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Abstract

The functionally-tolerated sequence space of proteins can now be explored in an unprecedented
way, due to the expansion of genomic databases and the development of high-throughput methods
to interrogate protein function. For signaling proteins, several recent studies have shown how the
analysis of sequence variation leverages the available protein structure information to provide new
insights into specificity and allosteric regulation. In this review, we discuss recent work that
illustrates how this emerging approach is providing a deeper understanding of signal transduction
mechanisms.

Introduction

Cellular signal transduction involves the transmission of information from the outside to the

inside of a cell, evoking a specific response to an extracellular stimulus. The proteins that
mediate signal transduction operate under two imperatives. First, they must ensure that
signals are relayed in the appropriate direction. This is achieved through adequate

interaction specificities. Second, they should transmit signals only when the appropriate cues

are received, which requires that they are subject to responsive regulatory control.
Foundational insights into the molecular basis of signal transduction have been gained
through experimental structure determination, augmented by computer simulations and

biochemical investigations of structure and mechanism. Recently, the development of rapid

and inexpensive DNA synthesis, coupled with next-generation sequencing, has facilitated
new approaches to understand how signaling proteins work.
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We have now acquired a remarkably complete atlas of structures of signaling proteins,
augmented by powerful modeling approaches that fill in what we do not yet see directlyl2.
The principles of signaling through second messengers are now well understood3-4, and the
link between cell signaling and transcriptional control is becoming increasingly clear, as
exemplified by the structures of nuclear hormone and steroid receptors®. We also have a
general understanding of how protein kinases and phosphatases function and are
regulated®-9, and the mechanisms by which adapter proteins facilitate signal-induced
protein-protein interactions are known0. Ubiquitin ligation, which controls a broad
spectrum of cell-biological processes, has been explored in depth!l. The structural
mechanisms of Ras and related small GTPases have been mapped in detail2. More recently,
we have obtained deep insights into how G-protein coupled receptors are activated!3. All of
these structural efforts have had a tremendous impact on drug discovery.

With this information in place, we are now poised to address questions that pertain to the
nuanced architecture and evolution of signaling proteins, and to the complex biological
processes that they control. Proteins have arrived at their present state through evolution,
filtered by natural selection. Signaling proteins are typically multifunctional, with the ability
to parse information from many inputs and to transduce that information to multiple outputs.
The evolutionary logic of the design of such devices often does not make immediate sense in
terms of how one might design these molecules or pathways from first principles?.

Most signaling proteins are members of large families of homologous proteins, each with a
distinct, occasionally overlapping, set of interaction partners. It remains difficult to deduce,
from structure alone, why closely-related proteins are biased towards different input and
output signals, as differences in binding energies between on- and off-target interactions are
often small (that is, comparable to the thermal energy, kgT) 1°. As a result, the structures of
these proteins often do not reveal how specificity is encoded in these systems. A related
challenge comes in trying to understand divergence in the regulation of homologous
signaling proteins. Regulation of signaling proteins necessarily involves the adoption of
transient conformational states, which are difficult to visualize or probe directly. These
transient states may be functionally important, and can be stabilized or destabilized by the
forces of evolution. A record of this selection must be imprinted on the sequences of
signaling proteins.

We are now gaining insight into the mechanisms of signaling proteins through approaches
that examine the impact of sequence variation on structure and function (Figure 1). This new
wave of protein science builds upon bioinformatic concepts and functional screens that were
developed in parallel with structure determination tools over the past several decades. These
approaches have been enhanced by recent advances in DNA synthesis and sequencing
techniques, and by the increasing availability of sequence databases derived from the
genomes of thousands of organisms. With these improved tools, we are now equipped to
explore, in great depth and with great speed, how changes to the amino acid sequences of
signaling proteins impact their function. Here, we describe selected examples of recent
studies in this area, focusing on animal-cell signaling, and discuss how this work is leading
to a new appreciation of the versatile functions of signaling proteins.
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Early explorations of protein sequence space

Natural sequence variation

The diversity of sequences that can map onto a common protein fold has been appreciated
since the very beginnings of structural biology. For example, members of the globin family
of proteins, which bind to and transport oxygen, can diverge to the point where the sequence
identity between proteins is ~15%, while retaining the same overall structure and oxygen-
binding mechanism. The analysis of residue conservation in globin sequences has been
critical in interpreting how globin structure allosterically controls oxygen binding6, and
residue conservation remains an important metric for identifying structurally and
functionally important regions of proteins.

More recently, the assessment of co-variation between positions in multiple sequence
alignments, rather than simply conservation at a single position, has emerged as a powerful
approach to study protein structurel?. Residue co-variation across a protein family can be
used to identify native contacts in a protein fold, as exemplified by a technique known as
Direct Coupling Analysis (DCA), which has been used to predict the structures of many
proteins!®19, Residue co-variation can also be used to infer energetic coupling between sites
within one protein, using DCA8.19, and by a method called Statistical Coupling Analysis
(SCA) 20.21 SCA has been used to identify conserved networks of residues that mediate
allosteric regulation, as demonstrated for globins and other protein families?2. The optimal
use of such methods is a topic of current study?3.

Reconstruction of the protein sequences that represent the ancestors of present-day proteins,
first proposed by Pauling and ZuckerkandI?4, is also a very powerful approach to
understanding function. The value of such ancestral sequence reconstructions was first
demonstrated by the experimental analysis of predicted ancestral ribonuclease and lysozyme
sequences2>26, When compared with sequences from extant organisms, the reconstructed
proteins revealed the molecular basis for functional diversification in these protein families.

Artificial sequence variation and selection

An alternative approach to studying natural sequence variation is to generate a collection of
related protein sequences artificially, through DNA synthesis, error-prone PCR, or other
molecular biology techniques, and to analyze the functions of these proteins using a genetic
selection scheme?’. In a series of landmark studies, Sauer and co-workers applied this type
of screening approach to the A repressor?2’—29, By combining new methods for the
generation of mutant libraries with an /n vivo selection assay in E. coli, the authors
demonstrated that these screens could map the remarkable tolerance of proteins to
mutations. A critical aspect of this approach is that it provides access to regions of sequence
space that have not been sampled in natural evolution.

In an important investigation of the mechanisms of resistance to the cancer drug imatinib
(Gleevec), Daley and co-workers screened a random mutant library of the oncogenic kinase
Ber-Abl, the target of imatinib, to identify mutations that overcome drug inhibition39. They
found that a collection of residues, many of which are far from the imatinib binding site, can
allosterically perturb drug binding and kinase activity when mutated. Remarkably, these
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mutations predicted that the auto-inhibited structure of Abl kinases, not known at that time,
would resemble the known structures of Src-family kinases3C. They also predicted the
presence of an allosteric site in the kinase domain, unique to Abl kinases, which could not
have been inferred from the Src structures. This site was later shown to bind a lipid molecule
that allosterically modulates kinase activity3132. These findings were in accordance with the
results of X-ray crystallographic and biochemical studies of the structure and regulation of
Abl that were carried out independently31:32, Related screens analyzing resistance to an
allosteric inhibitor of Abl and activating mutations in its proto-oncogenic form, c-Abl, have
also revealed insights into kinase regulation33. The concordance of these studies with
classical structural approaches testifies to the power of deep-mutagenesis methods to reveal
new principles of molecular regulation.

New DNA technologies to enhance studies of sequence variation

DNA sequencing has now become fast and cheap, enabling the sequencing of thousands of
genomes, the collection of metagenomic datasets, and the dense population of databases
cataloguing natural variation in gene and protein sequences34. DNA sequencing has also
become quantitative, due to the advent of next-generation sequencing methods that allow the
rapid analysis of complex mixtures of DNA to obtain accurate counts of each sequence in a
mixture3°. Methods to synthesize and manipulate DNA have also become streamlined,
enabling the easy construction of large DNA libraries encoding protein variants that can be
functionally characterized in high-throughput selection and sequencing assays36. These
innovations in DNA technology have led to the development or enhancement of methods
such as directed evolution3’, ancestral sequence reconstruction38, and deep mutational
scanning39 (Box 1).

Interaction specificity during cell signaling

Evolution of nuclear hormone receptors

A common feature of many signaling proteins is that they exist within large families of
paralogous members that are the products of gene duplication events followed by
specialization®-43, How do new or specialized functions arise in these protein families?
With the compilation of large sequence databases and the means to analyze numerous
protein variants rapidly, these questions can now be addressed.

Thornton and co-workers have combined ancestral sequence reconstruction, directed
evolution, and deep sequencing to analyze possible trajectories for the evolution of new
steroid and DNA binding preferences in steroid-hormone receptors. Early work focused on
the analysis of reconstructed sequences that provided an evolutionary path between
vertebrate glucocorticoid and mineralocorticoid receptors. These investigations revealed that
ancient corticoid receptors likely had steroid specificity resembling that of mineralocorticoid
receptors (Figure 2A, left panel). The acquisition of binding preferences akin to that of the
glucocorticoid receptor required the introduction of “permissive” background mutations that
facilitated tolerance to other mutations that alter ligand binding preferences (Figure 2A,
middle and right panels) 4446, This epistasis was highly specific?®, likely reflecting the fact
that mutations along an evolutionary path must not substantially destabilize a protein or

Nat Struct Mol Biol. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shah and Kuriyan

Page 5

dramatically alter the energetic balance between all of its functionally important
conformations.

The same research group has used ancestral sequence reconstruction to examine the
evolution of specificity in the DNA binding domain of nuclear steroid receptors#’~49. Within
this family of transcription factors, receptors that bind estrogen-like ligands with aromatized
rings have one DNA-binding specificity, while those that bind ligands lacking aromatized
rings interact with different DNA sequences. The predicted common ancestor of these
families has DNA-binding specificity similar to that of estrogen receptors. Biochemical
characterization of plausible evolutionary intermediates along these two lineages again
revealed permissive mutations that were neutral on their own, but facilitated the ability of
other mutations to create new DNA-binding specificity. A critical factor in the evolution of
new DNA-binding specificity was not the introduction of new favorable interactions, but
rather the introduction of mutations that negatively affected binding to the ancestral
recognition sequence and relief of stereochemical clashes with the new recognition
sequence?’.

Ancestral sequence reconstruction and deep mutational scanning were also used to analyze
all possible combinations of amino acid residues at the four sites in the DNA-binding
domain of the ancestral steroid receptor that confer DNA sequence specificity4®. This
revealed numerous alternative paths to generate the specificity switch. This study
highlighted how multiple solutions could arise through evolution to achieve the same
functional property, and how the background sequence (i.e., the sequence containing existing
permissive substitutions) impacts the evolutionary outcome.

Protein kinase substrate specificity

Protein kinases represent one of the largest classes of eukaryotic signaling enzymes, with
~500 human protein kinase genes*!. Despite having a common fold, individual protein
kinases phosphorylate distinct sets of substrates in cells. Box 2 provides a brief discussion of
the structurally distinct bacterial histidine kinases. The substrate specificity of eukaryotic
kinases is dictated by differential expression patterns and subcellular localization, but the
sequence preferences of the catalytic domains also play an important role in controlling cell
signaling®C. The sequence preferences of protein kinase domains have been defined by using
degenerate peptide libraries to extract sequence motifs that are preferred by individual
kinases®1:52, The advent of deep mutational scanning and new bioinformatic approaches has
provided complementary strategies to further investigate kinase specificity.

Recently, a method was developed that couples bacterial surface-display of genetically-
encoded peptide libraries with cell sorting and deep sequencing to compare the
phosphorylation of hundreds-to-thousands of discrete sequences by individual tyrosine
kinases®3°4, This platform was used to analyze comprehensive point-mutant libraries
derived from key phosphorylation sites in T cell receptor and epidermal growth factor
receptor (EGFR) signaling. The sequence-activity relationships extracted from these screens
revealed an electrostatic selection mechanism in the T cell kinase ZAP-70 that controls
ordered signaling upon T cell activation and likely contributes to the accuracy of the T cell
response>3:54. The screens also revealed functional trade-offs in the evolution of EGFR
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substrates. Specifically, the data suggest that the sequences of phosphorylation sites in the
EGFR tail have been tuned to suppress phosphorylation by cytoplasmic tyrosine kinases,
such as c¢-Src and c-Abl, at the expense of tight binding to downstream effectors®®.

One observation that emerged from these investigations is that the successful coordination of
the actions of multiple tyrosine kinases in a pathway often hinges on strong exclusionary
rules at the residue immediately preceding the tyrosine phosphosite (the “~1" position). A
comparison of specificity preferences at the —1 position across several kinases, coupled with
sequence and structural analysis, has identified a specific residue in the F-G loop of the
tyrosine kinase domain that can tune —1 preferences dramatically to direct substrate
specificity (Figure 2B) 2455,

Ancestral sequence reconstruction has been used by Holt, Turk, and co-workers to pinpoint
the molecular determinants of kinase specificity, as illustrated for the divergence in
specificity within the CMGC family of serine/threonine kinases®8. Biochemical
characterization of predicted ancestral sequences revealed that the identity of a single
residue adjacent to the conserved Asp-Phe-Gly (DFG) motif in the activation loop of these
kinases controls preferences for the residue at the +1 position in substrates. These
experiments also showed that the specificity switch from a preferred +1 Pro to +1 Arg
residue in one branch of the CMGC tree likely occurred through a promiscuous intermediate
with dual specificity at this position.

Creixell, Linding, and co-workers developed a machine-learning strategy that integrates the
full complement of human kinase sequences with experimentally-derived position-specific
scoring matrices for hundreds of kinases®’ to predict residues that impact sequence
preferences across the “kinome” 58, This strategy recapitulated known specificity
determinants obtained through studies on individual kinases, but also revealed a larger,
sparse network of residues that control kinase specificity. Notably, many of these residues
are distinct from those important for catalytic activity and regulation®®:60, and mutations at
some of these positions are found in cancers, where they may rewire the topology of
signaling networks61.

GPCR interactions with G-proteins and ligands

Like kinases, G protein coupled receptors (GPCRs) make up a large fraction (~4%) of the
genes in the human genome*3. Unlike receptor kinases, which always have distinct
extracellular sensory domains separated from intracellular catalytic domains, GPCRs are
capable of binding a ligand and generating a signal transduction output using a single
integrated transmembrane modulel2. Despite the growing number of crystal structures of
GPCRs bound to extracellular and intracellular ligands, our understanding of the molecular
determinants of ligand selectivity, and how distinct ligands transduce stimulatory or
inhibitory signals in the same receptor, remains incomplete.

A recent investigation by Procko and co-workers utilized deep mutational scanning to
examine cell-surface expression and ligand binding for two important human GPCRs, the
chemokine receptors CXCR4 and CCR562. There is also a conceptually related study by
Garcia and co-workers on a different GPCR®3. Both CXCR4 and CXCR5 engage the HIV-1
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envelope glycoprotein during infection, and they are activated by distinct sets of endogenous
ligands to regulate the trafficking of white blood cells. The mutational screens revealed a
previously unknown asymmetric mode of binding for the chemokine CXCL12 to CXCRA4.
These screens also identified mutations within the cores of these GPCRSs, not in direct
contact with ligands, that enhance ligand affinity52. Such residues are likely to underlie the
allosteric network in these GPCRs that couples ligand binding to conformational changes in
the intracellular region to engage downstream effectors.

The activation of GPCRs is coupled to the activation of heterotrimeric G proteins complexes
(made up of a, B, and -y subunits). Each of the ~800 human GPCRs engages a distinct
subset of the 16 different Ga proteins in these heterotrimeric complexes. Upon GPCR
stimulation, the receptor facilitates release of GDP from the Ga protein in exchange for
GTP, which leads to the dissociation of the ay complex and propagation of the signal.

Babu and co-workers took an evolutionary approach to understand the specificity of GPCR-
G protein interactions by analyzing conservation across paralogs and orthologs of all 16
human Ga proteins in 66 diverse genomes®4. The 16 human Ga proteins fall into four
families (subtypes) of paralogous GTPases that engage similar sets of GPCRs, and there is
an analogous distribution of Ga proteins in organisms ranging from animals to unicellular
eukaryotes. The authors analyzed hundreds of Ga sequences and identified residues that
were conserved in orthologs of the same Ga protein across different organisms, but that
diverged between paralogous families within the same organism.

When mapped onto structures of GPCR-Ga complexes, subtype-specific residues at the
interface were found that surrounded a core set of residues that were highly conserved across
all Ga proteins®. The conserved residues at the core of the interface are required for the
activation of Ga proteins by GPCRs (discussed below) 6%, The surrounding subtype-specific
residues comprise a selectivity “barcode”, where the combination of residue identities at
these key positions defines which GPCRs can effectively engage a particular G protein®4.
Since the Ga residues that make up this “barcode” to selectively engage GPCRs are distinct
from the conserved residues that form the core of the interaction, GPCRs can readily evolve
to be either promiscuous or highly-specific. In GPCRs, segregation of molecular
determinants for extracellular ligand-selectivity and residues important for allosteric
activation of Ga proteins from those that control GPCR-Ga. interaction specificity has
allowed for rampant diversification of these receptors®4.

Control of ubiquitylation pathways

Ubiquitin is one of the most highly conserved proteins in eukaryotic genomes, with human
and yeast ubiquitin sequences differing in only three out of 76 residues (Figure 2C). The
linking of single ubiquitin molecules, or of ubiquitin chains, to other proteins can impact the
stability of those proteins, their localization, or their engagement in protein-protein
interactions®®. Virtually every surface of ubiquitin is involved in protein-protein interactions,
and the numerous binding partners of ubiquitin often have overlapping footprints on its
surface®’.
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The diversity of interactions made by ubiquitin is one likely explanation for its strict
conservation. This hypothesis was tested in a series of studies using deep mutational scans
of ubiquitin in yeast68-70, Under particular selection conditions, most positions in ubiquitin
are remarkably tolerant to amino acid substitution. By conducting screens in the presence of
different chemical additives, however, Fraser and co-workers showed that virtually every
residue in ubiquitin, with the exception of two, can be sensitized to mutation under a
particular selection condition (Figure 2C). These results demonstrate that the evolutionary
trajectory of ubiquitin is shaped by a necessity to function under different environmental
conditions, in which ubiquitin may engage in distinct sets of interactions®9:70,

The numerous interactions that ubiquitin participates in has made it challenging to dissect
the importance of individual ubiquitylation events in the cell. To tackle this problem, Sidhu
and co-workers generated a phage-display library encoding billions of ubiquitin variants,
and selected for tight binding to particular ubiquitin ligases or deubiquitinases’%:72. The
screens yielded potent and selective inhibitors of ubiquitin-modifying enzymes, which were
used in cell-based experiments to identify new ubiquitin-mediated signaling events. In a
related study, this screening approach was combined with computational protein design to
identify subtle conformational fluctuations in the ubiquitin fold that impact binding
specificity /3.

These screens not only yielded potent and selective inhibitors of ubiquitin signaling, they
also revealed surprising features of ubiquitin. Cellular experiments with variant ubiquitin
molecules showed that sequence changes that promote tight binding to individual ubiquitin-
binding proteins are incompatible with the dynamic nature of ubiquitin-based signaling’?.
Thus, the sequence of ubiquitin may be constrained by the need to maintain numerous weak
interactions. Structural analysis of the ubiquitin variants showed that small changes in the
sequence of ubiquitin could result in dramatic changes in the orientation of variants when
bound to the same target protein, by as much as a ~90° rotation and 5 A translation (Figure
2D) 1. This finding is intriguing when one considers that protein-protein interactions occur
through the formation of encounter complexes that can involve quite different interacting
surfaces than those seen in the final stable complex’4. We speculate that the ubiquitin
variants that bound preferentially to a particular target were selected from distinct
configurations that were sampled during the initial stages of intermolecular encounter.
Selection on transient intermediates may also be at play in the natural evolution of signaling
proteins, and could be an important driving force in the evolution of new protein-protein
interactions4.

Allosteric regulation of signaling proteins

Determinants of protein kinase regulation

The underlying conformational landscape of eukaryotic protein kinase domains that allows
for dynamic regulation is slightly different in each kinase, and thus provides unique
structural targets for the design of selective inhibitors. Kornev, Taylor, and co-workers
analyzed a number of protein kinases that had been crystallized in both active and inactive
states, and they identified two clusters of physically contiguous residues, termed “spines”,
whose arrangement is likely to impact kinase activation (Figure 3A, left panel) 5960, The
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identity of residues in these spines, and of the residues that contact them, affect the stability
of either the active or inactive conformations of the kinase domain. These spines have been
used to predict the intrinsic activities of kinases, and to understand kinase dysregulation and
drug resistance (Figure 3A, right panel) 75, Box 3 highlights a comparative biochemistry
study examining the evolution of allostery in protein kinases.

The implementation of Statistical Coupling Analysis to protein kinases has identified three,
roughly independent, sectors of co-evolving residues in the kinase fold that control intrinsic
catalytic activity, confer substrate specificity, and coordinate the reception of allosteric
perturbations’®. The sectors that control catalytic activity and allosteric regulation contain
the two hydrophobic spines that are implicated in the control of these two functions®9-60,
The majority of somatic cancer mutations found in kinase genes map to the catalytic sector,
and residues that coordinate conformation-selective kinase inhibitors typically map to the
regulatory sector’.

Ancestral sequence reconstruction has been implemented to identify specific sequence
changes that impact the dynamics of protein kinases. One investigation by Kern and
colleagues used this approach to examine the structural basis for the 3000-fold tighter
binding of the cancer drug imatinib to Abl-family kinases over the closely-related Src-family
kinases’”. Imatinib binds tightly to relatively few kinases in the human kinome. This was
first thought to be due to the ability of only a few kinases, including Abl, to adopt an inactive
conformation in which the conserved catalytic site DFG motif was flipped relative to most
kinases, such as Src-family kinases’8. The identification of compounds that can bind Src-
and Abl-family kinases equipotently in the DFG-flipped conformation indicated that this
explanation was not correct’9:80,

To identify the origins of imatinib selectivity, sequences of the common ancestors of the Abl
and Src lineages were predicted and experimentally characterized (Figure 3B, left panel) /7.
By tracing steps in the lineages leading from the common ancestor of the Src and Abl
kinases to each family of extant kinases, a series of sequence changes were identified that
strongly correlate with drug selectivity. The authors identified a set of residues that form a
hydrogen bond network in Src-like kinases that is lacking in Abl-like kinases. These
hydrogen bonds prevent the P-loop, a structural element near the drug binding site, from
closing over the drug in the case of Src, but not in Abl (Figure 3B, right panel). As a
consequence, although imatinib can bind both Src and Abl in the DFG-flipped state, it
dissociates more slowly from Abl than from Src’7:78, The principle that conformational
changes that lock down the inhibitor occur after initial binding may be quite general®!, and
could guide future drug design efforts.

Allosteric regulation of G proteins

The activation of all G proteins from their signaling-inactive GDP-bound state typically
requires that a guanine nucleotide exchange factor (GEF) binds to the G protein and
facilitates the dissociation of GDP, allowing for binding of the more abundant nucleotide,
GTP. For small GTPases, such as Ras, GEFs are a diverse set of cytoplasmic proteins. For
heterotrimeric G proteins, the GEF that acts on the Ga subunit is the GPCR. Numerous
structures of Ras-like small GTPases bound to their corresponding GEFs have been
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determined, all of which show related molecular mechanisms for nucleotide exchange82:83,
By contrast, until recently, very few structures of heterotrimeric G proteins bound to GPCRs
had been determined, and these structures reveal a very different mechanism of activation3.
Given that the 16 distinct Ga proteins in humans can potentially be activated by hundreds of
different GPCRYs, it had remained unclear whether all heterotrimeric G proteins would be
activated through the same allosteric mechanism.

This question was addressed by Babu and colleauges through a structure-guided
bioinformatic approach, which integrated residue contact information from crystal structures
of Ga proteins with conservation scores from an alignment of ~600 sequences®®. This
analysis revealed that many of the highly conserved residues at GPCR-G protein interfaces
lie on a single helix, H5, which extends out of the core GTPase domain, away from the
guanine nucleotide binding site. These residues represent a unified integration point for
signal transduction from all GPCRs to all heterotrimeric G proteins. Helix H5 undergoes a
large conformational change upon GPCR binding, and bioinformatic analysis suggested that
this conformational change in H5 would reduce the structural integrity of the adjacent helix,
H1, by disrupting conserved interactions between the two helices. As H1 leads into the
nucleotide binding pocket, an ordered H1 is critical for tight nucleotide binding. Thus, direct
propagation of conserved structural changes from the GPCR to H5 to H1 drives a universal
allosteric activation mechanism in heterotrimeric G proteins®.

Amino acid substitutions at a handful of positions in the Ras family of small GTPases,
particularly at residues 12, 13, and 61, are among the most common missense mutations in
human cancers84. They act by slowing the rate of GTP hydrolysis and by biasing Ras
towards its signaling-active conformation (Figure 4A). The three major Ras isoforms, H-
Ras, K-Ras, and N-Ras, are virtually identical in their GTPase domains and are highly
conserved throughout vertebrate evolution9. To better understand Ras activation and
evolution, H-Ras activity was analyzed by deep mutational scanning, using a bacterial “two-
hybrid” system that could sense the ability of H-Ras to interact with a downstream binding
partner8®. All possible single-amino acid substitutions in the GTPase domain of H-Ras were
analyzed in the presence and absence of a GEF and a negative-regulatory GTPase activating
protein (GAP), which accelerates the rate of GTP hydrolysis.

These experiments resulted in two important findings. First, the necessity to cycle between
on and off states, and to respond to the presence of a GAP and GEF, constrains the
accessible sequence space of Ras. This may partly explain the high conservation of Ras
proteins across evolution. Second, although only a few sites are commonly mutated in
human cancers to activate Ras, many more “hotspot” residues, where numerous amino acid
substitutions are activating, were observed in the screens (Figure 4B,C) 85. These residues
form a contiguous shell surrounding the sites of the canonical oncogenic Ras mutations
(Figure 4B). Molecular dynamics simulations suggest that mutations at these positions cause
a general ‘loosening’ of Ras structure. Given the large number of sites of activating
mutations found in this study;, it is surprising that most cancer mutations are found at only
three positions in Ras. Understanding the origins of this inconsistency requires further
investigation.
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Concluding remarks

It has long been appreciated that analysis of natural sequence variation can provide insights
into protein structure and function, and mutational analysis has been the common currency
of biochemistry since the advent of modern molecular biology techniques. These classical
approaches to explore the sequence space of proteins have seen a recent increase in their
power, facilitated by the development of new DNA sequencing and synthesis methods.

It is now possible to reconstruct plausible evolutionary trajectories for a family of proteins
and to functionally characterize all members of that protein family simultaneously. Deep
mutational scans are providing data that both corroborate findings from structural studies
and inspire new ways of thinking about protein structure and dynamics. Further insights into
protein allostery are likely to be unveiled as we develop strategies to generate and sequence
higher-order mutational libraries, which will allow for an experimental assessment of
energetic coupling between sites in a protein8. A challenge lies in the development of
robust selection assays for proteins of interest. For signaling proteins, many of which are
proto-oncogenes that promote cell proliferation, high-throughput screens that report on
oncogene-dependent cell growth in a native context can be readily developed. Such screens
are particularly informative when correlated with the growing information available in
cancer genome databases8’89,

Looking forward, we anticipate substantial synergy between the analyses of sequence
variation and other methods to interrogate signaling proteins. For example, cryo-electron
microscopy is providing structural insights into multi-component signaling machines of
increasing size and complexity®, and the interpretation of these structures will undoubtedly
be guided by an assessment of tolerated sequence space. Where structure determination
remains challenging, co-evolutionary information is already aiding in the prediction of
protein-protein interactions1:92 and is shedding light on the organization of macromolecular
complexes®3:94. Long time-scale molecular dynamics simulations are revealing the detailed
motions of signaling proteins®®. In conjunction with information about sequence variation,
these simulations will help elucidate how closely-related proteins have diverged and
specialized through nuanced changes in their conformational dynamics. Like these other
recent advances in protein science, we envision that the strategies described in this review
will become commonplace in the toolkit of biologists studying cell signaling, and will help
to guide the development of therapeutics that modulate cellular signal transduction.
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Box 1.
Experimental approaches that utilize protein sequence variation.

In this review, we primarily focus on three strategies to experimentally analyze the
impact of sequence variation on protein function. Directed evolution is an established
protein engineering strategy, in which the goal is to isolate a protein with new or
optimized functionality through multiple rounds of relatively unbiased sequence variation
and functional selection3’. These efforts can also yield insights into the fitness landscapes
of proteins, through the isolation and characterization of intermediates along an
evolutionary trajectory%.

Ancestral sequence reconstruction allows the identification of plausible evolutionary
paths between two states, and is often used to identify sequence features that confer
functional divergence between paralogous protein families3®. Protein sequences are
aligned and used to generate a phylogenetic tree, and the sequences of internal nodes in
the tree, the ancestors, are predicted using an evolutionary model for amino acid
substitutions. The value of this approach is rooted in the ability to readily synthesize gene
sequences encoding the predicted ancestors, and to experimentally characterize those
proteins.

In deep mutational scanning experiments, defined DNA libraries are subject to expression
and functional selection, followed by deep sequencing3®. Here, the power lies in the
ability to quantitatively compare the abundance of variants in the DNA library before and
after selection using modern deep sequencing methods. This comparison yields an
“enrichment score” for each variant in a population. These scores have been shown to
correlate with biophysical and biochemical parameters of proteins, including fold
stability, binding affinity, and catalytic activity.
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Box 2.

Insights into bacterial two-component signaling from sequence co-
variation.

Bacterial histidine kinases are structurally distinct from eukaryotic serine/threonine and
tyrosine kinases, but present the same challenges in understanding their interaction
specificity. In an early landmark study, Laub and co-workers analyzed the sequences of
~1000 pairs of histidine kinases and their substrates, the response regulator proteins, and
identified sets of covarying residues between the proteins®’. They established that these
residues confer specificity, and demonstrated that mutations at these positions could
rewire histidine kinase specificity. A larger-scale analysis was carried out on bacterial
histidine kinases using Direct Coupling Analysis. This approach recapitulated known
interfacial determinants of specificity and also allowed the prediction of previously
unknown histidine kinase-response regulator pairs?®.
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Box 3.
Evolution of allostery in yeast kinases.

The identification of hydrophobic spines and sectors comprised of co-evolving residues
in all protein kinases has provided a useful framework for understanding kinase
regulation by reinforcing the concept that all protein kinases share commonalities in their
regulatory mechanisms. Given this observation, it is interesting to consider how different
kinases have evolved to respond to distinct allosteric perturbations, while relying on a
conserved structural scaffold to convert these perturbations into the same biochemical
activity.

In an elegant study by Lim and co-workers, mitogen-activated protein (MAP) kinases
from yeast were analyzed from an evolutionary perspective to understand how two
closely-related kinases, Fus3 and Kss1, could have evolved from a single common
ancestor to be either allosterically-regulated by the scaffold protein Ste5, or to be
scaffold-independent, respectively®®. In this study, these two paralogous proteins and
their orthologs across 13 different yeast species were compared biochemically for their
ability to be activated by Ste5 orthologs from those same species, when a discernable
Ste5-like scaffold was present. The authors found that MAP Kinases in organisms that
diverged before the emergence of Ste5 and before duplication to yield distinct Fus3 and
Kss1 proteins, could still be activated by Ste5%°. This suggests that allosteric regulation is
a latent feature of protein kinases that can be exploited or suppressed by just a few amino
acid substitutions. Importantly, this work used sequences from just a few diverse yeast
genomes, and it foreshadowed current-day high-throughput approaches.

Nat Struct Mol Biol. Author manuscript; available in PMC 2019 April 15.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Shah and Kuriyan

auto-inhibited
> Src-family
20 kinase

active
Sre-family
kinase

extracellular
stimulus

w cellular cellular ‘
‘ response  response

e s

nucleus g *surlununne

Page 20

natural phylogenetic diversity

wild-type protein sequence
% . Ji'l &

structure determination,
computational analysis,

biochemistry & spectroscopy

Figure 1.

functional characterization of
signaling components & pathways

h 1:.‘;

1055 0f gain of
Tunction function

artificial variation/selection

Complementary approaches to elucidate molecular mechanisms of signal transduction.
Structures of Src-family kinases are represented by that of Hck in an auto-inhibited
conformation (PDB code 1QCF) and c-Src in an active conformation (PDB code 1Y57).
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Figure 2.
Insights into the interaction specificity of signaling proteins. (A) Epistasis in nuclear

hormone receptor evolution. Left: Diagram depicting the divergence of glucocorticoid and
mineralocorticoid receptors, highlighting measured binding preferences at various nodes.
Middle: Diagram depicting epistasis between permissive and functional mutations. Right:
Structural changes induced by permissive mutations that allow for binding to cortisol (PDB
codes 2Q1H and 4P6X). (B) Tyrosine kinase substrate recognition. Left: Schematic diagram
of a peptide substrate bound to a tyrosine kinase domain, highlighting the —1 residue on the
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substrate and a key specificity-determining position on the F-G loop of the kinase. Right: -1
residue preferences for six tyrosine kinases measured using a high-throughput bacterial
surface-display and deep sequencing assay, with the identity of the key F-G loop residue
given above each kinase. (C) Structure and conservation of ubiquitin. A cartoon diagram of
ubiquitin is shown, highlighting the lysine residues and chain termini that are involved in
ubiquitin ligation, along with residues that diverge between yeast and humans, and those
residues that are completely tolerant to mutation in yeast selection assays (PDB code
1UBQ). (D) Alternative binding mode of a designed ubiquitin variant. Overlaid cartoon
diagrams are shown of the deubiquitylating enzyme USP21 bound to wild-type ubiquitin
(light purple, bound to beige enzyme) and an engineered variant that inhibits USP8 (dark
purple, bound to orange enzyme). Structures are superimposed using only the coordinates
for the deubiquitinase, and the designed variant binds with a ~90° rotation and 5 A
translation relative to wild-type ubiquitin (PDB codes 313T and 3N3K).
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Figure 3.
Sequence and structural features that control kinase dynamics and allostery. (A)

Hydrophobic spines that control kinase activity and regulation. Left: Structure of the kinase
domain of c-Src kinase in an active conformation, highlighting key structural elements and
the hydrophobic spines (PDB code 3DQW). Right: Position of the T3381 mutation (chicken
¢-Src numbering) relative to the hydrophobic spines. Mutations at this “gatekeeper” position
in many kinases are often activating and confer resistance to ATP-competitive inhibitors
(PDB code 3DQW). (B) Divergence of imatinib binding between the Src- and Abl-family
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kinases. Left: Phylogenetic tree depicting the divergence of Src- and Abl-family kinases,
highlighting measured preferences at various nodes for binding to imatinib. Right: Closing
of the P-loop over imatinib when bound to Abl but not a Src-Abl ancestral kinase (PDB
codes 10PJ and 4CSV).
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Figure 4.
Allosteric activation of Ras. (A) Structural features of Ras. A cartoon representation of H-

Ras is shown, highlighting several key structural elements and showing how the switch
regions are anchored to the -y phosphate of GTP (PDB code 5P21). (B) Hotspots of
activation in Ras. The major sites of oncogenic activating mutations in Ras proteins are
highlighted in purple and pink, and sites of activating second-shell hotspot residues,
identified through deep mutational scanning of H-Ras, are shown in beige (PDB code 5P21).
The residues colored in purple and pink are found to be mutated in the COSMIC cancer
genome database (https://cancer.sanger.ac.uk/cosmic), but of these, mutations are found with
high frequency at only three sites (Glycine 12, Glycine 13, and Glutamine 61, colored in
pink). (C) Deep mutational scanning of H-Ras. The effects of all possible point mutations at
several positions in H-Ras, measured in a deep mutational scanning experiment in bacteria,
are shown as a heatmap. The wild-type amino acid residue is shown above each column of
the heatmap, and each row represents a different amino acid substitution. The wild-type
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residue label is colored according to whether it is a site of oncogenic mutations in human
cancers (purple) or deemed a second-shell hotspot residue (beige).
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