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Summary

Protein interactions give rise to networks that control cell fate in health and disease; selective
means to probe these interactions are therefore of wide interest. We discuss here Evolutionary
Tracing (ET), a comparative method to identify protein functional sites and to guide experiments
that selectively block, recode, or mimic their amino acid determinants. These studies suggest, in
principle, a scalable approach to perturb individual links in protein networks.
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INTRODUCTION

Protein interactions are an emerging frontier for therapy because they underlie all aspects of
cellular activity [1]. They organize cellular components into complexes, macromolecular
machines, cellular pathways and biological networks that sustain development, growth and
homeostasis. Upon disruption, deregulated interactions can lead to amyloidosis, to cancer, or
to many other ailments [2].

Unfortunately, such disruptions are common and diverse. A survey of deleterious protein
mutations recently suggested 65 diseases likely caused by a gain, or loss, of specific protein-
protein interactions (PPI) [3]. Moreover, in a complex disorder such as ataxia, the same
disease may arise in different individuals from defects in different interconnected proteins
[4]. Therapies directed to a single specific protein may thus fail. This realization, plus the
slow rate of new drug development relative to the rapid expansion of biological knowledge,
make a case for a network approach to medicine [5], namely, discovering the components of
a disease process; elucidating their interactions; diagnosing those at fault; and developing
flexible therapeutic tools to counter their abnormal interaction. This review focuses on the
last step in this process: approaches to understand the molecular details of protein functional
sites in order to gain control over them [6].
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ANALYSIS AND PREDICTION OF FUNCTIONAL SITES

A first step to manipulate a protein interaction is to characterize the amino acids that control
it and which, together, define a functional site. Many different approaches try to detect
various types of sites: for catalysis [7], for binding small ligands [8], for macromolecules
[9], or sites and amino acids that control functional specificity [10]. Nearly all these
approaches search a protein structure for features typical of a functional signature. This
includes geometric searches for ligand binding pockets and clefts [11,12], chemical titration
models to identify catalytic residues [13]; and energy calculations to identify ligand binding,
or “hot spot”, residues [14-16]. Other approaches focus on evolutionary conservation such
as Consurf [17], siteFiINDER3 [18], INTREPID [19], and Joint Evolutionary Trace (JET)
[20], often related to Evolutionary Trace (ET) [21-24].

In turn these features can be combined to increase the accuracy of searches. DISCERN, for
example, identifies catalytic residues from their structural clustering and conservation [25],
and many other methods search for surface cavities that exhibit sequence conservation in
order to detect potential small ligand sites [8,26]. The PPI-pred server focuses on protein-
protein interfaces [27]; it is a machine learning method that optimizes predictions by
combining structural information, surface features, evolutionary information, and residue
composition. FINDSITE is a threading based method for ligand binding site prediction [28].

To compare these many different functional site prediction methods is desirable but not
straightforward. Ultimately, this is an experimental task that must be tailored to the problem
at hand. Arguably, residues beyond a catalytic site can define its activity [29] and thus could
be part of it; conversely, not all PPI residues are energetically important to an interaction
[30] so that the elements of an interface may not all contribute to it equally, or even
significantly. Moreover, there are distinct approaches to define an interface. They agree
broadly but can differ in details: some approaches are based on proximity between chains
[31], and others are based on surface buried away from the solvent [32] or on pure geometry
[33]. More problematic, gold standard mutational studies are themselves limited in the
number of substitutions and assays that probe the biological role of sequence position.
Finally, while some amino acids are important for structure rather than function [34,35], it is
clear that the former are a main cause of deficits in the context of human genetic variation
[36]. These observations suggest that stringent tests of functional site and residues
predictions might focus on whether they are necessary and sufficient for function: (a) can
they guide protein function redesign experiments efficiently; and (b) can they predict protein
function based on residue similarities?

REDESIGN OF PROTEIN INTERACTIONS

Functional site redesign strategies are distinct from larger transfer of sequence segments that
form modular protein chimeras [37]. Rather redesign means to target, or graft, the amino
acids of a functional epitope to modulate function [38,39]. Often the focus of these
experiments is on controlling the character of an interaction.

Some studies manipulate a protein to raise its affinity [40]. In calmodulin, affinity with
CAM-dependent protein kinase 11 was increased 900-fold [41]. The method requires a
reliable structure as a starting point and knowledge of the actual site meant for redesign. The
strategy is then to increase the hydrophobic surface area of the binding site, and assess
whether this is likely to increase binding energy while maintaining a stable structure as
determined by energy, and protein models, from Rosetta [42] or CHARMM [43]. Binding
affinity may increase as much as 10-fold by replacing a single polar residue with a
hydrophobic one, or small hydrophobic residues by larger ones [44]. Strikingly, MHC
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peptide binding to its T Cell receptor improved nearly 100-fold by several single point
mutations that each alone improved affinity six-fold or less [45]. Thus increasing the overall
hydrophobicity of the interface synergistically improved affinity.

Other studies aim to redesign specificity, either at protein-ligand binding sites [46] or at
protein-protein interfaces [47-50]. Thus, some enzymes have been rationally redesigned to
be active with a particular substrate [51,52]. Typically, this entails mutations that: increase
electrostatics complementarity to the desired ligand (positive design); decrease the fit to
undesired ones (negative design); and maintain stability in the original structure [53]. A
challenging example of negative design developed target-specific peptides for 20 bZIP
families, this despite the high similarity in sequence and structure of these proteins [54]. The
method, CLASSY, systematically explored positive and negative designs. To gain
efficiency, the group combined linear programming to optimize energy calculations and a
cluster expansion to convert the structure-based problem to a sequence-based one. In 40 of
the 48 cases, the new peptide bound the intended target while losing binding to undesired
competitor targets.

Of note, these protein redesign methods are typically not closely linked to functional site
predictions. Instead they exploit a priori knowledge of a known complex to focus on contact
residues and compute potential gains in affinity or specificity based on energetics, taking the
functional site for granted. Comparative methods such as the Evolutionary Trace, however,
frequently link both together.

EVOLUTIONARY TRACING

The Evolutionary Trace aims to guide experiment to the amino acids involved directly in
protein function [21]. It does so by ranking the impact of each sequence position on
evolutionary divergence, as illustrated in Figure 1. Conceptually, ET mimics experimental
mutational scanning. Whereas, in the laboratory, a sequence residue is “important” when its
mutation changes the response of an assay, here ET assumes a residue is (more or less)
important when its variations correlate with (greater or lesser) evolutionary divergences
[21]. Unlike conservation-based methods, ET information depends crucially on the
evolutionary branching pattern, every split being interpreted as a functional divergence.

Critically, top-ranked ET residues are far from being random: they typically cluster together
spatially in the protein structure, and these clusters map out functional sites. The structural
clustering (for example at, but not restricted to, the 30th percentile-rank) was statistically
significant in nearly all of the 46 proteins tested with diverse functions [55]. And this could
then can be quantified statistically on a large scale, and in closed form, by a clustering z-
score: the distance between the observed clustering pattern and the one expected by chance,
expressed in units of standard deviation [56]. In turn, the surface clusters of top-ranked
residues overlapped known functional sites significantly more than expected by chance, as
seen retrospectively in 79 diverse proteins [57], or in prospective case studies [58,59].

The clustering and biological relevance of evolutionary important residues are tightly
interconnected and general features of sequence, structure and function. First, structurally,
the better top-ranked residues clustered in decoy models of protein folds, the closer these
models were to the native fold [57], an observation that was independently verified [60].
Likewise, functionally, the more top-ranked residues clustered in the structure, the better
these clusters predicted functional sites—a correlation tested in over 50 diverse proteins [61].
Although the structural resolution was not sufficient to guide protein folding usefully, it
does provide a feedback mechanism to improve functional site predictions [62]. Together,
these studies show that ET predictions are non-random; their reliability is quantified through
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a measure of confidence, the clustering z-score; they identify functional sites in retrospective
controls; and they are widely applicable to the structural proteome.

APPLICATIONS TO PROTEIN REDESIGN

Besides these retrospective controls, laboratory studies extensively tested whether ET
information could guide experiments to perturb protein interactions. A simple test was to
selectively separate functions in multifunctional proteins by targeting point mutations to top-
ranked amino acids [59,63-65]. In one instance, the Ku heterodimer, ET-guided experiments
that produced in months many more separation of function mutants than a multi-year
experimental screen in yeast, and which showed that the site mediating double-strand break
DNA repair and telomere maintenance segregated to opposite ends of the Ku structure,
thereby clarifying how these antagonistic functions could coexist in one complex [66].

In a second type of perturbation, manufactured peptides copy the molecular determinants of
a binding site and then compete with or substitute for a native interaction [67]. In one case, a
helical peptide engineered to mimic the most important residues of a new binding site
suggested by ET disrupted function [68]. Although peptides have non-traditional
pharmaceutical profiles, much work aims to increase their delivery and stability [69] and,
clearly, they can be effective at disrupting critical pathways, such as Notch signaling [70].
Moreover, the preponderance of protein-peptide interactions, estimated to form 15-40% of
all interactions within a cell [71], makes this approach a rich potential source of new
molecular perturbing agents.

A third type of network perturbation rewires an interaction to a different function [6]. Since
ET explicitly points out which residues are important and how they vary from branch to
branch of the evolutionary tree, this provides, in principle, a protein family-specific cipher to
recode function among protein homologs by swapping their cognate top-ranked residues
[72]. This hypothesis has been extensively tested and led, in vitro, to swapped activity or
binding [73,74], and, in vivo, to adapt a frog proneural transcription factor to a fly
environment, and vice versa [75].

These different examples of functional perturbation demonstrate that bona fide predictions
could be repeatedly validated in a variety of different experimental systems and laboratories.
Of note, all these examples focused so far on functional residues at, or near a protein
surface. A fourth type of network perturbation can also target the internal components of a
protein structure.

G PROTEIN SIGNALING APPLICATIONS

About 30% of current drugs target G protein-coupled receptors (GPCRs) [76] or their
associated protein network. ET was created specifically to study this pathway, which
underlies smell, taste, vision, pain and much of endocrine and autonomic pharmacology.
One goal is to identify and then rationally modify the molecular basis of signaling to identify
novel possible therapeutic targets. Thus, following the same type of protein redesigns as
above, separation of function mutations in the receptor [77], Ga [59], and Regulator of G
protein Signaling (RGS) [74] validated prior predictions of interaction sites for export,
receptor coupling [58], and downstream effector activation [65], respectively. Functional
rewiring was demonstrated in the RGS case by switching top-ranked cognate residues
among homologs [74]. And a peptide designed to mimic the top-ranked residues of a novel
site in G protein receptor kinases impaired GPCR phosphorylation, confirming a role in this
interaction [68]. All these studies target top-ranked ET residues at, or near, the surface of the
protein.
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However, evolutionary analysis can also inform the internal mechanisms of a protein. A
trace of visual rhodopsins versus the broader set of rhodopsin-like GPCRs identified two
separate structural subdomains buried in the core of the seven-helical transmembrane bundle
[78]. The first one, unique to rhodopsins, was a putative ligand-specific binding site. The
other one, common to all GPCRs, was a putative evolutionary conserved allosteric pathway
that, over a distance, transforms ligand binding into effector activation. As predicted, point
mutations to these sites then respectively impaired ligand binding or caused constitutive
activity [78]. Moreover, three mutations in the allosteric pathway near the G protein
coupling site blocked G protein signaling but kept the B-arrestin signaling intact [79]. These
studies highlight the existence of functional modules within the structure and how they may
be exploited to effectively sever just one of the two signaling branches efferent from
activated receptors. More recently, related work investigated the correlations between
sequence positions within a protein family and found similar structure-function partitioning
of the protein into groups of residue positions referred to as “protein sectors” [80]. This
analysis was extended to the S1A serine proteases and found mutations of the individual
“protein sectors” lead to different effects focused either on catalytic power or thermal
stability.

To test further how well such evolutionary modules guide protein engineering, and to
understand the origin of ligand-biased signaling, whereby different ligands signal via G
proteins or B-arrestin to different extents, a study swapped top-ranked ET residues from the
putative common allosteric pathway between two antagonistic psychoactive receptors, those
for serotonin and dopamine [81], Figure 2. All single point mutants were expressed and
bound normally to a bioamine antagonist. Strikingly, all of them also exhibited altered
binding or signaling, by either dopamine or serotonin, and these effects were mostly
separable or even paradoxical. Notably, four mutants significantly enhanced serotonin
response without increasing serotonin binding. And two of these four mutants had decreased
dopamine signaling, even though dopamine affinity was as good or better than in the wild
type receptor.

This independent reprogramming of binding and of signaling from dopamine to serotonin
highlights allosteric specificity, namely, the pathway itself can determine which bound
ligands signal, separate of binding site affinity. Moreover, the key determinants of the
allosteric pathway can be traced evolutionarily and then recoded, one top-ranked ET
residues at a time—-much as the tumblers of a lock are rekeyed. Presumably, during
evolution, single mutations constantly change ligand affinity, effector biases, or the wiring
between them, and thus probe alternative wiring at GPCR network nodes. In practice, many
of the key residues surround structural waters, as shown in Figure 2, suggesting a potential
site where a drug could influence ligand-biased signaling [81].

FROM DETERMINANTS TO LARGE SCALE FUNCTION PREDICTION

Case studies such as these are informative, but they cannot prove that a method is broadly
applicable. To do so would require that functional determinants be identified and shown to
be predictive of function—on a proteomic scale. A simple example is the Serine-Histidine-
Aspartate catalytic triad, a three amino-acid structural motif often sufficient to identify
proteases [82]. More generally, methods to annotate the unknown function of the novel
structures produced by Structural Genomics [83] follow this logic and transfer annotations
between proteins based on local sequence and structure similarities [84,85].

Likewise, an Evolutionary Trace Annotation (ETA) server was developed to predict the
function of novel protein structures, as illustrated in Figure 3. Starting with a query
structure, ETA traces it, identifies the largest surface cluster of top-ranked residues and
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picks from those a structural motifs, or 3D template. The template can then be used to search
all PDB structures for similarities that suggest a common function. While geometric matches
within 2 A root mean square deviation are often random, the specificity rises to over 90%
once these matches are also filtered for (i) the importance of the matched site [86], (ii)
reciprocity, so the 3D-template of the match matches back to the query [87], and (iii)
plurality, so that multiple matches point to the same function more than to any other [88].
This approach is scalable the structural proteome to annotate over 1200 structural genomics
enzyme up to three Enzyme Classification digits with 92% accuracy [89], or non-enzymes
using the Gene Ontology functional classification [29]. These annotations suggest that only
six top-ranked amino acids are sufficient to identify function. Moreover, in enzymes, simply
substituting other residues that may be more directly associated with catalysis lowered rather
than raised accuracy, showing that the definition of a necessary set of residues to define
function is complex [29]. Overall, these studies complement case controls to confirm the
proteome-wide possibility of picking functional determinants from evolutionary
comparisons.

CONCLUDING REMARKS

Predictive algorithms must fulfill specific objective criteria: (a) to produce results that are
non-random; (b) to match retrospective controls; (c) to also match prospective controls, i.e.
make genuine predictions that are then experimentally validated; (d) and to be scalable to a
well-defined domain of application. A fifth requirement is, since in biology a single method
is unlikely to be unfailingly predictive, (e) to quantify prediction confidence to distinguish
favorable cases from others that are less so. As seen above, the Evolutionary Trace fulfills
these conditions.

A biological result is that ET servers offer a reliable approach to focus protein redesign
studies to the most relevant parts of a protein [23,24,89]. The elucidation of allosteric
specificity determinants linked to ligand-based signaling in GPCRs is an example. From a
theoretical perspective, ET also points to general proteomic rules and to fundamental
evolutionary patterns: Sequence residues are ranked by evolution; the important ones
cluster; these clusters indicate functional sites; clustering quality correlated with functional
site prediction quality; and variations at top-ranked residues generally control functional
specificity.

It is helpful to understand the origin of this diverse information, which seems at odds with
what might be expected from simple conservation analysis. First, it is important to stress that
ET does not rely on conservation but rather on variation. The variations linked to small
divergences are ranked poorly, those linked to major divergences are ranked superiorly. In
effect, the tree divergences provide virtual functional “assays”. Since a tree with N
sequences has N —1 nodes, ET analysis benefits from vastly more functional assays than an
experimental laboratory. Moreover, the sequence variations under study are all informative
since they occur in living species, and thus are evolutionary successful. Thus, comparative
analysis with ET benefits from a wealth of relevant biological information. Second, the
clustering of top-ranked is also informative, as it links functional impact to the structural
continuity of evolutionary selection forces. The tree thus literally acts as a cipher to
deconvolute evolutionary variations in sequence and function and, with a structure, enables
high-resolution definition of functional sites.

An open question remains the ultimate domains of application of these techniques, tested
thus far in structurally well-defined proteins. For example, many important interactions
couple protein folding with protein binding in intrinsically disordered regions [90]. Whether
disordered proteins can fit into the same evolutionary framework is not demonstrated. Even
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more challenging would be to fit in exotic experiments that demonstrate the remarkable
change that a single residue mutation can bring about on both structure and function [91].
Also with the advent of personal genomes [92], improved interpretations of sequence
variations from an evolutionary perspective would be desirable.

In the near term, since comparative analysis does not rely on energetics, these distinct and
experimentally validated approaches should be complementary. This suggests that as protein
networks become better defined, computational tools may reliably design protein variants
and peptide tools that guide systematic perturbations in order to assess the mechanisms, and
screen for therapeutics, aimed at networks.
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PDB Protein Databank

GPCR G protein-coupled receptor
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Figure 1. The Evolutionary Trace Method

(@) A fragment of a multiple sequence alignment and the evolutionary tree of a protein
family are displayed. ET considers, for each sequence position, every branch and sub branch
from root to tip. The variation pattern of a rank 1 residue is complete invariance, since this
correlates perfectly with the whole tree viewed as a single branch (red). The variation
pattern at rank 2, when the tree is split into its first two branches, is variation between these
two branches but invariance within each one (green). The relevant pattern of variation at
rank 3 is, likewise, invariance within all first three branches but variation between the two
nearest ones (blue). Thus, every position gets a rank—the earliest tree node after which it
varies no further [21]. (b) A drawback is that sequence errors, gaps, or insertions arise ever
more frequently as sequence space grows. The heuristic requirement for absolute invariance
within branches can be relaxed by summing entropy terms over the sub-branches (g),
weighted by the nodes (n) at which they occur in a tree with N leaves. This more robust
hybrid phylogenetic-entropy approach called rvET for real-value ET [22] produces a non-
integer rank of evolutionary importance (p;) for each residue (i) making up the query
protein. The frequency of amino acid a in the MSA column for residue i, in sub-branch g, is

f,.fl. This more robust hybrid phylogenetic-entropy approach produces non-integer rank of
evolutionary importance (p;j) and is called rvET for real-value ET [22]. (c) When trace
residues are mapped onto the structure, they typically cluster (red) whereas randomly picked
amino acids do not (blue) [55]. Large clustering Z-scores imply the analysis is reliable and
the ET site likely to be functionally relevant. (d) The resolution of functional site discovery
is a parameter under operator control, it modifies the percentile rank coverage, or the
threshold on a heat map of the structure where evolutionary importance decreases from red
to blue, illustrated by a trace of the GDP-bound form of the Ras-family GTPase Ran bound
to the ribbon form of nuclear transport factor 2 (PDB:1a2K, [93]). Public ET servers are
available [23,24].
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Figure 2. Determinants of allosteric specificity in psychoactive receptors

A stereo view of the p2-adrenergic receptor structure bound to carazolol (yellow) (PDB:2rh1
[94]) provides a homology model for bioamine receptors, including the D2R and 5SHT2AR
dopamine and serotonin receptors. Four top-ranked amino acids (red), that are part of a
putative allosteric pathway identified by ET, were swapped into D2R from their cognates in
5HT2AR and this conferred significant serotonin responsiveness to the mutants even though
none had increased affinity to serotonin (red). Two of the four also had decreased dopamine
responsiveness with either no change or with a paradoxical increase in dopamine affinity.
Although distant from the ligand binding site, these residues are closely associated to other
top-ranked ET residues in the putative allosteric pathway that are invariant between D2DR
and 5HT2AR (C, atoms of residues within 5 A, gray). Together, these top-ranked residues
link the toggle switch (top, cyan residue) and the NPxxY motif (lower cyan residues) that
are generic GPCR mediators of activation; and they also surround a pocket of structural
waters (blue spheres). Like rekeying the tumblers of a lock, the exchange of these residues
shifted the sensitivity of the allosteric pathway from one ligand to another, independently of
changes to binding affinity. These allosteric specificity determinants are consistent with the
pharmacology of ligand-biased signaling [81].
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Figure 3. Structure function prediction based on evolutionary 3D templates

(a) Evolutionary Trace rankings of residue importance for Mycobacterium tuberculosis
v1626 (PDB 1sd5, chain A) are represented as a heat map of the structure’s surface (red,
most important; purple, least important). Based on these rankings, the most important
residues are mapped onto the structure (green ribbons) to identify a solvent-accessible
cluster of 10 ET residues (red and yellow spheres). The C, coordinates of the top six
residues (red) are used as the template and searched against a database of annotated target
structures. (b) A conceptual diagram of ETA heuristic filtering shows proteins as large
circles, with color representing functions and templates matches as smaller circles. ETA first
discards matched sites if they are not themselves evolutionary important. Red matches
indicate importance and pass the filter (arrows), while white matches are unimportant and do
not pass this filter (flat-headed line). ETA then examines match reciprocity, with one-way
(single-headed arrows) matches rejected, and reciprocal matches (double-handed arrows)
accepted. Finally, ETA requires that a predicted function achieve a vote plurality; here, after
all filters are used, the two proteins with the “blue” function represent the majority of the
matches. ETA would therefore predict that the query protein (question mark) has the blue
function. Public ETA servers are available at http://mammoth.bcm.tmc.edu [89].
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