of the variation in evolutionary rate [7]. This result seems
initially surprising, given that structure mediates all aspects of a protein’s ex-
istence. In contrast, expression—the frequency and scale at which a protein is
manufactured—may explain up to 40% of evolutionary rate variation [6]. Expres-
sion and evolutionary rate vary inversely, with highly expressed proteins tending
to evolve at very slow rates. A protein’s dispensability (effect on cell growth when
absent) and the number of interactions in which it participates explain additional
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components of evolutionary rate variation; random noise may also be a large con-
tributor [8]. It is worth noting that protein function, historically considered to be
a major target of selection, does not seem to be a good general predictor of evo-
lutionary rate [6]. While much progress has been made in the identification and
ranking of evolutionary determinants, some disputes in this area still remain. We
believe that considering structure is particularly important because of its role as
both a determinant of evolution in its own right, and a medium through which
other determinants act.

As an example, we will consider the role that structure plays in the appar-
ent dominance of expression in the determination of evolutionary rate. Although
several hypotheses have been proposed to explain the significance of expression
[9,10], genomic evidence seems to best support the following conclusion:

Errors made during protein translation can result in misfolded proteins, which
represent a burden to the cell. Mutations that make a protein more susceptible
to error-induced misfolding will result in a loss of fitness. If the mutation occurs
in a highly expressed protein, then translational errors (and misfolding events)
will be more common, resulting in a larger fitness loss. Hence, protein expres-
sion will scale directly with selective constraint, and inversely with evolutionary
rate [11].

Are errors in translation really so common that they can have a profound in-
fluence on the evolutionary trajectory of a protein? Although the machinery of
translation operates with 99.95% accuracy (measured as correctly inserted amino
acids), even a small potential for error becomes rapidly compounded given the
enormous work load it must handle [12]. If we assume that an average protein is
composed of 400 amino acids, roughly 20% of these proteins will contain at least
one translational error. Robustness against error-induced misfolding (i.e., struc-
tural robustness) would presumably be beneficial for any protein, but more so for
the highly expressed among them. Thus, structure, a characteristic of all proteins,
plays an even more critical role in their evolution than is apparent at face value.
A theoretical treatment of the sequence-structure relationship sheds light on the
role of structure in this and other evolutionary phenomena.

3. THEORETICAL ADVANCES

3.1 Key concepts
The essence of most theoretical ideas governing protein structure and evolution
begin with the following relationship:

Genotype
(sequence) → Phenotype

(structure)

Genotype yields phenotype. This is a general biological idea. In the case of proteins,
it can refer to the DNA sequences (genotypes) that encode amino acid chains
that fold to produce three-dimensional proteins (phenotypes). Alternatively we
can bypass the genetic component of the picture and think of the translated se-
quence of amino acids as a genotype, with the notion of a phenotype remaining
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the same. The relation above is simple, but profoundly important. In one sense
it can be thought of as a statement of the central dogma of molecular biology
(the elucidation of which is among the greatest scientific achievements of the 20th
century) [13]. In another sense this relation is a statement of the protein folding
problem, one of the largest challenges facing researchers in computational biology
today [14].

The space of protein phenotypes observed in nature is surprisingly small. Cur-
rent estimates place the number of stable folds in the neighborhood of 1000 to
10,000 [15,16]. We can imagine many other possible folds in the configuration
space of an amino acid chain, but these have either (a) yet to occur in evolution
or (b) been thermodynamically or selectively disfavored. The complete space of
possible genotypes is assumed to be very large. Constraining ourselves to the
size of an average protein (400 amino acids), there are 20400 (≈ 2.6 × 10520) possi-
ble protein sequences. Obviously evolution has sampled only a small fraction of
these sequences, and an even smaller fraction persists on the planet today. Nev-
ertheless, the mapping of genotypes to phenotypes remains many-to-one, with
sets of genes and amino acid sequences producing largely identical protein struc-
tures [17]. We make the assumption that, under a given set of conditions, a single
sequence maps to exactly one structure (governed by the minimization of free en-
ergy). This is a reasonable assumption for natural protein sequences, which tend
to have a marked free energy minimum [18].

These observations are extremely important in light of the neutral theory of
evolution. Simply put, this theory states that the majority of accepted changes
that occur at the genotype level do not have a pronounced effect on the phe-
notype [19]. Silent substitutions in DNA are one example of this phenomenon.
DNA codons GGA and GGG both encode the amino acid glycine, and hence a
GGA → GGG mutation would produce a genotype change, but not a phenotype
change. Note how this idea fits naturally with the observation of the many-to-
one mapping of protein sequences to structures. Since a given structure may be
generated by multiple sequences, mutations that interconvert those sequences do
not have phenotypic consequences, and are therefore selectively neutral. Some
caution is warranted here, as no mutation is likely to be neutral across all envi-
ronments [20]. We can imagine that sequences which produce identical structures
under one temperature regime might produce two different structures under an-
other. Even the canonical silent DNA polymorphisms can evolve non-neutrally in
situations where one synonymous codon is preferred over another for purposes
of transcriptional or translational efficiency [21]. In this review, we frequently
employ the approximation that for most mutations, protein structure directly dic-
tates protein function, i.e. mutations that preserve a protein’s structure will also
preserve its function. This is not always the case, as certain mutations which con-
serve structure may have significant functional consequences (for example, if they
result in changes to key residues in the active site of an enzyme). In spite of
these complications, the notion of structural neutrality in a particular environment
or genetic background remains a useful concept in the study of protein evolu-
tion.
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3.2 Theory: designability
There are two, somewhat conflicting perspectives from which we can consider the
relationship between genotype (sequence) and phenotype (structure). The first of
these is called designability. We noted that the relationship mapping sequences to
structures is many-to-one. What must also be observed is that the sequences are
not evenly partitioned across the structures. Some structures can be generated by
folding any number of a very large set of sequences; other structures are more spe-
cialized, and can only be built up from a few sequences [22]. The structures with
many generative sequences are said to be more designable than those with fewer
generative sequences. Recall that the number of protein folds observed in nature
is relatively small. These folds are likely to vary amongst themselves in terms of
designability; more importantly, designability is expected to vary between the ob-
served folds and “imaginary” folds. In fact, increased designability may contribute
to the dominance of the observed folds [23,24], a fact that we illustrate by example.

Let us consider a hypothetical world with two folds: one which has a useful
structure, but can only be generated by a single sequence (low designability),
and another which is useless, but can be generated by many sequences (high
designability). If selection strongly favors utility, then clearly the first fold will
propagate by virtue of its functional advantage. Designability becomes important
when we introduce mutations into our model. Although the first fold has a selec-
tive advantage in its native form, it is not robust against mutations. Any change in
its underlying sequence will result in a loss of its useful structural characteristics.
Because the second fold is designable, it is robust against mutations, but selec-
tively disadvantaged because it is useless. For the first fold to remain dominant,
its selective advantage must be strong enough to compensate for the losses due to
mutation. Now imagine a third fold, one that is both useful and designable. Selec-
tion will favor this fold like the first, because it can fill a functional role. By virtue
of its designability, this fold will maintain a useful structure even while its under-
lying sequence accumulates mutations. All else being equal, this fold will come to
dominate the population.

The example above assumed that selection acts on structure as a trait in and of
itself. Hence, many mutated variants of the third fold were assumed to be selec-
tively neutral, simply because they result in the same structure. Selection will also
act on a protein’s function, which may be more sensitive to specific changes in the
underlying sequence. As noted above, we have employed structure as a surrogate
for function, but in reality both features are important. Protein structural prop-
erties are more easily generalized than functional properties, and so the former
feature tends to be more amenable to theoretical treatments.

3.3 Theory: evolvability
We can also view the genotype-phenotype (sequence-structure) relationship from
the perspective of evolvability. Simply put, evolvability is concerned with the
generation of new phenotypes from existing phenotypes—a phenomenon that
is central to the evolution of species [25]. This is in stark contrast to designabil-
ity, which stressed the importance of maintaining a single phenotype—avoiding
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change. Change, however, is at the heart of evolution. How does evolvability, and
hence change, relate to the sequence-structure relationship?

Let us consider another hypothetical world for illustrative purposes. There
are two dominant folds in this world, both of which result from many-to-one
sequence-structure mappings. If we were to sample populations of either fold,
we would find that its underlying genotypes were widely varied. We can say
that these genotype sequences belong to the fold’s neutral network—the set of all
genotype sequences which produce the fold [26]. Mutating from one genotype to
another within the neutral network does not change the phenotype, an example
of neutral evolution. The two folds will differ in terms of their evolvabilities.

To understand what this means requires an understanding of the relationships
between neutral networks. Some mutations in a given sequence result in a new
sequence that remains within the neutral network of the original; other mutations
result in a new sequence which belongs to a different neutral network. Mutations
of the first type do not result in a change of phenotype (the fold remains constant),
while mutations of the second type produce a new phenotype (the fold changes).
We are interested not only in the frequency of mutations that leave a given neu-
tral network, but also in the distribution of new networks in which they land. Do
the new mutations always lead to another single network, or one of an ensemble?
This information allows us to establish notions of closeness between neutral net-
works, and this is the essence of evolvability. A neutral network which is close to
other neutral networks is evolvable—its genotypes have the potential to mutate,
producing new genotypes with potentially innovative phenotypes. Conversely,
an isolated neutral network is not evolvable. These ideas have been extensively
tested in the context of the RNA sequence-structure relationship [27–29], in which
the size of neutral networks and transition frequencies can be readily computed.
The underlying theory, however, is applicable to the mapping between protein
sequences and structures.

Returning to our example, assume that the neutral network of the first fold is
close to those of several other folds, while the neutral network of the second fold is
relatively isolated (surrounded by the neutral network of unfolded proteins, per-
haps). Now assume that a change in the environment occurs causing both folds to
be heavily penalized by selection. In our model, the new environment acts as an
agent of selection, but does not affect the genotype-phenotype relationship (hence,
the neutral networks do not change). The descendants of proteins in the second
neutral network are doomed—their mutations cannot produce an innovative so-
lution to the new environment. For the first neutral network there is hope—some
of the genotypes here are likely to mutate into the neutral networks of other folds,
one or more of which may fair better in the new environment.

3.4 Modeling structure and evolution

Direct observation of these theoretical forces in action is difficult due to the long
timescales over which evolution operates. Ideally we would be able to model an
accelerated version of this process using computers, but there are difficulties in-
herent to this as well. The mapping from sequence to structure (protein folding)
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is a spontaneous, natural process in living cells, but a major challenge in simula-
tion. The ability to generate an accurate 3D structure of a protein by computation
alone given only its amino acid sequence is the essence of the protein folding problem
[14,30]. Despite massive amounts of work in this area, we still lack a general effi-
cient solution.

Instead, physical models of protein evolution are usually conducted using sim-
plified representations of proteins (such as strings of balls woven through a regular
lattice) [31,32]. While these models obviously represent a gross simplification, they
capture some of the physical and geometric constraints governing the sequence-
structure relationship in real proteins. Results obtained in these simulations tend
to be more relevant than those derived on a purely conceptual basis; the cost in
terms of computational complexity is also greater. For simple models, the entire
space of genotypes and phenotypes can be sampled [33], something that will likely
never be possible for real proteins. Adding sophistication to these models boosts
the biological relevance to their findings, but often at considerable computational
costs [34–36].

Lattice models have generated a variety of interesting results, relevant to both
the protein folding problem and the relationship between protein structure and
evolution. The distribution of sequences in a neutral network has been explored as
a function of the mutational and selective pressures on the corresponding fold [37,
38]. Similar approaches have concluded that evolution selects for sequences which
can rapidly adopt their final structures [39,40]. Simulations also tend to predict
small sets of dominant protein folds [24]—a result which matches our observa-
tions about the real world. The dominant simulated structures are shown to be
both highly designable and thermodynamically stable, implying that a causal
relationship may exist between these two quantities [18]. Whether or not these
observations are generally true for real proteins is not known. The most convinc-
ing research in this area is able to pair model-based predictions with observations
in a sample of real proteins. For further review of work in this area see [33].

The relationship between designability and evolvability is another area of in-
terest currently being studied with model-based simulations [41,42]. Designable
structures are advantageous because they are robust against change. Evolvable
structures are advantageous because they have the ability to innovate. Do these
forces oppose one another in evolution, or is there a hidden synergy between
them? Lattice-based models have been used to explore the relationship between
the evolution of new functions and the maintenance of stability, which is con-
ceptually related to the designability/evolvability paradox [43,44]. While these
two objectives are antagonistic under some circumstances, a period of enhanced
selection for stability can promote subsequent gain of function. Other modeling
approaches have also shown that evolvability is itself a selectable trait, favorable
in times of rapid environmental change [45].

Clearly theories and models exploring the role of structure in protein evolution
produce a wealth of fascinating ideas, many of which are supported by intuition,
real world examples, and consistency with physical laws. However, observations
on the role of structure in evolution which begin with real proteins in the natural
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world are—almost by definition—the most relevant. Our focus now turns to these
observations.

4. EMPIRICAL RESULTS: SINGLE PROTEINS

4.1 Approaches

Some of the most intriguing observations about natural proteins involve the re-
lationships between explicit physical parameters (e.g., solvent accessibility) and
evolutionary rate. While it is common to think of conceptual “forces” which
influence evolution, these relationships hint at true physical forces that gov-
ern the allowable changes in proteins. All of these analyses are based on real
world sequence data and structures, and thus their results are highly relevant.
The structure of real proteins can be determined using X-ray crystallography or
NMR techniques [46,47]. These procedures are time consuming and have low
throughput, but provide extremely precise (to within angstroms) 3D glimpses
at the structures of real proteins. The RCSB Protein Databank, a major reposi-
tory for this information, contains over 50,000 structures (as of 10/14/2008) [48].
This is a lot of data, but it pales in comparison to the millions of protein cod-
ing sequences contained in the BLAST database [49]. Therefore, another common
strategy is to build models based on known structures and use these to pre-
dict physical features of the sequences whose experimental structures are not
known. Both the real and inferred structural parameters can be explored at a
variety of scales; from smallest to largest these include: individual residues, sec-
ondary structure motifs, protein domains, whole proteins, protein complexes, and
protein networks. We reserve discussion of the last two topics for the next sec-
tion.

4.2 Physical properties

One of the oldest observations linking protein structure to evolution involved
the influence of solvent exposure on residue mutations. The homologous pro-
teins hemoglobin and myoglobin, whose atomic structures had been solved by
1965, were observed to differ far more dramatically on their surfaces than in
their cores [50]. This has since become a well known general feature in protein
evolution. Several recent studies have reexamined the situation using large se-
quence and structure datasets [7,51–53]. These studies universally support the
notion that buried residues in a protein’s core are under tighter constraint, and
therefore evolve more slowly. A protein’s core—and hence, buried residues—play
an important role in stabilizing its folded structure. It is therefore believed that
mutations in the core may result in structure destabilization, potential misfold-
ing, and a consequent loss of fitness. How do things change when we consider
the solvent accessibility of full proteins (rather than residues in a “protein free”
context)? The “functional density hypothesis,” proposed in 1976, states that the
selective constraint that a protein experiences should be proportional to the frac-
tion of its residues involved with its function (e.g., catalytic activity) [54]. Although
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proper folding is not typically thought of as a “function” of a protein, if the protein
does not fold or folds improperly, then its conventional functions will certainly be
impaired. A modified “fitness density hypothesis” posits that a protein’s rate of
evolution should be constrained by the fraction of its residues that, if mutated,
would result in a significant loss of fitness [5,11]. Buried residues would certainly
seem to be among this fraction.

Intuition therefore suggests that a protein’s evolutionary rate should scale with
the fraction of its residues that are buried (or inversely with the fraction of solvent
exposed residues). A study by Bloom and colleagues reported an opposing trend:
proteins with a large fraction of buried residues seem to evolve more rapidly [7].
Their explanation is that proteins with large, stable cores have greater freedom to
accumulate surface mutations, and that these mutations significantly elevate the
overall rate at which the protein appears to be evolving. This study also considered
the effect of atomic contact density on evolutionary constraint. Solvent exposure
and contact density convey similar information about the three dimensional struc-
ture of a protein, and hence correlate well with one another. The Bloom et al.
results regarding contact density are consistent with their solvent exposure find-
ings: proteins with higher average contact densities appear to be evolving faster.
This result is particularly interesting in light of a proposed relationship in which
proteins with high contact density are also more designable [55]. Because struc-
tures with high designability have a large sequence space to explore, we might
expect them to demonstrate accelerated evolution at the sequence level (as this
study has found).

A subsequent study by Lin and colleagues considered both known and pre-
dicted exposure patterns in proteins with variable alignment lengths [51]. They
conjecture that restricting an analysis to proteins with large alignment lengths—
as was the case in the Bloom et al. study—biases results against disordered
proteins, which tend to have smaller alignment lengths. Their results for pro-
teins with smaller alignment lengths demonstrate a positive correlation between
the percent of residues predicted to be solvent exposed and evolutionary rate.
Results for proteins with larger alignments were consistent with the Bloom
et al. findings, using either predicted or known percent exposure. The Lin et
al. study makes the general observation that “proteins with a high [percent-
age of exposed residues] may evolve slowly or fast, whereas proteins with a
low [percentage of exposed residues] almost always have a low evolutionary
rate” [51]. Their conclusions stress the importance of fitness density in constrain-
ing evolutionary rate, a force which opposes designability-driven sequence diver-
gence.

4.3 Constitutional properties

Although solvent exposure gets the most attention as a driving force in protein
evolution, it is not the only physical parameter to be studied in this context. Mul-
tiple studies have considered the role of protein sequence length in evolution
(which corresponds to the final size of the folded protein) [7,56]. Simple organisms
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have evolved with a strong evolutionary pressure for reduced genome size, which
may have evolutionary implications for protein sequences [56]. A significant pos-
itive correlation between length and evolutionary rate does appear to exist, and
it is much more pronounced in short proteins (less than 250 amino acids). Study-
ing protein length also provides a good example of the complexity inherent to
isolating determinants of evolution. Although length appears to correlate with
evolutionary rate, it is also known to be correlated inversely with expression [56]
and directly with contact density [7,56] (both of which are determinants of evolu-
tion in their own right). Carefully controlling or isolating individual factors can be
a challenge, even with advanced statistical techniques.

A protein’s amino acid composition should also be considered as a poten-
tial determinant of evolutionary rate. It is well known that mutations between
amino acids do not occur with equal frequencies. For example, mutations that
swap one hydrophobic residue for another are commonly observed, suggesting
that these mutations are neutral or only slightly deleterious. In contrast, mutations
between hydrophobic and hydrophilic residues are far less common, suggesting
that such transitions are generally disfavored by selection. These types of ob-
servations are the basis for amino acid substitution matrices, such as PAM [57]
and BLOSUM [58], which are key components of sequence alignment and other
bioinformatics algorithms. Recent work has shown that the space of acceptable
mutations widens with protein divergence; this result applies to both general pat-
terns of substitution as well as the specific requirements in buried versus exposed
regions [52]. An early analysis using a small set of sequences suggested that the
evolutionary trajectory of a protein could be inferred based on amino acid com-
position alone [59]. A more recent study with a much larger dataset rejected this
hypothesis, concluding that amino acid composition contributes only weakly to
predictions of evolutionary rate [60]. Thus, as was the case with solvent exposure,
properties at the residue level do not necessarily translate directly to whole pro-
tein behavior. As far as evolution is concerned, proteins appear to be more than
just a sum of their parts.

The next level up in protein organization involves secondary structures
motifs—small structural elements that show up repeatedly within many differ-
ent protein folds. Well-known examples include helices, strands, loops, and turns.
Work in yeast has shown that the secondary structure composition of a protein
does not appear to influence its evolutionary rate [7]. However, in a study of mam-
malian proteins, residues in helices and strands were shown to evolve more slowly
than those in the less ordered loops and turns [53]. This last result highlights an-
other apparent influence on evolution: molecular disorder. Disordered regions of
proteins are generally known to evolve more rapidly than their ordered counter-
parts [61]. Our discussion to this point has assumed that a useful structure and a
stable fold are synonymous—this is not necessarily the case. In fact, many proteins
perform functional roles in the cell despite the fact that they, either in whole or in
part, fail to achieve a fixed three-dimensional fold [62]. The fact that these proteins
also appear to experience relaxed selection raises interesting questions about their
evolutionary potential.
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4.4 Protein domains

Protein domains, the next level up in the hierarchy of protein constitution, are
important enough to warrant a separate discussion. Domains can be defined
based on function, structure, or sequence characterization; in many cases the dif-
ferent approaches are compatible. We naturally adopt a structure-based defini-
tion: a protein domain is a spatially distinct structure (or structural component)
that could conceivably fold and function in isolation [63]. Some proteins con-
sist of a single domain, while others are composed of multiple domains each
folded separately from a subsection of the underlying amino acid chain. To this
point, our notion of the genotype to phenotype relationship has been protein se-
quence → protein structure. Given the discrete spatial nature of domains, protein
subsequence → domain would be an equally valid definition. In fact, the notion
of a protein fold (as in, “this fold is highly designable”) translates naturally to the
protein domain concept.

To our knowledge, “domain constitution” of a protein has not been considered
as a determinant of evolutionary rate. This results from the fact that domains are
large, discrete units of proteins, unlike fine scale properties like buried residues or
secondary structure elements. Instead, domains are typically considered as evo-
lutionary targets in their own right [64]. Domains share a natural history that
is similar in many ways to the phylogenies describing evolution at the level of
whole organisms [63]. Many modern domains are thought to have evolved and
radiated from lineages of ancestral domains, which were in turn derived from pri-
mordial protein folds. Domains without a shared evolutionary history may have
also acquired similar structures due to convergent evolution [65]. Note that this
is highly compatible with notions from designability theory. Classifying domains
based on these principles is the primary mission of databases such as Pfam [17],
CATH [66], and SCOP [15]. Some relationships between domains can be inferred at
the sequence level, but owing to the many-to-one mapping of sequences to struc-
tures, structure comparison methods are often critical for describing connections
between domains from distantly diverged proteins.

The discrete nature of domains has played an important role in protein evo-
lution. After the evolution of a handful of primordial domains, many new func-
tions could be efficiently evolved through their combination and permutation [67].
This process is facilitated by genomic evolution, in which pieces of genetic ma-
terial (such as those encoding amino acid subsequences responsible for protein
domains) are readily duplicated, fused, shuffled, and deleted [68]. In cases of do-
main duplication, while the original template continues to fill its role in the cell,
the duplicate has the freedom to explore sequence and structure space, possi-
bly acquiring new functions in the process [64]. The distribution of domains and
proteins produced in this process follows power law behavior [69,70], which is
emerging as a common trait among large scale biological systems. While inter-
esting, genomic perspectives on domain evolution take us too far afield from our
structural focus.
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4.5 Function

As mentioned in the introduction, it has been suggested that a protein’s func-
tional classification is generally not a good predictor of its evolutionary rate [6].
However, some basic functional attributes of a protein certainly have important
structural and evolutionary implications. For example, Kimura and Ohta demon-
strated as far back as 1973 that residues involved with binding the heme group in α

and β globin (the protein constituents of the hemoglobin molecule) evolve at one
tenth the rate of the background structure [71]. Residues like these contribute to a
protein’s functional density and hence to the revised fitness density as well. Unlike
structural properties that are common to many (or all) proteins, structure-function
properties tend to be highly specialized, and are better reviewed on a case-by-case
basis. A great deal of literature linking specific structure-function relationships to
evolution is available for the interested reader.

5. EMPIRICAL RESULTS: HIGHER ORDER PROPERTIES

5.1 Interfaces

We begin our discussion of higher order structural properties with a final sin-
gle protein property: interfaces. Although interfaces are properties of the unique
protein structure to which they belong, they form a variety of interesting larger
structures—each with evolutionary significance—when we consider them to-
gether. Interfaces are intimately linked with the notions of solvent accessibility
and burial discussed previously, and several studies have investigated both si-
multaneously. We consider this to be a preferred approach, as interfacial residues
and surface area (and their evolutionary contributions) will be wrongly counted
as exposed residues and surface area when proteins are considered independently.

An early study of the cytochrome c protein structure revealed that some por-
tions of the surface seemed to be experiencing unusually high functional con-
straint [72]. These surface residues were determined to be sites of interaction
with other proteins (interfaces). Subsequent studies have generally supported
the notion that interfacial surfaces are more conserved than the remainder of
the protein’s solvent-exposed surface, and slightly less conserved than the pro-
tein’s core [73]. Substitutions that do occur in the interface are heavily skewed
toward more conservative changes [53], as defined by the Grantham classifica-
tion scheme [74]. Exploiting the difference in evolutionary rate between interfacial
and non-interfacial sections of a protein’s surface has been proposed as a means
by which to identify interfaces in newly characterized proteins; this has proven to
be difficult in practice [75].

The notion that evolutionary rate of an “average interface” is intermediate to
those of buried and solvent-exposed portions of a protein seems very intuitive.
Interfaces will likely spend at part of their lives in a buried state (when interact-
ing) and another part in a solvent-exposed state (when not interacting). One might
therefore expect the rate of evolution at an interface to scale inversely with the pro-
portion of time that it is active; indeed, this is precisely what has been found [76].
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Evolutionary rate among residues belonging to transient interfaces is significantly
higher than for those found in constitutive (permanent) interfaces; rates for both
are intermediate to those of buried and solvent-exposed residues. Decreased evo-
lutionary rate at constitutive interaction sites may also reflect specific structural
constraints imposed by the protein’s interaction partner [76]. This represents a case
of coevolution between protein structures, an instance of a higher order structure-
evolution relationship.

5.2 Protein–protein interaction networks

Studying the topological structure (not to be confused with molecular structure) of
protein–protein interaction networks is a hot topic in systems biology research. In
such a network, proteins are represented as vertices, and interactions between pro-
tein pairs are represented as edges. For our purposes, interactions can be thought
of as direct physical connections between the involved proteins (such as those me-
diated by interfaces); other common notions of protein–protein interactions exist
that are equally important, but they lack structural significance. Interactions in
these networks tend to follow a power law distribution, such that a small number
of proteins have a very high degree (many interactions) and a large number have
a very low degree (few interactions) [77]. Proteins with many interaction partners
(hubs) tend to be essential and evolve slowly; whether or not there is a functional
dependence between the number of a protein’s interaction partners and its selec-
tive constraint has been a topic of contention [78]. Integrating network topology
with expression data has also shown that hub proteins can be divided into two
classes based on the timing of their interactions:

(1) party hubs, which interact with several partners simultaneously, and
(2) date hubs, which interact in a “one-partner-at-a-time” fashion [79].

The importance of integrating structural information into biological networks
has been recognized [80], but relatively few studies have actually taken this leap.
One such study related the number and extent of interfacial surfaces on a protein
to its behavior in a network [81]. This approach allowed hubs to be partitioned into
multi-interface and singlish-interface classes, which act as structural analogs of the
temporal party and date hub classifications, respectively (note: singlish implies 1 or
2 interfaces). While singlish-interface hubs can evolve a new interaction through
duplication and divergence of a partner, new interactions in multi-interface hubs
necessitate the creation of a new binding interface. Finally, the study concludes
that the extent of a protein’s surface area involved in interactions is a better predic-
tor of evolutionary rate than its number of interaction partners, in agreement with
previous proposals [82]. Other efforts have directly employed structural informa-
tion in network construction. We mentioned previously that it is difficult to predict
interfacial components of a protein’s surface based on conservation alone. Another
structural approach to interaction prediction involves the consideration of pro-
tein domains [83]. Recall that domains are large subsections of proteins, typically
with well conserved, discrete structures. Imagine that Domain A in Protein 1 and



Author’s personal copy16 E. Franzosa and Y. Xia

Domain B in Protein 2 are found to physically interact. Protein 3, having uncharac-
terized interaction potential, is found to contain Domain B, either by structure or
sequence comparison. It is reasonable to hypothesize that an interaction between
Protein 1 and Protein 3 may occur in the cell. Networks based on domain inter-
actions have been created following this logic with great success [84,85]. These
networks further highlight the importance of structural modularity in the evolu-
tion of single proteins and protein networks. Returning to the example, while it
is possible for Proteins 1 and 3 to interact on the basis of conserved domain rela-
tionships, this interaction is not a given. Conserved domain pairs that violate this
assumption are common, and typically only differ by a few surface mutations;
these subtle changes are enough to dramatically decrease the stability of the inter-
action [86].

Disordered (unfolded) regions of a protein are known to perform important
biological functions, in spite of relaxed constraint on their three dimensional struc-
tures. It has been shown that hub proteins, which are believed to be constrained by
coevolution with their interaction partners, are also more likely to feature intrinsic
disorder [87]. This provides another example of a pair of deterministic forces in
evolution with a paradoxical relationship. A recent work by Kim et al. addresses
this issue by considering the precise physical context of disordered regions that
occur in interacting proteins [88].

5.3 Protein complexes

Proteins seldom perform their functions in isolation. Either for the purpose of
building multi-component architectural structures or streamlining functions, pro-
teins are often grouped in space as complexes. This higher level structure is
metaphorically similar to the way in which domains are grouped to build more
sophisticated individual proteins. Note however that the combination of discrete
proteins into complexes is a purely physical process, whereas domains are linked
both physically and genetically by the underlying protein sequence. This first def-
inition of a protein complex is generally given to groups of proteins which all
interact constitutively. Complexes in this sense are analogs of the party hubs in
expression-based networks and multi-interface hubs in structure-based networks.
Evolutionary insights about these hubs are equally applicable to complexes, and
vice versa.

One of the interesting connections between evolution and structure in com-
plexes relates to the balance hypothesis, as described by Papp et al. [89]. This hypoth-
esis states that changes which affect the proportions of complex-forming proteins
in a cell will be deleterious, and hence purged by selection. A reduction in avail-
ability (either whole or partial) of a complex component limits the number of
complete complexes that the cell can build, which may have obvious fitness con-
sequences. Perhaps less intuitive is the fact that an over-available component may
also represent a fitness loss, either by disrupting the kinetics of proper structure
assembly, or by carrying out some “unsupervised” activity in its lone state. Thus,
evolution acts to maintain fixed stoichiometry among the components of impor-
tant complexes. It is possible, however, for the genomic segment encoding the
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entire complex to be duplicated, as in this case the stoichiometry among complex
components is maintained.

6. SUMMATION

The role that structure plays in protein evolution is evident on many scales. Sin-
gle residues feel differences in selective constraint according to the extent of their
solvent exposure. Whole proteins have a freedom to diverge that varies with the
degree of disorder in their native structures. Cassettes of independent structures
evolve together in order to maintain strict interaction proportions. These are exam-
ples of observations that have been made by considering real protein structures.
Above this level there exists an armamentarium of theory and models to describe
the structurally significant trends or events in protein evolution that we have not
yet been able to observe directly. Much has been learned, and much remains to be
discovered. Several ideas will motivate future work at the interface of structural
and evolutionary biology.

(i) More atomic level structure data is needed. While few would scoff at the
set of structures available in current databases, this represents only a minute frac-
tion of the proteins present in nature today. We have a notion that a small set of
structures is likely to be dominant among the protein universe. This notion lends
itself well to summary and classification, but not to exhaustive description of the
protein universe. As we saw in the case of domain interactions, the difference of
a few amino acids in otherwise identical folds can be enough to significantly dif-
ferentiate their behaviors. Advances in structure determination methods will be
useful for increasing the pool of solved lone and complexed protein structures,
which can then be pipelined into theoretical and empirical studies.

(ii) New ways of considering structure must be developed. Protein structures
mediate biological function, and their evolution is shaped by that relationship. Ap-
proaches that integrate structural information into biological analysis, particularly
analysis at the systems scale, will produce a more complete picture of the mech-
anisms that drive living organisms. Also implicit in this idea is a need for new
methods to describe structures. Designability, evolvability, and fitness density are
significant quantitative structural measures that influence a protein’s evolution.
How to precisely define and determine quantities such as these in real proteins
remains an open question.

(iii) Theoretical and empirical results must keep pace with one another. We
have a wealth of theoretical ideas concerning structure-evolution relationships.
While many of these are very intuitive and have a “sense” of relevance, true rel-
evance must be earned through explorations in real world systems. Advances
in modeling of the sequence-structure relationship—e.g., progress made in the
protein folding problem—will facilitate more realistic in silico models of protein
evolution. Better integration of available data and directed laboratory evolution
experiments will also aid in this goal. From the opposite perspective, theoretical
treatments of structural (and other) determinants of protein evolution must be ad-
vanced to better handle the wealth of data available to them. Thus far, the inherent
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noise and vast interconnections among these biological variables have proven to
be worthy adversaries to state-of-the-art analysis methods.

Current work in protein design and directed evolution promises to produce
exciting new discoveries at the interface of structure and evolution. These ap-
proaches seek to simulate the evolutionary processes we have discussed here in
a laboratory context, providing researchers with a realistically short evolutionary
timescale (the advantage of theoretical work) and the relevance of working with
real proteins (the advantage of empirical observation). For further review of these
approaches, see [90,91].

With continued progress toward these research objectives, we expect that our
knowledge of biology and evolution will continue to strengthen in the light of
molecular structure.
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