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Dedication 
“As the heat of a fire reduces wood to ashes, the fire of knowledge burns to ashes all 

karma.” 
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Abstract 

Evolutionary constraints on the sequence of Ras 

by 

Pradeep Bandaru 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor John Kuriyan, Chair 

	
Ras proteins are highly conserved signaling molecules that exhibit regulated, 

nucleotide-dependent switching between an active GTP-bound state that transduces 
signals by binding to effector proteins, and an inactive GDP-bound state that cannot bind 
to effectors. The high conservation of Ras requires mechanistic explanation, especially 
given that proteins are generally robust to mutation, a concept that was first established 
from early structural and phylogenetic analysis of hemoglobin by Max Perutz and John 
Kendrew. 

During my thesis research, I adapted a two-hybrid selection system to analyze how 
mutations affect the functional cycle of human H-Ras, with the ultimate goal of 
understanding the constraints on the sequence of Ras that give rise to its high evolutionary 
conservation. My strategy was to isolate just the minimal biochemical network that defines 
this cycle, comprising Ras, its effector Raf, a GTPase accelerating protein (GAP), and a 
guanine-nucleotide exchange factor (GEF). Using this selection system, I analyzed the 
sensitivity of every residue in Ras to mutation in the context of this network, while 
excluding the effects of the membrane and additional regulatory factors. This approach 
provided an opportunity, for the first time, to use deep mutational scanning approaches to 
study how local regulatory networks influence the mutational sensitivity and phenotypic 
plasticity of key signaling molecules. 

I found that Ras exhibits global sensitivity to mutation when regulated by a GAP 
and a GEF, effectively displaying global constraints that result in the majority of mutations 
leading to a modest decrease in Ras function. In the absence of regulators, Ras shows 
considerable tolerance to mutation, as seen previously in saturation mutagenesis 
experiments on other proteins, where the distribution of mutational effects shifted to be 
largely neutral. Surprisingly, the analysis of Ras in the absence of regulators also revealed 
allosteric hotspots of activating mutations in residues that restrain Ras dynamics and 
promote the inactive, GDP-bound state. This showed that structural fold of Ras is 
intrinsically capable of accommodating sequence changes that, in evolution, could lead to 
the acquisition of new function, but could also lead to unwanted Ras activation in disease. 
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Indeed, oncogenic mutations that disturb the switching mechanism of Ras result in 
aberrant signaling and cancer, highlighted by the fact that Ras is one of the most important 
proto-oncogenes in the human genome. 

Altogether, my research shows that the local regulatory network places a stringent 
constraint on the sequence of Ras, and also creates the potential conditions in which it is 
susceptible to activating mutations. This extended previous observations that mutational 
sensitivity in proteins is strongly dependent on the selective conditions in which the 
protein operates. From a practical perspective, though small molecule inhibitors of Ras 
have yet to achieve clinical relevance despite a concerted effort to obtain such inhibitors, 
my research also provides a roadmap of allosteric hotspots of Ras activation that can be 
exploited to design novel cancer therapeutics. 
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Chapter 1: Introduction 

Protein structure is remarkably robust to mutation 
Proteins have a traceable evolutionary history that can be revealed by comparing 

their three-dimensional structures and their primary amino acid sequences. Among the 
first proteins to have their evolutionary histories extensively characterized were the 
globins, which laid ground for the notion that proteins are remarkably robust to changes 
in their primary sequence. Globin proteins were the first proteins whose structures were 
determined by x-ray crystallography, and are aptly named for their compact, globular 
protein fold which essentially forms a box around a central heme group that enables globins 
to bind and store oxygen. The structure of the globin fold is distinctive in that it is typically 
comprised of eight connected alpha-helices that surround the heme group. At the center 
of the heme group is an iron atom that binds oxygen, and this iron atom is coordinated by 
a porphyrin ring and histidine side chains that extend from the adjacent helices of the 
protein structure. Myoglobin and hemoglobin are the epitome of an exquisitely designed 
molecular oxygen-transporting system. Evolution has optimized the architecture of the 
globin fold to store oxygen with high affinity, to readily release oxygen, and to transport 
waste products, namely carbon dioxide, upon the completion of cellular respiration. 

The determination of the sequence of horse hemoglobin in the early 1960s, which 
was among the first proteins to be sequenced (Braunitzer et al., 1961), laid the groundwork 
for the notion that proteins are robust to changes in primary sequence. Max Perutz and 
John Kendrew observed striking similarities between the three-dimensional structures of 
horse hemoglobin and sperm whale myoglobin, despite the sequence identity between 
myoglobin and the a- and b- chain of hemoglobin being approximately 30% (Kendrew et 
al., 1954; Lesk and Chothia, 1980; Perutz et al., 1960). Upon this observation, Perutz 
remarked: 

 
How does this arise? It is scarcely conceivable that a three-dimensional template 
forces the chain to take up this fold. More probably, the chain, once it is synthesized 
and provided with a haem group around which it can coil, takes up this 
configuration spontaneously, as the only one which satisfies the stereochemical 
requirements of its amino acid sequence. This suggests the occurrence of similar 
sequences throughout this group of proteins, despite their marked differences in 
amino acid content. This seems all the more likely, since their structural similarity 
suggests that they have developed from a common genetic precursor. 
  
Subsequent structures of hemoglobin orthologs from a variety of animals, many of 

which were only approximately 10-20% identical since their divergence in metazoan 
evolution 600-700 million years ago, further confirmed the ability of vastly divergent globin 
sequences to adopt similar structures (Figure 1). Perutz’s surprise at this ability of proteins 
does not go without recognition, as it is not evident that such a low level of similarity 
between globin orthologs should lead to the conservation of three-dimensional structure, 
especially given the length of a typical globin protein (Sander and Schneider, 1991). Only 
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two residues are preserved without substitution at the same positions in the polypeptide 
chain of hemoglobin, one of which is the histidine residue that coordinates the iron atom 
of the heme group, suggesting that the structurally similar globin orthologs are indeed 
functionally similar. Thus, much of the difference between the globins is likely neutral 
sequence change, where evolution has found multiple paths to designing globin variants 
that are robust to sequence variation. 

 

 
Figure 1. Sequence variation among globin orthologs. Globins are often 10-20% 
similar over the course of evolution. Despite extensive sequence variation in the 
globin family, the protein fold is remarkably conserved, suggesting that the protein 
is indeed robust to mutation. Individual residues that are involved in heme 
coordination are conserved (not shown), though the rest of the sequence is largely 
variable. The structural diagrams were adapted from The Molecules of Life, First 
Edition, and were initially based on structures from (Dickerson and Geis, 1983). 
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Not all residues in proteins are created equal 
The phylogenetic analysis of sequences of various protein families suggests that 

proteins are tolerant of random mutations throughout their sequence. However, the 
function of some proteins is significantly altered by mutations at specific positions, 
suggesting a potentially broad distribution of functional effects in proteins where 
mutations at some residues are more impactful than others. The idea of a spectrum of 
functional effects in proteins elicited by mutation was observed from the comparison of 
globin sequences by Zuckerkandl and Pauling: 

 
There is no reason to expect that the extent of functional change in a polypeptide 
chain is proportional to the number of amino acid substitutions in the chain. Many 
such substitutions may lead to relatively little functional change, whereas at other 
times the replacement of one single amino acid residue by another may lead to a 
radical functional change. […] It is the type rather than the number of amino acid 
substitutions that is decisive (Zuckerkandl and Pauling, 1965). 

 
The importance of certain residues over others in proteins is directly observed in 

disease. Linus Pauling suggested in 1949 that sickle-cell anemia, a disease that produces 
abnormally shaped and rigid red blood cells, arose from molecular defects in hemoglobin 
(Pauling and Itano, 1949). It was later shown by Vernon Ingram that replacement of two 
glutamic acid residues by valine in each b-chain of the hemoglobin tetramer was sufficient 
to produce the sickling phenotype (Ingram, 1956). Subsequent structural studies showed 
that these substitutions disrupted lateral contacts along the b-chain and caused the 
defective hemoglobin molecules, termed hemoglobin S, to aggregate in cells (Bookchin and 
Nagel, 1974; Dean and Schechter, 1978a, 1978b, 1978c; Noguchi and Schechter, 1981).  

Studying the distribution of mutational effects in proteins 
That a seemingly innocuous single point mutation can disrupt a network of amino 

acid interactions throughout the b-chain of hemoglobin highlights the nontriviality of 
predicting the effects of mutations from the protein structure alone. The basis of the 
distribution of functional effects in a protein is rooted in the thermodynamic coupling 
between interacting amino acids. Early studies attempted to infer this energetic coupling 
from sequence alignments of protein families, under the assumption that interactions 
between amino acids in proteins may be reflected in their correlated evolution 
(coevolution) in sequences spanning the protein family (Göbel et al., 1994; Lichtarge et al., 
1996; Lockless and Ranganathan, 1999; Neher, 1994). Statistical analysis of sequence 
alignments predicted interacting amino acids, and these interactions are crucial to the 
overall function of the protein, as demonstrated for PDZ domains, serine proteases, small 
GTPases, and many other protein families (Halabi et al., 2009; Hatley et al., 2003; Shulman 
et al., 2004; Smock et al., 2010). These analyses have revealed several generalizable 
principles that may begin to explain protein structure and function. For example, 
interacting amino acids often form a sparse, yet spatially contiguous network throughout 
the entirety of the protein structure for any given protein family, even connecting residues 
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at distal ends of the structure, whereas the remaining amino acids appear to be statistically 
independent from each other. The structural architecture of coevolving residues is shown 
in Figure 2 for the PDZ domain (McLaughlin et al., 2012). This observation suggests that 
most residues in a protein evolve independently while others coevolve. In retrospect, the 
coevolution of functionally relevant residues in proteins was again predicted from the 
analysis of globin sequences by Zuckerkandl and Pauling: 

 
Of course the two aspects are not unrelated, since the functional effect of a given 
single substitution will frequently depend on the presence or absence of a number 
of other substitutions (Zuckerkandl and Pauling, 1965). 
 

 

 
 

Figure 2. Co-evolving residues in the PDZ domain. Co-evolving residues in the 
PDZ domain (blue spheres) comprise a sparse network of residues built around the 
ligand-binding pocket and extending to a distal surface site. The allosteric network 
that connects the surface site to the ligand-binding pocket traverses through the 
central hydrophobic core of the PDZ domain. The ligand is shown in yellow sticks. 
Figure was adapted from (McLaughlin et al., 2012). 

 
An experimental approach for determining the pattern of interactions between 

amino acids in a protein is the thermodynamic double mutant cycle (Carter et al., 1984; 
Hidalgo and MacKinnon, 1995; Horovitz and Fersht, 1990). In this approach, the 
thermodynamic coupling between two residues in a protein is determined by making a 
mutation to the residues in question, independently and in combination. If mutations x 
and y at positions i and j act independently, the energetic effect of the double mutation 
∆𝐺#$

%& is the sum of the effects of each single mutant (∆𝐺#% +	∆𝐺$
&). The thermodynamic 
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coupling between the two amino acids in the protein is expressed as the difference between 
the effects of the single and the double mutations (∆∆𝐺#$

%&): 
 

∆∆𝐺#$
%& = 	 (∆𝐺#% +	∆𝐺$

&) −	∆𝐺#$
%& 

 
The robustness of a protein to mutation is rooted in the thermodynamic coupling 

between all of its amino acids. Quantitatively, the thermodynamic coupling measures the 
degree of cooperativity between amino acids in a protein, which is effectively the parameter 
that can be statistically estimated from alignments of protein sequences (Lockless and 
Ranganathan, 1999), and can be extended beyond double mutations to higher order 
mutations. However, while measuring the coupling between two residues in a protein has 
proven remarkably effective at understanding the functional roles of amino acids in 
proteins, it is often practically difficult to execute for multiple residue pairs. Thus, the 
traditional, first-order approach to studying mutational robustness in proteins has relied 
upon assessing the energetic effects of single mutations in proteins. 

The robustness of proteins to mutation was experimentally demonstrated in a study 
of four residues that comprise the majority of the interface between the bacterial histidine 
kinases, PhoQ and PhoP (Podgornaia and Laub, 2015). Studies of protein interfaces have 
revealed that hotspot residues concentrate the majority of the binding free energy of 
protein-protein interactions (Clackson and Wells, 1995). For example, the interface 
between human growth hormone and its cell-surface receptor is quite large at 1,300 Å2, 
though typical for binding interfaces between proteins (Davies et al., 1990; Janin and 
Chothia, 1990), and involves the interaction of about 30 sidechains from each protein (de 
Vos et al., 1992). Despite the extensive number of sidechain interactions at the interface, 
mutagenesis of interfacial residues showed that the majority of the binding free energy is 
determined by two tryptophan residues within a buried hydrophobic patch, and the 
remainder of the binding free energy is determined by less important hydrophilic contact 
residues (Clackson and Wells, 1995). For histidine kinases involved in bacterial two 
component signaling systems, four residues comprise the interface in one histidine kinase, 
PhoQ. These residues were subject to saturation mutagenesis individually and in 
combination, generating all 204 (160,000) possible combinations of PhoQ variants. The 
library of PhoQ variants was screened and selected for functional variants that maintained 
the ability to phosphorylate the partner histidine kinase, PhoP. It was found that the 
interface was quite degenerate and permissive of a large number of substitutions. 
Approximately 21% of single point mutants were tolerated, which is consistent with prior 
studies that have shown that protein interfaces are indeed robust to mutation (DePristo et 
al., 2005; Harms and Thornton, 2013). Interestingly, the space of higher order mutations 
was less degenerate than expected (nearly less than 1% of all possible mutations were 
functional), suggesting that epistatic interactions between residues at the interface 
constrains mutational space much greater than previously appreciated, and may reflect a 
fundamental evolutionary constraint this manifested in the limited diversity of natural 
protein sequences. Furthermore, the energetic contributions of interacting amino acids in 
proteins are not immediately obvious from examination of crystal structures alone, which 
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suggests that the mutational robustness of proteins will indeed require the systematic study 
of higher order mutational effects. 

Mutagenesis has commonly been employed to study the distribution of functional 
effects in many protein model systems. These studies have relied upon making many 
mutations in regions of the protein, and coupling the effect of the mutation to a functional 
or energetic readout. Along these lines, an early landmark study concerning the mutational 
tolerance of proteins showed that l-repressor, a phage transcriptional repressor, can 
tolerate many different mutations within the hydrophobic core (Lim and Sauer, 1989). In 
this study, mutations were made to the DNA sequence of the hydrophobic core of l-
repressor by cassette mutagenesis which allowed single, double, and higher-order 
mutations to be made to the protein. These protein variants were introduced into a phage 
lacking a functional l-repressor protein, and the survival of the phage depends on the 
expression of an active and functional l-repressor variant. This screen identified several 
mutations that led to phage survival, many of which were hydrophobic substitutions, 
suggesting that the hydrophobic core of the protein was largely tolerant of mutation. 
However, an in vitro measurement of the transfer free energy of several variants identified 
in the functional screen suggested that there were further constraints on the nature of the 
substitutions. Namely, the amino acids substitutions that were tolerated were subject to 
steric and volumetric constraints that did not disrupt the folding and packing of the 
hydrophobic core. Thus, this study was the first of its kind to demonstrate the robustness 
of proteins to mutation, and to illuminate the constraints on the nature of tolerated amino 
acid substitutions by measuring the energetic effects of mutations. 

Understanding the interactions between every amino acid in a protein is required 
to understand its energetic architecture in addition to assessing the mutational robustness 
of the entire protein. While targeted cassette mutagenesis was an early approach to study 
these properties, more recently, the individual function of every mutation at every amino 
acid of a protein has been measured experimentally. Recent advances have exploited the 
ability of DNA synthesis technologies to create large libraries of protein variants, typically 
saturation mutagenesis libraries, and coupled these libraries to a functional selection assay 
for the protein of interest. In another technological advance, high-throughput DNA 
sequencing is used to accurately count the frequency of each protein variant before and 
after selection, subsequently enabling a quantitative measure of the tolerance of the entire 
protein to mutation. Studies using deep sequencing have reinforced the concept that 
proteins are remarkably tolerant of mutation while retaining the ability to fold and function 
(Bershtein et al., 2006; Fowler and Fields, 2014; Podgornaia and Laub, 2015; Roscoe et al., 
2013; Tripathi and Varadarajan, 2014). In particular, “two-hybrid” selection systems, 
combined with deep sequencing, have been utilized to determine the effects of mutations 
on the binding affinities of interacting proteins (Dove et al., 1997; Joung et al., 2000). This 
strategy has been used to probe the sensitivity to mutation of a PDZ domain-peptide 
interaction (McLaughlin et al., 2012). Residues in the PDZ domain are highly tolerant of 
mutation, except for those that govern folding, stability, and energetic interactions with 
the peptide target. 
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Are highly conserved proteins less robust to mutation? 
The view that proteins are tolerant of mutation contrasts with the observation that 

many metazoan proteins are extraordinarily conserved in their sequences. Mutagenesis 
studies have typically focused on those that exhibit considerable sequence variation over 
evolution, such as PDZ domains. That proteins with considerable sequence variation over 
evolution are tolerant of mutation is not necessarily surprising, as evolution has 
recapitulated an in vitro mutation and selection experiment over many millions of years. 
We can then infer that highly evolutionarily conserved proteins are exquisitely sensitive to 
mutation, directly contrasting with the established mutational robustness of proteins. This 
concept was tested using ubiquitin as a model protein system, where the fitness of many 
ubiquitin variants was tested in vitro and in cells (Leung et al., 2016; Roscoe et al., 2013). 
Ubiquitin is found in all three branches of life, and in eukaryotes its sequence is virtually 
identical from protists to metazoans, suggesting that novel functions for ubiquitin did not 
arise in eukaryotic evolution (Zuin et al., 2014) (Figure 3). In light of its conservation, 
ubiquitin was indeed found to be sensitive to mutation throughout its sequence, 
particularly in the hydrophobic core of the protein and at interfaces that mediate binding 
to protein targets in cells, suggesting that binding is an important determinant of ubiquitin 
function (Leung et al., 2016; Roscoe et al., 2013). Sequence variation that is tolerated in 
ubiquitin generally preserves its ability to fold and bind its protein targets. Thus, the 
evolutionary conservation of a protein is directly indicative of its mutational robustness, 
and mutations that are tolerated are additionally subject to constraints that preserve 
protein function. 

 

 
 

Figure 3. Alignment of metazoan ubiquitin orthologs. Ubiquitin shows a high 
level of sequence conservation over the course of metazoan evolution (grey 
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residues). Sequence variation is highlighted in different colored residues. Sequence 
alignment was adapted from (Zuin et al., 2014). 

 
The constraints on the substitutions to protein sequence have largely been dissected 

for simple binding proteins such as the PDZ domain and ubiquitin. However, interesting 
test cases for the mutational robustness of proteins are multifunctional enzymes such as 
signaling proteins. In cells, signaling proteins typically bind to multiple partners and 
perform enzymatic reactions that are often highly regulated by auxiliary proteins. These 
proteins, including kinases and small GTPases, are central nodes in signaling networks and 
often act as molecular switches that control the response to cellular stimuli. Signaling 
proteins are often highly conserved in metazoans, and the origin of the conservation of 
signaling proteins may stem from their essentiality in cells. It has been posited that 
“dispensable” proteins that do not contribute significantly to the overall fitness of an 
organism evolve at a faster rate, and are thus less conserved, in comparison to essential 
proteins which evolve at slower rates (Hirsh and Fraser, 2001). Furthermore, studies have 
also suggested that the rate of a protein’s evolution decreases as the number of molecular 
interactions in which it participates increases (Dickerson, 1971; Fraser et al., 2002; Wilson 
et al., 1977). Though protein expression level may bias the strength of these correlations, 
these general relationships may contribute to the overall conservation of signaling proteins. 

Deconstructing the constraints on the sequence of Ras 
Consider, for example, the Ras proteins, which are prototypical members of a 

superfamily of membrane-associated small G-proteins that control an extraordinary range 
of cellular processes (Bourne et al., 1991; Rojas et al., 2012). Ras proteins are capable of 
producing a diversity of signaling outputs by binding to effector proteins, most importantly 
to the Raf family of kinases, which activate the MAP kinase pathway (Wittinghofer and 
Nassar, 1996; Wellbrock et al., 2004). Ras proteins cycle between an active GTP-bound state 
that transduces signals by binding to effector proteins, and an inactive GDP-bound state 
that cannot bind to effectors (Figure 4). The sequences of the three principal isoforms of 
Ras (H-Ras, K-Ras and N-Ras) are almost invariant in vertebrates, and Ras proteins are 
highly conserved across all metazoans (Figure 5 shows a phylogenetic tree based on 
alignment of H-Ras orthologs). 
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Figure 4. The Ras switching cycle. Ras cycles between an active, GTP-bound state 
and an inactive, GDP-bound state. Ras•GTP binds to effector proteins, such as Raf 
kinase, which binds to Switch I. The intrinsic hydrolysis of GTP is slow, unless 
catalyzed by a GTPase activating protein (GAP) which binds to Switch I. Intrinsic 
GDP release is also a slow process, unless facilitated by a guanine nucleotide 
exchange factor (GEF) which binds to both Switch I and Switch II. 

 

 
 
Figure 5. Conservation of the GTPase domains of H-Ras. H-Ras displays a high 
level of sequence conservation in metazoans. Sequences of H-Ras orthologs that 
were most similar to human H-Ras were used in this analysis. Invertebrate Ras 
sequences, such as those from a choanoflagellate or a sponge, are greater than ~70% 
identical to human H-Ras. The H-Ras sequence is nearly invariant in vertebrates, 
where greater than 98% sequence identity to human H-Ras is observed. Yeast Ras is 
an outgroup in the phylogenetic analysis, and plays a different functional role in 
comparison to metazoan H-Ras. 
 
Given that protein structures are tolerant to mutation, why are the sequences of Ras 

proteins (referred to collectively as “Ras”) so highly conserved? In particular, to what extent 
does the high degree of sequence conservation arise from the necessity to maintain the 
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GTPase cycle that switches signaling on and off? The inherent sensitivity of Ras to 
activation by mutation is highlighted by the fact that it is an important oncogene (Prior et 
al., 2012). The signaling activity of Ras can be increased by mutations that prolong the GTP-
bound state by reducing the rate of GTP hydrolysis, or that increase the rate at which GDP 
bound to Ras is replaced by GTP. The switch between the GDP- and GTP-bound states is 
accompanied by correlated conformational changes distributed throughout the structure 
of Ras (Grant et al., 2009; Guterres et al., 2015). Two segments of Ras, referred to as Switch 
I and Switch II, undergo substantial rearrangements when GTP is replaced by GDP, as 
illustrated schematically in Figure 4 (for a comprehensive review, see (Vetter and 
Wittinghofer, 2001)). Effector proteins, such as Raf and phosphatidyl inositol 3’ kinase, 
transduce signals from Ras•GTP by binding to Switch I, and the conformation of the switch 
regions is also important for binding to GAPs and GEFs. We expect that the switching, 
enzymatic, and binding functions of Ras will impose stringent constraints on the sequence, 
but a systematic study of the nature of these constraints is lacking. 

In this thesis, I present an analysis of the constraints on the primary sequence of the 
GTPase domain of Ras that arise as a consequence of its function as a molecular switch that 
is turned off and on by GAPs and GEFs. To do this, I adapted the saturation point-
mutagenesis and bacterial two-hybrid selection strategy that had been used to study 
sequence variation in PDZ domains (Raman et al., 2016). In this system, the binding of 
Ras•GTP to the Ras-binding domain (RBD) of C-Raf is coupled to the transcription of an 
antibiotic resistance factor, which enables the fitness of mutant forms of Ras to be 
evaluated through their effect on bacterial growth in the presence of an antibiotic. Co-
expression of a GAP and a GEF enables the effect of regulators to be evaluated. The two-
hybrid system omits some of the constraints that Ras normally operates under in a 
mammalian cell, such as interaction with the membrane (Abankwa et al., 2008; Mazhab-
Jafari et al., 2015). Even without these constraints, the experiments show that the necessity 
of maintaining a properly regulated switching function severely constrains the sequence of 
Ras relative to that of proteins with a simpler binding function, such as PDZ domains or 
lambda repressor. 

I find that for regulated wild-type H-Ras, in the presence of a GAP and a GEF, most 
mutations reduce the function of Ras to a mild extent, with the more severe effects being 
associated with mutations to residues that are critical for binding to GTP, the Raf-RBD and 
the regulators, and for the formation of the hydrophobic core. Strikingly, a distinct pattern 
of mutational sensitivity emerges for unregulated wild-type Ras, in the absence of the GAP 
and the GEF. Under these conditions, most mutations shift to being near-neutral and a set 
of gain-of-function mutations at hotspot residues appears, where almost any change to the 
wild-type residue results in increased activity. I show that these hotspots of activating 
mutations, which form a spatially contiguous network distributed around the GTPase 
domain, correspond to residues that reduce spontaneous switching through allosteric 
coupling to the GTP binding site. Mutations that activate Ras inappropriately would 
normally be eliminated by natural selection, and the combination of inactivating and 
activating mutations places constraints on nearly all of the residues in Ras. I also carried 
out a saturation mutagenesis experiment in the background of the oncogenic G12V 
mutation, and found that the presence of this mutation reduces the effect of mutations that 
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activate wild-type H-Ras, indicative of coupling between the G12V mutation and the 
broadly distributed hotspot residues. Finally, I present an evolutionary analysis that, along 
with the mutational data, indicates that allosteric control in Ras was modified during the 
emergence of the vertebrate lineage. These data show that mutational sensitivity in Ras is 
strongly context-dependent on it regulatory network, a finding that can explain the high 
sequence conservation of Ras orthologs. 
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Chapter 2: Development of a high-throughput assay for Ras function 

Introduction 
In order to generally assess the mutational robustness of Ras, I needed to design an 

assay that could quantitatively measure the functional effect of many mutations to the 
protein sequence. Such an assay would allow for the measurement of thousands of mutant 
forms of Ras, comprising a saturation point-mutagenesis library of the entire protein. The 
functional effects of Ras mutations would be correlated to a measurable biophysical 
parameter that reflects an aspect of Ras function. Furthermore, the assay should as closely 
as possible recapitulate all of the constraints on Ras function, such as regulation by 
auxiliary enzymes. Given the need to tractably introduce thousands of point mutations and 
measure their effects on Ras function in the presence of co-expressed regulatory proteins, 
I needed to work in an organism that allowed for the simultaneous expression of multiple 
proteins and for the effects of mutations to Ras to be coupled to the fitness of the organism 
itself. This chapter will detail the design of the selection system for Ras, as well as creation 
of the saturation point-mutagenesis library of Ras variants. The design of the selection 
system was performed in close consultation with Bill Russ, Arjun Raman, and Rama 
Ranganathan. The design of the saturation point-mutagenesis library of Ras was done in 
close consultation with Neel Shah in the Kuriyan lab. 

Requirements for an assay for Ras function 
With the goal of being able to study the function of all amino acids in Ras, I wanted to 
design an assay that met the following criteria: 
  

1. The measure of function should be reflective of the known constraints imposed on 
Ras. This measure should correlate to the fitness of the organism in which the assay 
is being performed. 

2. The assay should reproducibly measure the effects of mutations to Ras, in the 
presence and absence of regulatory proteins. 

3. The assay should be high-throughput, and capable of measuring thousands of 
individual Ras mutants in order to sample enough of the sequence space to then 
make global statements about the mutational robustness of Ras. 
 

General methods to study protein function and protein-protein interactions 
Many methods exist for screening for Ras function and for generally studying 

protein-protein interactions. Each method is limited in its own way, either by throughput, 
for the need to work with purified proteins, or for the lack of precise quantification. For 
example, fluorescence polarization has been used to measure the interaction of GTP loaded 
Ras with a Ras-binding domain from Raf kinase (Raf-RBD) (Guzmán et al., 2014). 
Isothermal titration calorimetry has also been used to measure this interaction (Kiel et al., 
2009; Rudolph et al., 2001; Wohlgemuth et al., 2005). Though these methods provide a 
precise quantification of the binding affinity between the two proteins, they would require 
the purification of thousands of Ras variants in vitro, an undertaking that would be 
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incredibly laborious and time-consuming. In this work, I used isothermal titration 
calorimetry to measure the affinity of approximately 30 Ras mutants for the Raf-RBD, but 
even this scale of measurements took over a month to complete. Furthermore, these 
methods do not necessarily provide a sensible readout of the interaction in the presence of 
regulation by a GTPase accelerating protein (GAP) and guanine-nucleotide exchange factor 
(GEF). In fact, an in vitro assay has been developed to monitor the output of the entire Ras 
regulatory cycle (Coyle and Lim, 2016), and though this assay allows for the measurement 
of the regulated cycling of Ras between a GTP- and GDP-bound state, cycling would have 
to be measured for a long duration of time and many variants of Ras would again have to 
be expressed and purified to make global conclusions. 

Initially, a mammalian cell selection assay was proposed to be used to measure the 
function of Ras variants. This assay is based on the work of Erica Kovacs in the Kuriyan lab, 
who developed a platform to measure the downstream effects of activation of the guanine 
nucleotide exchange factor SOS when activated by mitogen stimulation. Conceptually, a 
variant of Ras could be transformed into HEK293 cells, and the activation of Ras by guanine 
nucleotide exchange factors could be measured by stimulating the cells with a mitogen 
such as epidermal growth factor. The downstream signaling effects of the Ras variant could, 
in theory, be measured by using an antibody for the MAP kinase ERK. I initially tried to 
develop this approach for a potentially large library of Ras variants whose effects would be 
read out by cell sorting, but several technical hurdles were encountered, such as the fact 
that mammalian cells would take up multiple Ras variants per cell using transient plasmid 
transfection. Instead, we turned to different organisms in which to measure the function 
of Ras mutations. I will later describe the development of a novel mammalian cell selection 
assay that has been adapted to measure Ras function. 

I next explored the possibility of studying Ras function in the context of a yeast two-
hybrid assay, which is a platform to detect the interaction of two proteins in a yeast nucleus 
(Fields and Song, 1989; Legrain and Selig, 2000). This assay works by fusing the GAL4 N-
terminal DNA-binding domain to one protein of interest, while also fusing the GAL4 C-
terminal transcription-activating domain to the other protein of interest. If the two 
proteins interact, the two domains of GAL4 are brought into close proximity, subsequently 
activating transcription of a reporter gene (Fields and Song, 1989). This assay enables 
screening a large number of potential interactors of a protein of interest, and has been 
previously used against large cDNA libraries (Legrain et al., 2001). Upon inducing the 
expression of the fusion proteins, the entire library is plated onto selective media, and 
surviving colonies in theory contain a viable interaction partner of the protein of interest. 
However, this assay is susceptible to false positive interactions that can lead to cell growth. 
Furthermore, the function of an individual protein is only scored as either permitting cell 
growth or not, and thus, there is no nuanced measure of protein function in the yeast two-
hybrid assay. Finally, the presence of endogenous Ras in yeast, as well as endogenous GAP 
and GEF proteins, can convolutes the ultimate readout of a yeast two-hybrid assay. 
However, I do use a yeast assay for Ras function later in this work to validate the effects of 
Ras mutations in a completely orthogonal manner to the selection system to be further 
detailed (Sass et al., 1986). 
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The bacterial two-hybrid assay to study protein-protein interactions 
Because the two-hybrid assay allows for a high-throughput screen of protein 

variants, I decided to build an analogous assay for Ras which provided a measure of Ras 
function that was linked to binding to the Raf-RBD in the presence and absence of the 
components of the Ras regulatory cycle. I decided to develop a two-hybrid system in the 
context of E. coli, analogous to a system developed by our collaborators in the Ranganathan 
lab at UTSW (McLaughlin et al., 2012; Raman et al., 2016). Bacteria do not contain Ras-
superfamily G-proteins and their associated downstream effectors such as Raf-RBD, and 
also do not contain GAP or GEF proteins that modulate the cycling of Ras, thereby 
eliminating the potential convolution of the results of a screen of Ras variants. 
Furthermore, bacteria are able to take up one unique Ras variant per cell, and allow for the 
introduction of multiple plasmids harboring components of the regulatory cycle, so they 
are easily genetically manipulated in a controllable manner for the purposes of my work. 

The original bacterial two-hybrid system in E. coli couples a protein-protein 
interaction of interest to a transcriptional readout (Dove et al., 1997; Joung et al., 2000). 
The assay requires fusion of one protein to a DNA-binding domain and another protein to 
one of the subunits of RNA polymerase. In the presence of a plasmid containing the 
appropriate DNA-binding motif upstream of a reporter gene for antibiotic resistance, 
activation of transcription occurs if the two proteins of interest directly interact. The 
general principle of transcriptional activation by promoter binding and interaction with 
RNA polymerase is also used by bacterial transcriptional activators (Busby and Ebright, 
1994). Typically, bacterial-two hybrid assays use the phage λ-cI protein for its DNA-binding 
domain, the N-terminal domain of the α-subunit of RNA polymerase, and β-galactosidase 
or β-lactamase as the reporter gene (Dove and Hochschild, 2004). 

The endogenous phage-λ promoter, PRM, contains three operators for λ-cI, two 
upstream of and one overlapping with the polymerase binding site (Li et al., 1994). The N-
terminal domain of λ-cI dimerizes, and binds to any of its three operators, but has the 
highest affinity for OR1, and OR2 is occupied after OR1 binding (Li et al., 1994). λ-cI thus 
occupies both OR1 and OR2, which are approximately 20 base pairs apart. λ-cI binding 
activates transcription when fused to a protein that interacts directly with RNA polymerase 
(Dove and Hochschild, 2004). In the version of the bacterial two-hybrid that I use, which 
was modified in the Ranganathan lab, OR3, which overlaps with the promoter and thus 
represses transcription when occupied, has been mutated to abolish binding and repression 
of transcription from PRM. Furthermore, the N-terminal domain of λ-cI also directly 
interacts with the α-subunit of RNA polymerase and activates transcription independent 
of the λ-cI fusion when bound to OR2 (Kuldell and Hochschild, 1994). α-subunit-
independent transcriptional activation is mediated through two amino acids revealed 
through mutagenesis experiments performed by the Ranganathan lab. The Ranganathan 
lab found that the E34P mutation significantly reduced PRM expression of the reporter gene 
in the absence of an interaction and therefore increased the range of reporter gene levels 
between wild-type and weakly-binding mutants of their proteins of interest (McLaughlin 
et al., 2012). I adopted this version of the bacterial two-hybrid system previously developed 
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in the Ranganathan lab for expression of Ras in order to monitor its interaction with the 
Raf-RBD. 

A bacterial two-hybrid assay for Ras function 
The genetic components of the two-hybrid assay exist on three plasmids (Figure 1). 

The pZS22 plasmid expresses the C-Raf-RBD fused to the λ-cI protein under the control of 
an IPTG-inducible promoter, P

L
lac01, and contains a low copy number origin of replication, 

pSC101, and a trimethoprim resistance cassette. The pZA31 plasmid expresses H-Ras 
(residues 2-166), fused to the N-terminal domain of the α-subunit of E. coli RNA 
polymerase. This plasmid contains a doxycycline sensitive promoter, the low copy number 
p15A origin of replication, and a kanamycin resistance cassette. The final plasmid contains 
the P

RM promoter, with a mutated O
R
3, upstream of the chloramphenicol resistance gene 

chloramphenicol acyltransferase (CAT), the medium copy number ColE1 origin, and the 
ampicillin resistance gene, β-lactamase. The GAP (the catalytic domain of p120 RasGAP) 
and the GEF (the catalytic domain of RasGRP1) were optionally expressed on the same 
plasmid architecture. The GAP was expressed on the same transcript as the Raf-RBD, 
separated by an internal ribosome binding site, and the GEF was expressed under the 
control of the P

L
lac01 promoter introduced into the CAT plasmid. 

 

 
 

Figure 1. The bacterial two-hybrid system. The bacterial two-hybrid system 
couples the Ras•GTP:Raf-RBD interaction to the production of an antibiotic 
resistance factor. The Ras variant library, the Raf-RBD, and the antibiotic resistance 
factor are encoded on three inducible plasmids. The GAP and GEF can also be co-
expressed in the bacterial two-hybrid system. After protein expression, a fraction of 
the cells is removed and the plasmids encoding the Ras variant library are isolated 
and deep sequenced to count the frequency of each variant before antibiotic 
selection. The remainder of cells are subject to antibiotic selection with 
chloramphenicol and the plasmids encoding the Ras variant library are isolated and 
deep sequenced to count the frequency of each variant after antibiotic selection. The 
counts of each variant before and after selection are used to calculate the 
enrichment of each Ras variant. 
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In order to decrease background reporter gene expression, the fusion protein plasmids are 
maintained in a repressed state by the constitutive expression of the lac- and tet-repressors. 
The genes for these repressors, lacI and tetR, were integrated into the genome of the E. coli 
K12 derivative MC4100 to create the MC4100-Z1 cell line (Lutz and Bujard, 1997). In the 
absence of IPTG and doxycycline, expression of the fusion proteins and any resulting CAT 
should remain low. Upon inducing protein expression, Ras interacts with the Raf-RBD, 
leading to the production of CAT. Chloramphenicol resistance is measure as an 
enhancement in the growth rate, which is a true measure of cellular fitness. An advantage 
to a growth rate measurement is that the exponential nature of bacterial growth provides 
a stringent selection, where beneficial mutations are rapidly enriched exponentially over 
deleterious mutations. Prior iterations of the bacterial two-hybrid assay successfully used 
eGFP fluorescence as a selective marker, suggesting a modularity in the choice of a reporter 
system (McLaughlin et al., 2012). 

Creation of a saturation point-mutagenesis library of Ras variants 
In this thesis, I will describe the use of the bacterial two-hybrid system to carry out 

four experiments, each of which involved analysis of a complete set of single-site mutations 
for the relevant Ras protein, expressed together with Raf-RBD. In the first experiment, 
variants of wild-type Ras were expressed in the presence of the GAP and the GEF (a 
condition we refer to as “regulated-Ras”). In the next experiment, Ras variants were 
expressed with the GAP, but without the GEF (“attenuated-Ras”). In the third experiment, 
variants of wild-type Ras were expressed without the GAP and the GEF (“unregulated-Ras”). 
Finally, I examined the effects of an oncogenic mutation by expressing variants of Ras-G12V 
without the GAP and the GEF (“Ras-G12V”).  

For these experiments, I created two saturation point-mutagenesis libraries of Ras 
variants, one for wild-type Ras and one for Ras-G12V, by site-directed mutagenic PCR as 
described (McLaughlin et al., 2012), using primers containing randomized bases at each 
codon. The mutagenic primers contain NNS codons, where N represents a mixture of 
A/T/G/C and S represents a mixture of G/C, in the nucleotide sequence of Ras. In this way, 
I created libraries in which the amino acid sequence of Ras is randomized one position at 
a time. The libraries were then cloned into the bacterial two-hybrid expression vector and 
deep-sequenced to ensure that each variant was represented in roughly equal proportion. 
E. coli cells were transformed with the libraries, screened in the bacterial two-hybrid 
system, and deep-sequenced before and after selection in order to calculate the fitness 
effects of mutations in Ras. 

Quantifying the functional effects of Ras mutations 
Chloramphenicol concentration and selection times were chosen to give maximal 

growth differences between oncogenic Ras mutants (e.g. G12V, Q61L) and mutants that are 
impaired in their ability to bind to Raf (e.g. T35S, D38N) (Chuang et al., 1994) (Figure 2). 
Identical selection conditions were used for the four point-mutagenesis experiments. The 
ability of the two-hybrid system to report on Ras activity is illustrated in (Figure 2A-B), 
which shows that the growth of bacteria expressing wild-type Ras decreases when an 
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inactivating mutation is made to the GEF. In this case, Ras•GTP is hydrolyzed to Ras•GDP 
by the GAP, reducing CAT expression. 

 

 
 

Figure 2. Growth rates in the bacterial two-hybrid system. A. Growth rate 
differences are observed for Ras variants that perturb Raf-RBD binding affinity in 
the presence of chloramphenicol. Cells rapidly grow to high density when no 
chloramphenicol is added. Oncogenic mutations exhibit faster growth due to 
increased CAT production (G12V, Q61L). The other mutations shown here weaken 
Ras•GTP:Raf-RBD binding affinity and lead to decreased growth rates. These growth 
curves were measured without a GAP or GEF. B. Growth rate differences are 
observed with co-expressed p120 RasGAP (GAP) and RasGRP1 (GEF). Cells grow to 
high density without chloramphenicol. In the presence of an antibiotic and co-
expression of GAP and GEF, a mutation in the GEF (F929A) that impairs binding to 
Ras reduces the growth rate. 
 
Expression of the full regulatory cycle in the bacterial two-hybrid system modulates 

the concentration of active Ras•GTP available to bind the Raf-RBD. Removal of these 
regulatory components subsequently leads to a change in the concentration of Ras•GTP, 
and thus, we developed a theoretical framework to understand these shifts in [Ras•GTP] as 
the bacterial two-hybrid experiment is performed. This theoretical framework is based on 
the equilibrium binding of Ras•GTP and Raf-RBD, which leads to the formation of a 
complex that transmits signal through the MAP Kinase pathway in native signaling 
systems. The formation of Ras•GTP:RBD complex is driven out of equilibrium by the GAP-
mediated hydrolysis of Ras•GTP to Ras•GDP and the GEF-mediated exchange of Ras•GDP 
to Ras•GTP. Figure 3 depicts these processes in the Ras regulatory network. Production of 
Ras•GTP and Ras•GDP in the Ras regulatory cycle is given by the following equations: 
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Figure 3. A schematic of the Ras regulatory cycle. The formation of the active 
Ras•GTP:Raf-RBD complex is driven out of equilibrium by irreversible GTP 
hydrolysis and exchange by a GAP and GEF, respectively. 

 
(1)  - ./0123

-4
= 𝑘167 𝐺𝐸𝐹 𝑅𝑎𝑠𝐺𝐷𝑃 − 𝑘1?3 𝐺𝐴𝑃 𝑅𝑎𝑠𝐺𝑇𝑃 −	𝑘#B4 𝑅𝑎𝑠𝐺𝑇𝑃 =

−- ./01C3
-4

 
(2)  [𝑅𝑎𝑠4E4] = 𝑅𝑎𝑠𝐺𝑇𝑃 + [𝑅𝑎𝑠𝐺𝐷𝑃] 

 
[𝑅𝑎𝑠4E4] is total Ras concentration in the regulatory network, where the concentration of 
[𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷] complex is assumed to be small, and the enzymatic activities of GAP and 
GEF are much faster than changes in their concentrations. At steady state: 
 

(3)  - ./0123
-4

= − - ./01C3
-4

= 0 
 

(4)  𝑅𝑎𝑠𝐺𝑇𝑃 = 	 JKLM 167 ./01C3
JKNO 1?3 	P	JQRS

= JTU
JVWX

𝑅𝑎𝑠𝐺𝐷𝑃 = 𝐾Z[[𝑅𝑎𝑠𝐺𝐷𝑃] 

 
Exchange rate 𝑘Z% is equal to 𝑘167 𝐺𝐸𝐹  and 𝑘\&- is equal to the sum of GAP-mediated and 
intrinsic GTP hydrolysis. 𝐾Z[ is the rate constant for the interconversion between Ras•GTP 
and Ras•GDP. From Equations 2 and 4, the steady state Ras activation level is written as: 
 

(5)  [./0123]
[./0S]S]

= 𝑅𝑎𝑠𝐺𝑇𝑃 ^ = 	 _
_P	 `aTb

= cTb
_PcTb

= 𝛾 

Cell growth in the bacterial two-hybrid (B2H) is dependent on the production of an 
antibiotic resistance factor upon the interaction of a Ras variant and a Ras Binding Domain 
(RBD). The bacterial two-hybrid system reports on the exponential growth of cells 
containing an individual Ras mutant over time under antibiotic selection. The number of 
cells 𝑁 containing a Ras variant x over selection time t is: 

 
(6)  𝑁%(𝑡) = 𝑁g,%𝑒JU4 

 
Where 𝑁g,% is the initial number of cells before selection containing mutant x and 𝑘% is the 
growth rate of mutant x. We also define an analogous expression for the number of cells 
containing wild-type Ras (WT) over time: 
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(7)  𝑁j2(𝑡) = 𝑁g,j2𝑒Jkl4 
 
Where 𝑁g,j2 and 𝑘j2 are the initial number of cells before selection and growth rate of 
wild-type Ras, respectively. The bacterial two-hybrid selection experiments are performed 
for a constant, fixed selection time t, which can therefore be viewed as a constant scaling 
factor. The number of Ras variants in the pooled selection experiment are counted with 
high accuracy with next generation sequencing. 

From the ratio of Equations 6 and 7, the number of cells containing a Ras variant x can 
be expressed relative to the number of cells containing wild-type Ras: 
 

(8)  mU(4)
mkl(4)

 = mn,U 4
mn,kl(4)

𝑒(JUoJkl)4 

 
The log ratio of the rearranged Equation 8 can be defined as the relative enrichment (∆𝐸) 
of a Ras variant x in the selected (𝑁%(𝑡)) versus starting (𝑁g,% 𝑡 ) population of variants, 
relative to wild-type (Equation 9): 
 

(9)  ∆𝐸% = 𝑙𝑛 mU(4)
mkl(4)

 – 𝑙𝑛 mn,U 4
mn,kl 4

=	 𝑙𝑛 𝑒(JUoJkl)4 = 𝑘% − 𝑘j2 𝑡 

 
Mutations that show no functional effect give a relative enrichment in the selected 
population that is identical to wild-type (∆𝐸% ≈ 0), and deviations provide a quantitative 
measure of the functional effect of each mutation on the 𝑅𝑎𝑠𝐺𝑇𝑃 ^: 𝑅𝐵𝐷  interaction. 

Assume that production of the antibiotic resistance factor and growth rate k in the 
bacterial two-hybrid system is proportional to the amount of 𝑅𝑎𝑠𝐺𝑇𝑃𝑃: 𝑅𝐵𝐷  complex 
formed at steady state: 
 

(10) 𝑘 ∝ [𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷] 
 

Growth rates are calculated directly from the bacterial two-hybrid sequencing data. 
Since pre- (𝑁g,% 𝑡 ) and post-selection 𝑁%(𝑡)  counts for each mutant x are not on the 
same scale, the log ratio of counts defined in Equation 9 leads to unbounded positive and 
negative growth rates. A scaling factor 𝛼 is defined as the value of mU 4

mn,U 4
  that minimally 

bounds growth rates at 0. In practice, 𝛼 is set to the average of the bottom 1 percent of 
ratios stored in a sorted array: 
 

(11) 𝑆𝑜𝑟𝑡𝑒𝑑	𝑎𝑟𝑟𝑎𝑦	𝑜𝑓	 mU 4
mn,U 4

→

mU 4
mn,U 4

⋮

}~/�Z�/�Z	E�	
�E44E�	_%
E�	�/4#E0

�U S
�n,U S

}
⋮  

 
Thus, the log ratio of counts scaled by 𝛼 is equal to the growth rate of mutant x in the range 
[0,∞): 
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(12) 
𝑙𝑛

�U(S)
�n,U S

}

⋮ = 𝑘% ∈ 0,∞  

The dependency between growth rate and the amount of 𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷  complex formed 
at steady state can be subsequently expressed as the fractional saturation (𝑓�) of 
𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷  complex: 

 
(13) 𝑓� =

./0123��:.�C
./0123�� P ./0123��:.�C

 

 
Furthermore, the apparent dissociation constant for the 𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷  complex is 
expressed as: 
 

(14) 𝐾C,/�� =
./0123�� .�C
./0123��:.�C

 

 
Combining Equations 13 and 14 leads to an equivalent expression for fractional saturation: 
 

(15) 𝑓� =
���KlO��
a�,���

_P ���KlO��
a�,���

 

 
From Equation 10, the amount of 𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷  formed at steady state is equal to the 
fractional saturation multiplied by the maximal amount of 𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷  complex: 
 

(16) 𝑅𝑎𝑠𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷 = 𝑓�	×	 𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷 �/% = 𝑓�	×	𝜃 
 
In Equation 16, 𝜃 is a constant representing the maximal amount of 𝑅�𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷  
complex. Combining Equation 10 and Equation 16 leads to an expression for growth rate in 
terms of fractional saturation of 𝑅𝑎𝑠𝐺𝑇𝑃: 𝑅𝐵𝐷  complex: 
 

(17) J
�
= 𝑓� 

 
In Equation 17, 𝜃 is a normalization that bounds growth rate in the bacterial two-hybrid 
system between [0, 1]. In practice, 𝜃 is the average of the top 5 percent of growth rates 
stored in the array from Equation 12: 
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(18) 

�U S
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}
⋮

�~/�Z�/�Z	E�	
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From Equation 15, the dimensionless quantity ./0123��

c�,���
 is equal to: 

 
(19) ./0123��

c�,���
= 	 ��

_o��
 

 
Equation 19 can be used to calculate ./0123��

c�,���
 directly from the array storing fractional 

saturation values in Equation 18: 
 

(20) 
𝑓�
⋮

�/����/4Z
	 ���KlO��a�,���

	
��

_o��
⋮ 	

Finally, Equation 15 can be expressed in terms of the scaling factor 𝛾 from Equation 5: 
 

(21) 𝑓�� =
���KlO��
a�,���

�

_P ���KlO��
a�,���

�
 

 
The recalculated values of scaled fractional saturation (𝑓′�) are stored in a new array: 
 

(22) 

��
_o��
⋮

^�/�Z	�&	�
	

𝛾 ��
_o��
⋮ �/����/4Z	��

�

	
𝑓′�
⋮  

 
Thus, the scaling factor 𝛾 effectively modulates 𝑅𝑎𝑠𝐺𝑇𝑃00  through GAP and GEF activity 
along a “universal” binding isotherm that describes the 𝑅𝑎𝑠𝐺𝑇𝑃 ^: 𝑅𝐵𝐷  binding 
equilibrium (Figure 4). 
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Figure 4. Scaling the bacterial two-hybrid enrichments. A “universal” binding 
isotherm of concentration of 𝑅𝑎𝑠𝐺𝑇𝑃00  vs. fractional saturation of the 
𝑅𝑎𝑠𝐺𝑇𝑃 ^: 𝑅𝐵𝐷  complex. 

 
In the bacterial two-hybrid system, fractional saturation of the 𝑅𝑎𝑠𝐺𝑇𝑃 ^: 𝑅𝐵𝐷  

complex is high and maximal growth rates are achieved. The latter statement is an 
assumption partly substantiated by the observation in Figure 5 that growth rates maximally 
plateau at the inducer concentration chosen for all bacterial two-hybrid experiments. 

 

 
 

Figure 5. Growth rates in the bacterial two-hybrid system as a function of Ras 
expression. Growth rate of G12V Ras (blue) in the bacterial two-hybrid system as a 
function of doxycycline inducer concentration (ng/mL). Growth rate is maximal at 
the concentration used for all B2H experiments (50 ng/mL). 
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Fractional saturation is calculated according to Equation 11 through Equation 22 for 
each mutant x and wild-type (WT) and multiplied by the normalization constant 𝜃 to 
calculate a scaled growth rate 𝑘�: 

(23) 𝑓�,%� ∗ 	𝜃 = 	𝑘�% 
(24) 𝑓�,j2

� ∗ 	𝜃 = 	𝑘�j2 
 
The difference in growth rates for each mutant x and wild-type (WT) from Equation 9 is: 
 

(25) ∆𝐸% = 𝑙𝑛 mU 4
mkl 4

 – 𝑙𝑛 mn,U 4
mn,kl 4

= 𝑘�% − 𝑘�j2 𝑡 = 𝜃	×	(𝑓�,%� − 𝑓�,j2
� ) 

 
Equation 21 can be substituted into Equation 25 and multiplied through by 𝐾C,/�� to give 
the final form of relative enrichment: 
 

(26) ∆𝐸% = 𝜃	× [./0123��,U]�
c�,���;UP[./0123��,U]�	

– [./0123��,kl]�
c�,���;klP[./0123��,kl]�	

 

 
Thus, we have created a theoretical framework to scale the relative enrichment values 

derived from sequencing the bacterial two-hybrid screened Ras variants. This scaling 
enables the quantitative comparison of experiments in which either the full regulatory 
cycle is expressed, or when components of the regulatory cycle are removed. 
 

The enrichment of a Ras variant is proportional to the RasGTP:Raf-RBD binding 
affinity 

We assume that the fitness of a Ras variant is directly related to the concentration 
of the Ras•GTP:Raf-RBD complex. ∆𝐸%  values less than or greater than zero indicate a 
decrease or increase, respectively, in the steady-state concentration of Ras•GTP:Raf-RBD. 
All ∆𝐸%  values reported here represent averages of two independent experiments, and the 
data were highly reproducible between duplicate experiments (Figure 6). 
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Figure 6. Reproducibility of the bacterial two-hybrid experiments. Correlation 
of relative enrichment values (∆𝐸%) for all four conditions in the presence and 
absence of regulation for two independent experiments. Reported ∆𝐸% values are 
averaged over both experiments. 

 
We compared the relative fitness values, derived from two-hybrid experiments 

without the GAP or the GEF, to changes in the binding free energy for the interaction of 
Raf-RBD and Ras•GTP, measured using isothermal titration calorimetry (ITC). The ITC 
experiments were done for 25 Ras variants loaded with the non-hydrolyzable GTP analog, 
GMP-PNP. Complete loading of Ras with GMP-PNP was verified by HPLC analysis (Figure 
7). The ITC data are consistent with earlier measurements of the affinity of the interaction 
between Raf-RBD and Ras variants (Kiel et al., 2009; Rudolph et al., 2001; Wohlgemuth et 
al., 2005). Wild-type Ras binds to Raf-RBD with a dissociation constant (KD) of ~170 nM, 
corresponding to a binding free energy (∆𝐺�#B-#B�) of -38 kJ/mol. Many mutations in Switch 
I, such as D33N, T35S, and D38N, lead to a greater than 100-fold increase in the value of KD 
relative to wild-type, corresponding to values of ∆∆𝐺�#B-#B� that range from 3 to 10 kJ/mol. 
There is a good correlation between the ∆𝐸% values and the corresponding values of 
∆∆𝐺�#B-#B� for mutations that have strong positive or negative effects on Raf-RBD binding 
(Figure 8). For mutations with near wild-type binding, there is a greater variance of relative 
fitness, a result that might arise due to effects on GTP hydrolysis and exchange rates, which 
do not enter into the thermodynamic measurement. 
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Figure 7. Validating GMP-PNP loading of Ras variants by HPLC. Ion-pair HPLC 
was used to confirm GMP-PNP loading of Ras variants according to Eberth and 
Ahmadian (Eberth and Ahmadian, 2009). A mix of nucleotides (GMP, GDP, GMP-
PNP, and GTP) was first injected as a reference to assess retention times of each 
nucleotide. Next, GMP-PNP loaded Ras was injected to confirm that the peak to the 
bound nucleotide corresponded to the peak obtained from the reference. 
 

 
 

Figure 8. Correlation of enrichment with Ras•GTP:Raf-RBD binding affinity. 
In vitro validation of the bacterial two-hybrid system. The enrichment of individual 
Ras variants is approximately proportional to the change in Ras•GTP:Raf-RBD 
binding free energy upon mutation. Binding free energy of individual Ras mutants 
was measured by isothermal titration calorimetry, where error bars represent the 
standard deviation from three experiments, and relative enrichment values (∆𝐸%) 
are derived from wild-type Ras binding to Raf-RBD in the unregulated-Ras 
experiment. 

 
For the saturation mutagenesis experiments, we found that the range of relative 

enrichment values (∆𝐸%) in two of the experiments (attenuated-Ras and Ras-G12V) was 
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different, when compared to the other two (unregulated-Ras and regulated-Ras). Although 
all four experiments were carried out using the same nominal conditions, the strength of 
the antibiotic selection appears to be somewhat variable from experiment to experiment. 
The differences in effective chloramphenicol concentration are expected to result in linear 
scaling of the relative enrichment values (∆𝐸%) in one dataset with respect to the other. We 
applied scale factors of 1.2 and 0.7, respectively, to the ∆𝐸% values for the attenuated-Ras 
and Ras-G12V datasets. The scale factors were calculated such that the variance of ∆𝐸% 
values from the two datasets were equal for the Val 112 reference residue in the hydrophobic 
core (Figure 9). 

 

 
 

Figure 9. Scaling enrichment data for Val 112. Scaling enrichment values from 
the bacterial two-hybrid experiments for a reference residue in the hydrophobic 
core, Val 112. 
 

Summary 
This chapter has described the considerations that were taken into account when 

developing a selection assay for Ras function. Ultimately, I designed a bacterial two-hybrid 
selection assay that allowed for the fitness of several thousand Ras variants to be 
determined in a quantitative manner. This assay also allowed for the modular expression 
of components of the Ras regulatory cycle, enabling the mutational robustness of Ras to be 
determined in the presence and absence of regulation by auxiliary proteins such as a GAP 
and a GEF. I created and screened a saturation point-mutagenesis library of Ras variants in 
this selection assay. The data from the bacterial two-hybrid selection assay was scaled based 
on a competitive binding model of the Ras regulatory cycle, in order to allow the data to be 
quantitatively compared across different experimental conditions. In sum, the bacterial 
two-hybrid system is an effective way to measure the fitness of a saturation point-
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mutagenesis library of Ras variants, enabling the assessment of mutational robustness 
across multiple conditions of selection. 

Methods 
Bacterial two-hybrid selection assay 

We utilized a modified version of a bacterial two-hybrid system in which 
transcription of chloramphenicol acetyltransferase (pZERM1-CAT plasmid, pRM+ 
promoter, ampicillin resistant) is made dependent on the binding between each human H-
Ras variant (fused to the N-terminal domain of the E. coli RNA polymerase α-subunit on 
the pZA31 plasmid, doxycycline inducible, kanamycin resistant) and the RBD from human 
C-Raf kinase (fused to the bacteriophage λ-cI DNA binding domain on the pZS22 plasmid, 
IPTG inducible, trimethoprim resistant). p120 RasGAP was expressed from the pZS22 
plasmid, separated from the Raf-RBD by an internal ribosome binding site, and RasGRP1 
was expressed from the pZERM1 plasmid on an IPTG-inducible cassette independent of the 
reporter CAT gene. 

Electrocompetent MC4100-Z1 cells containing pZERM1-CAT and pZS22 plasmids 
were transformed with 100 ng of the pZA31-RNA polymerase α-Ras variant library, 
recovered for 2 hours in LB media, and grown to saturation overnight in LB media 
containing 20 µg/mL trimethoprim, 50 µg/mL kanamycin, and 100 µg/mL ampicillin. 20 µL 
of saturated culture was diluted to an optical density (OD) at 600 nm of 0.001 for a 2-hour 
outgrowth in 30 mL LB at the same antibiotic concentrations. Cells were diluted to an OD 
of 0.0001 and induced with 50 ng/mL doxycycline and 100 µM IPTG for 3 hours in 60 mL of 
LB + antibiotics. After induction, ~50 mL of culture was reserved for deep-sequencing of 
the pre-selection population. Selection cultures were started with the remainder of the 
induction cultures at an OD of 0.001 in 60 mL of LB + antibiotics + inducer with 75 µg/mL 
chloramphenicol for 7 hours, ensuring that the OD remained below 0.1 over the course of 
the experiment. Both pre- and post-selection cultures were subject to plasmid DNA 
isolation, PCR amplification of the Ras variant library, and standard preparation for 
Illumina Mi-Seq paired-end sequencing (Bentley et al., 2008). 

Construction of the Ras variant libraries 

Comprehensive single-mutant libraries were constructed using oligonucleotide-directed 
mutagenesis of human H-Ras. To mutate each residue in wild-type and G12V H-Ras 
(residues 2-166), two mutagenic oligonucleotides (one sense, one antisense) were 
synthesized (Integrated DNA Technologies), with sequence complementary to 15 base pairs 
on either side of the targeted codon. For the targeted codon, the oligonucleotides contain 
NNS codons, in which an N is a mixture of A, T, G, and C and S is a mixture of G and C. 
This biased randomization results in 32 possible codons with all 20 amino acids sampled – 
a significant decrease in library complexity, and a significant reduction in stop-codon 
frequency, without loss of amino acid complexity (McLaughlin et al., 2012; Raman et al., 
2016). One round of PCR was carried out with and an antisense or sense oligonucleotide 
flanking the Ras gene. A second round of PCR was carried out using a combination of the 
first-round products and both flanking primers, and produced the full-length double-
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stranded product containing a single degenerate codon. For the 165 randomized positions, 
we carried out 165*2 first-round reactions and 165 second-round reactions, for a total of 495 
reactions. All reactions yielded single intense bands on agarose gels, and these products 
were purified using standard gel extraction protocols. PCR product concentrations were 
measured using Picogreen (ThermoFisher), pooled in an equimolar ratio, gel purified, 
digested with Bsu36I and XhoI, and ligated with T4 DNA ligase overnight with the 
manufacturer’s recommended protocol into the pZA31 expression vector. The ligation 
product was purified, eluted into 10 µL ddH2O, and transformed into 100 µL 
electrocompetent TOP10 E. coli cells (Thermo Fisher). We limited our Illumina sequencing 
to the use of 300 base paired-end reads, rather than longer reads, to ensure high-quality 
base calls. Since these read lengths cannot cover the full Ras gene, our scanning 
mutagenesis library was generated as three separate sub-libraries, covering mutations at 
residues 2-56, 57-111, and 112-166. Each sub-library was independently subject to the 
bacterial two-hybrid assay, amplification, and sample preparation for MiSeq sequencing. 
Samples from each sub-library were uniquely barcoded so that all samples from a single 
experiment were analyzed on a single MiSeq chip. 

Protein expression and purification 

Human H-Ras variants were cloned into a pET-28b expression vector modified with 
a 5’ His6-tag and a TEV protease site coding sequence, and variants were generated by 
Quikchange site-directed mutagenesis (Agilent). 

Hexahistidine-tagged recombinant human H-Ras variants (residues 1-166) were 
transformed into 50 µL Escherichia coli (BL21 (DE3)) in the pET-28b expression vector. 
After bacterial growth to an OD of 0.5 in Terrific Broth containing 50 mg/mL kanamycin 
at 37°C, induction was carried out at 18°C with 0.5 mM IPTG, and growth was continued at 
18°C for 18 hours. The bacteria were pelleted by centrifugation and the pellet was either 
stored at -80°C or used freshly for subsequent purification steps. 

The pellet was resuspended in lysis buffer (50 mM Tris, 500 mM NaCl, 20 mM 
imidazole, 5% glycerol, pH 8.0) containing protease inhibitor cocktail (Roche) and 2 mM 
b-mercaptoethanol (BME). The cells were lysed by sonication, and the cell debris was 
removed by centrifugation. The supernatant was applied to a 5 mL nickel column (HisTrap 
FF, GE Healthcare) and the column was washed with 50 mL lysis buffer and 50 mL low salt 
buffer (50 mM Tris, 50 mM NaCl, 20 mM imidazole, 5% glycerol, pH 8.0). The nickel 
column was then connected directly to an ion-exchange chromatography column (HiTrap 
Q FF, GE Healthcare) and the protein was eluted with elution buffer (50 mM Tris, 50 mM 
NaCl, 250 mM imidazole, 5% glycerol, pH 8.0). The protein was then eluted from the ion-
exchange column in a salt gradient from 50 mM to 1M NaCl to give the partially purified 
protein, usually in the following buffer: 50 mM Tris, ~230 mM NaCl, 5% glycerol, pH 8.0. 
100 µM GDP and 1 mM TCEP was added to the protein solution and the hexahistidine tag 
was then cleaved overnight using hexahistidine-tagged TEV protease (1 mg TEV per 25 mg 
crude Ras). The protein solution was run over a nickel column and washed with 35 mL low 
salt buffer to separate the protein from the cleaved hexahistidine tag and TEV protease. 
The protein was concentrated to ~40 mg/mL and either frozen at -80°C or immediately 
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used for GMP-PNP loading. The purification protocol for S. rosetta Ras was identical to that 
of human H-Ras. 

Ras was loaded with GMP-PNP using a protocol modified from Eberth and 
Ahmadian (Eberth and Ahmadian, 2009). A tenfold molar excess of GMP-PNP was added 
to ~10 mg crude Ras and bound nucleotide was cleaved by 10 U bovine alkaline phosphatase 
(Sigma) and 1 mM ZnCl2 at 25°C for 1 hour. Free nucleotide and alkaline phosphatase were 
removed by size exclusion chromatography using a Superdex 75 column (10/300 GL, GE 
Healthcare) in the following buffer: 40 mM HEPES, 150 mM NaCl, 4 mM MgCl2, 1 mM TCEP, 
5% glycerol, pH 7.4. The protein was concentrated to ~40 mg/mL for further use. 

The purification protocol for human p120 RasGAP was identical to that for Ras, 
except during the ion-exchange chromatography step, where the protein was eluted in a 
salt gradient from 10 to 250 mM NaCl. The purification procedure for human RasGRP1 was 
also similar to that of Ras, except during the size exclusion chromatography step, where 
the protein was purified using a Superdex 200 column (26/600, GE Healthcare). 

Hexahistidine-tagged, SUMO-fused recombinant human C-Raf-RBD (residues 55-
131) was transformed into Escherichia coli (BL21 (DE3)) in the pET-SUMO expression vector. 
Cells were grown to an OD of 0.5 in Terrific Broth containing 50 mg/mL kanamycin at 37°C 
and induction was carried out at 37°C with 0.5 mM IPTG for 7 hours. Cells were lysed by 
sonication and affinity purified on a nickel column, using a protocol similar to that for Ras. 
Protein was eluted from the nickel column in the following elution buffer: 50 mM Tris, 50 
mM NaCl, 250 mM imidazole, 5% glycerol, pH 7.5. The protein was immediately desalted 
into elution buffer without imidazole and SUMO was removed by the addition of ULP1 
protease (Thermo Fisher) overnight with 1 mM TCEP. The protein was run over a nickel 
column to remove hexahistidine-tagged SUMO and the cleaved protein was bound to an 
ion-exchange chromatography column (HiTrap SP HP, GE Healthcare). The protein was 
eluted in a salt gradient from 50 to 1 M NaCl and Raf-RBD eluted at 300 mM NaCl. The Raf-
RBD was further purified by size exclusion chromatography, concentrated, and stored in 
the following buffer: 40 mM HEPES, 150 mM NaCl, 1 mM TCEP, 5% glycerol, pH 7.4. 

Determining nucleotide loading state of Ras variants by HPLC 

HPLC was used to determine the loading state of Ras variants after loading with 
GMP-PNP. A reverse-phase C18 analytical column (Targa) and a precolumn were 
equilibrated in a buffer containing 100 mM KH2PO4, 10 mM tetrabutylammonium bromide, 
and 7.5% acetonitrile. A mixture of pure nucleotides, containing GMP, GDP, GTP, and 
GMP-PNP was first injected as a reference to determine the elution time of each species. 
Ras variants after GMP-PNP loading were next injected and bound nucleotide retention 
time was compared to the reference injection to verify that the variants were loaded with 
GMP-PNP. 

Raf-RBD binding assays 

Ras•GTP:Raf-RBD binding assays were performed on a MicroCal-autoITC 200 
instrument (GE Healthcare). GMP-PNP loaded Ras and Raf-RBD samples were diluted in a 
binding buffer containing 40 mM HEPES, 150 mM NaCl, 4 mM MgCl2, 1 mM TCEP, 5% 
glycerol, pH 7.4. Final Ras and Raf-RBD concentrations were typically 100 µM and 10 µM, 
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respectively. Each set of ITC experiments included three samples: 420 µL of Raf-RBD in the 
cell, 140 µL Ras in the syringe, and 400 µL of binding buffer. All samples were stored at 4°C 
before the titration experiments. 

The ITC experiments were performed at 25°C. An initial injection of 0.5 µL was 
excluded from data analysis, followed by 15 injections of 2.6 µL each, separated by 420 s 
with a filter period of 5 s. The protein solution was stirred at 500 rpm over the course of the 
titration. Titration curves were fit with a one-site binding model, where the three fitting 
parameters are stoichiometry, N, association constant, KA, and binding enthalpy, ΔH. The 
binding entropy is then calculated using the formula: ΔS = (ΔH + RT*ln(KA))/T. 

 
 
  



 36 

References 

 
Busby, S., and Ebright, R.H. (1994). Promoter structure, promoter recognition, and 
transcription activation in prokaryotes. Cell 79, 743–746. 
 
Chuang, E., Barnard, D., Hettich, L., Zhang, X.F., Avruch, J., and Marshall, M.S. (1994). 
Critical binding and regulatory interactions between Ras and Raf occur through a small, 
stable N-terminal domain of Raf and specific Ras effector residues. Mol Cell Biol 14, 5318–
5325. 
 
Coyle, S.M., and Lim, W.A. (2016). Mapping the functional versatility and fragility of Ras 
GTPase signaling circuits through in vitro network reconstitution. Elife 5. 
 
Dove, S.L., and Hochschild, A. (2004). A bacterial two-hybrid system based on 
transcription activation. Methods Mol Biol 261, 231–246. 
 
Dove, S.L., Joung, J.K., and Hochschild, A. (1997). Activation of prokaryotic transcription 
through arbitrary protein-protein contacts. Nature 386, 627–630. 
 
Fields, S., and Song, O. (1989). A novel genetic system to detect protein-protein 
interactions. Nature 340, 245–246. 
 
Guzmán, C., Šolman, M., Ligabue, A., Blaževitš, O., Andrade, D.M., Reymond, L., 
Eggeling, C., and Abankwa, D. (2014). The efficacy of Raf kinase recruitment to the 
GTPase H-ras depends on H-ras membrane conformer-specific nanoclustering. J Biol 
Chem 289, 9519–9533. 
 
Joung, J.K., Ramm, E.I., and Pabo, C.O. (2000). A bacterial two-hybrid selection system 
for studying protein-DNA and protein-protein interactions. Proc Natl Acad Sci U S A 97, 
7382–7387. 
 
Kiel, C., Filchtinski, D., Spoerner, M., Schreiber, G., Kalbitzer, H.R., and Herrmann, C. 
(2009). Improved binding of raf to Ras.GDP is correlated with biological activity. J Biol 
Chem 284, 31893–31902. 
 
Kuldell, N., and Hochschild, A. (1994). Amino acid substitutions in the -35 recognition 
motif of sigma 70 that result in defects in phage lambda repressor-stimulated 
transcription. J Bacteriol 176, 2991–2998. 
 
Legrain, P., and Selig, L. (2000). Genome-wide protein interaction maps using two-hybrid 
systems. FEBS Lett 480, 32–36. 
 
Legrain, P., Wojcik, J., and Gauthier, J.M. (2001). Protein--protein interaction maps: a lead 



 37 

towards cellular functions. Trends Genet 17, 346–352. 
 
Li, M., Moyle, H., and Susskind, M.M. (1994). Target of the transcriptional activation 
function of phage lambda cI protein. Science 263, 75–77. 
 
Lutz, R., and Bujard, H. (1997). Independent and tight regulation of transcriptional units 
in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements. 
Nucleic Acids Res 25, 1203–1210. 
 
McLaughlin, R.N., Poelwijk, F.J., Raman, A., Gosal, W.S., and Ranganathan, R. (2012). The 
spatial architecture of protein function and adaptation. Nature 491, 138–142. 
 
Raman, A.S., White, K.I., and Ranganathan, R. (2016). Origins of allostery and evolvability 
in proteins: A case study. Cell 166, 468–480. 
 
Rudolph, M.G., Linnemann, T., Grunewald, P., Wittinghofer, A., Vetter, I.R., and 
Herrmann, C. (2001). Thermodynamics of Ras/effector and Cdc42/effector interactions 
probed by isothermal titration calorimetry. J Biol Chem 276, 23914–23921. 
 
Sass, P., Field, J., Nikawa, J., Toda, T., and Wigler, M. (1986). Cloning and characterization 
of the high-affinity cAMP phosphodiesterase of Saccharomyces cerevisiae. Proc Natl Acad 
Sci U S A 83, 9303–9307. 
 
Wohlgemuth, S., Kiel, C., Krämer, A., Serrano, L., Wittinghofer, F., and Herrmann, C. 
(2005). Recognizing and defining true Ras binding domains I: biochemical analysis. J Mol 
Biol 348, 741–758. 
 
  



 38 

Chapter 3: The mutational robustness of Ras 

Introduction 
In this chapter, I will describe the mutational sensitivity of Ras in the presence of 

different components of the Ras regulatory cycle, which effectively serve to change the 
selective pressure imposed upon the Ras variants in each experiment. I used the bacterial 
two-hybrid system to carry out four experiments, each of which involved analysis of a 
complete set of single-site mutations for the relevant Ras protein, expressed together with 
Raf-RBD. In the first experiment, variants of wild-type Ras were expressed in the presence 
of the GAP and the GEF (a condition we refer to as “regulated-Ras”). In the next experiment, 
Ras variants were expressed with the GAP, but without the GEF (“attenuated-Ras”). In the 
third experiment, variants of wild-type Ras were expressed without the GAP and the GEF 
(“unregulated-Ras”). Finally, I examined the effects of an oncogenic mutation by expressing 
variants of Ras-G12V without the GAP and the GEF (“Ras-G12V”). 

Ras exhibits a global sensitivity to mutation when regulated by a GAP and a 
GEF 

The values of the relative fitness, ∆𝐸%, for every possible substitution in the sequence 
of Ras are shown in Figure 1A for the regulated-Ras experiment. The mode of the 
distribution is centered at a negative value of ∆𝐸%, with most mutations resulting in a slight 
loss of function, with relatively few mutations resulting in a near-neutral effect or in a gain 
of function (Figure 1B). This is qualitatively different from the results of saturation point-
mutagenesis of binding proteins such as a PDZ domain, and enzymes such as TEM-1 β-
lactamase, where the distributions of fitness effects show a primary mode centered close to 
zero (McLaughlin et al., 2012; Stiffler et al., 2015). Our results suggest that regulation by the 
GAP and the GEF constrains Ras in a state where variations almost anywhere in the protein 
cause reduction of fitness. In principle, even a small loss of function can lead to effective 
purifying selection in evolving populations, and so the global constraint imposed by the 
regulators might explain the high degree of conservation in Ras sequences.  

To identify the residues that are particularly sensitive to mutation, we averaged the 
fitness values for all the mutations for each residue. The distribution of residue-averaged 
∆𝐸% values was fit to a normal distribution, and we define residues as highly sensitive to 
mutation if the corresponding residue-averaged ∆𝐸% value deviates more than 1s from the 
mean value (Figure 1C). The highly sensitive sites are displayed on the structure of Ras in 
Figure 1D. These sites cluster within the hydrophobic core, and around the nucleotide 
binding site and the regions of Switch I and Switch II that interact with Raf-RBD, the GAP 
and the GEF. Most sites on the surface of Ras are less sensitive to mutation, except where 
surface residues are involved in interactions that are likely to stabilize the structure, as 
shown for an ion-pairing network involving sensitive residues that are surface exposed 
(Figure 1E). 
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Figure 1. Mutational tolerance of Ras in the regulated-Ras experiment. A. The 
results of the regulated-Ras experiment are shown in the form of a 165x20 matrix. 
Each row of the matrix represents one of the 20 amino acids, and each column shows 
one of the residues of Ras, from 2 to 166. Each entry in the matrix represents, in 
color-coded form, the value of the relative enrichment for the corresponding 
mutation ∆𝐸%. All data are normalized to the wild type Ras reference sequence, 
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which has a relative enrichment value of zero. The numerical values of ∆𝐸% are 
provided in the supplementary data. B-C. Distribution of individual fitness effects 
(∆𝐸%; left) and residue-averaged fitness effects (<∆𝐸%>; right). Residues with a 
significant loss of function effect on Ras (<1s from the mean) are indicated on the 
residue-averaged histogram. D. Mapping the residues that lead to a significant loss 
of function onto the tertiary structure of Ras. These positions include the 
hydrophobic core, as well as residues involved in GDP/GTP and Raf-RBD binding. 
E. Additional sites of mutational sensitivity include surface residues involved in ion-
pairing networks that stabilize the GTPase fold. 
 
As expected, mutations in Switch I that have been identified previously to impair 

Raf-RBD binding also compromise Ras function in our assay (Spoerner et al., 2001). The 
Ras•GTP:Raf-RBD binding interface includes interactions made by Glu 31, Asp 33, Glu 37, 
Asp 38, and Ser 39 in H-Ras. Nearly all mutations to these residues result in a loss of 
function, indicative of a highly constrained binding interface (Figure 2A). We note that 
since Raf-RBD and GAP have an overlapping interface, mutations in Switch I also impede 
GAP binding (Scheffzek et al., 1997; Smith and Ikura, 2014). 

Many of the residues in Ras that coordinate the nucleotide, such as Lys 16, Thr 35, 
and Asp 119, are highly sensitive to mutation. Some of these mutations may cause protein 
instability, such as those at Asp 119. Interestingly, a few residues that interact with the 
nucleotide are not very sensitive to mutation, such as Lys 117 and Lys 147, and many 
mutations at these sites lead to a gain of Ras function. This may be due to the fact that the 
affinity of Ras for GTP is much higher than is required to saturate the active site (Bourne 
et al., 1991). Thus, residues that have only a modest effect on affinity do not alter the extent 
of GTP loading appreciably, given the high cellular concentrations of GTP (Bennett et al., 
2009) (Figure 2B). Mutations that reduce GTP affinity may lead to fast-cycling Ras variants, 
which are able to more quickly replace GDP by GTP.  

The binding and activity of the GEF (RasGRP1) imposes an additional constraint on 
the Ras sequence. One component of the interface between Ras and GEFs involves Switch 
II (Boriack-Sjodin et al., 1998; Iwig et al., 2013), where mutations to residues, including Asp 
69, Tyr 71 and Arg 73, impair GEF binding. The binding footprint of the GEF extends beyond 
Switch II to residues 101-104, and mutations to residues, such as Arg 102, in this region cause 
a similar loss in Ras function. Not all mutations to residues in the GEF binding interface 
cause a loss of function. For example, Tyr 64 is crucial for GEF binding, but this residue is 
located in Switch II, near Gln 61, which is important for GTP hydrolysis. Thus, mutation of 
Tyr 64 and other residues in its vicinity leads to a complex pattern of mutational sensitivity 
in the regulated-Ras experiment (Figure 2C). 
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Figure 2. Mutational sensitivity of structural elements involved in nucleotide 
and effector binding. A. The Ras•GTP:Raf-RBD complex. Mutations to Ras that 
affect Raf-RBD binding result in a loss-of-function. Critical interactions at the 
interface (blue) involving residues Glu 31, Asp 33, Thr 35, Glu 37, Asp 38, and Ser 39 
are sensitive to mutation, where nearly every possible substitution is disfavored. 
Loss of function mutations at Thr 35 impact Mg2+ binding. The mutational data 
shown in this and the other two panels are for the regulated-Ras experiment B. The 
Ras:GTP complex. Mutations to Ras that affect nucleotide binding result in a loss-
of-function. Asp 119 is sensitive to mutation and critical for recognition of the 
guanine base, whereas Lys 117 and Lys 147 are auxiliary residues that are less sensitive 
to mutation. C. The Ras-GEF complex. Mutations to Ras that perturb GEF binding 
result in a loss-of-function, since Ras is predominantly in the GDP-bound form in 
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the bacterial two-hybrid system when a GAP is co-expressed. Critical interactions at 
the interface (blue) are sensitive to mutation, although some residues, such as Tyr 
64, display a complex pattern of mutational sensitivity due proximity to Gln 61 which 
is responsible for GTP hydrolysis. 
 
We tested the effect of a selected set mutations on GAP activity by using a 

fluorescent protein sensor for the detection of inorganic phosphate released by GTP 
hydrolysis, using purified mutant Ras proteins (Brune et al., 1994). Mutations in Switch I 
lowered GAP-catalyzed GTP hydrolysis rates, as expected (Figure 3A). We also tested the 
effect of Ras mutations on GEF activity, using an assay in which the release of labeled GTP 
or GDP from Ras is monitored as a function of time (Eberth and Ahmadian, 2009). 
Mutations in Switch II that altered fitness also affected GEF stimulated GDP exchange rates 
(Figure 3B). Raw data are available online at jkweb.berkeley.edu. 

We used a yeast assay for the activity of human H-Ras to verify that a selected subset 
of the mutations that lead to decreased fitness in the two-hybrid assay do indeed lead to a 
loss of function. Transformation and expression of human H-Ras in the yeast S. cerevisiae 
renders the cells sensitive to heat shock. Mutations that affect the ability of Ras to bind 
nucleotide reduce Ras activity, restoring protection from heat shock, and consequently 
result in increased cell growth after heat shock (Sass et al., 1986). Using this assay, we 
verified that several mutations in the nucleotide binding regions that lead to decreased 
fitness also lead to increased yeast growth after heat shock. These results confirm that these 
mutations compromise the function of Ras (Figure 3C). 

 

 
 
Figure 3. Validation of mutational effects through in vitro biochemical 
measurements of GAP- and GEF- stimulated nucleotide hydrolysis and 
exchange rates and a yeast growth assay. A. GAP-stimulated GTP hydrolysis 
rates for a panel of Ras mutants, as measured by a fluorescent sensor for inorganic 
phosphate release upon hydrolysis of GTP to GDP. Mutations in Switch I (residues 
28-40) directly affect GAP binding and lead to reduced GTP hydrolysis rate. B. GEF-
stimulated GDP exchange rates for a panel of Ras mutants, as measured by 
fluorescent-nucleotide release. Mutants in Switch II (residues 59-76) directly affect 
GEF binding and lead to reduced GDP release rates. C. S. cerevisiae Ras assay for 
mutations that result in a loss-of-function in the bacterial two-hybrid system. Yeast 
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cells are transformed with Ras mutants and are assayed for growth after heat shock. 
Colony growth is measured upon plating five-fold serial dilutions of yeast cultures 
after heat shock for various Ras mutations. Wild-type Ras renders the yeast cells 
highly sensitive to heat shock. Mutants that destabilize Ras by impairing nucleotide 
binding lessens sensitivity to heat shock and result in increased cell growth. 

 
In summary, in the context of its natural regulatory network, Ras displays global 

mutational sensitivity at nearly all positions. The effects include, but extend well beyond, 
regions known to mediate the basic biochemical activities of Ras, a result that highlights 
the value of deep mutational scanning in uncovering unexpected functional constraints in 
a mechanistically unbiased manner. 

The presence of the GAP without the GEF leads to strong activation by 
oncogenic mutations 

When Ras mutants are expressed in the presence of the GAP, but without the GEF 
(the attenuated-Ras experiment), we observe greater sensitivity to mutation across most of 
the structure (Figure 4A). It is likely that the presence of the GAP, without the 
compensating effect of the GEF, reduces the concentration of Ras•GTP to well below the 
dissociation constant for binding to Raf-RBD. In this situation, the effects of mutations that 
have a small deleterious effect are amplified, as a small extent of binding is further 
weakened by lower Ras•GTP concentration. In addition, the presence of the GAP without 
the GEF unmasks several strong gain-of-function mutations (Figure 4B). These mutations 
are much more strongly activating than in the regulated-Ras experiment, and nearly any 
substitution to residues involved in guanine or phosphate-binding and GTP hydrolysis lead 
to a gain of function, presumably because these interfere with the functioning of the GAP 
(Figure 4C). 

In human cancers where Ras is mutated, 98% of the mutations occur at Gly 12, Gly 
13 and Gln 61 (Hobbs et al., 2016; Prior et al., 2012). The first two residues are in the 
phosphate-binding P loop of Ras, and Gln 61 plays a role in the catalysis of GTP hydrolysis, 
by positioning a water molecule for attack on the terminal phosphate group (Pai et al., 1990; 
Scheffzek et al., 1997). Under the conditions of the regulated-Ras experiment, mutations of 
Gly 12 and Gly 13 do not result in strong activation, and there is only a mild activating effect 
for mutations of Gln 61. In contrast, for the attenuated-Ras experiment, mutations at all 
three oncogenic sites are strongly activating (Figure 4D). Mutations of Gly 12 result in 
decreased GAP efficiency, and mutations at positions 13 and 61 affect GTP hydrolysis as well 
as the intrinsic rate of GDP-GTP exchange, as shown previously (Mazhab-Jafari et al., 2015). 

There are five other sites in Ras where almost any substitution leads to strong 
activation in the presence of the GAP without the GEF: Tyr 64, Lys 117, Leu 120, Ser 145 and 
Lys 147. Tyr 64, located near Gln 61, is located at the interface with the GAP (Scheffzek et 
al., 1997) (Figure 4E). The other four residues are involved in binding the guanine base of 
GTP, and mutation at these sites increases the intrinsic rate of nucleotide exchange (see 
below). The COSMIC database of somatic mutations in cancer includes mutations at some 
of these sites in Ras, such as Lys 117 and Leu 120, although these mutations are rare 
compared to the three principal sites of oncogenic mutation (Bamford et al., 2004). 
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Figure 4. Mutational tolerance of Ras in the attenuated-Ras experiment. A. 
Relative enrichment values (∆𝐸%) are shown in matrix form as in Figure 1a, for the 
attenuated-Ras experiment. In this experiment, Ras is expressed without the GEF, 
and shows a muted pattern of mutational sensitivity. Mutations at residues known 
to be mutated in human cancer (e.g. Gly 12, Gly 13, Gln 61, Lys 117) show a strong 
gain of function in this context. B. Distribution of residue-averaged relative 
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enrichment values. Residues with a significant gain of function effect on Ras (>1s 
from the mean) are indicated on the histogram. C. Mapping the residues that lead 
to a gain of function onto the tertiary structure of Ras. These positions span the P-
loop, Switch II, and guanine binding loops of Ras and are directly involved in 
nucleotide coordination and hydrolysis. D-E. Comparison of relative enrichment 
values for mutations at selected residues in the regulated-Ras and attenuated-Ras 
experiments. Substitutions at residues that commonly mutated in cancer, such as 
Gly 12, Gly 13, and Gln 61, are exclusively gain of function in the attenuated-Ras 
experiment. 

 

Hotspots of activating mutations in unregulated wild-type Ras 
In our bacterial two-hybrid system, we have chosen experimental conditions such 

that wild-type Ras, without the GAP and the GEF, exhibits measurable growth in the 
presence of antibiotic selection (the unregulated-Ras experiment). Under these conditions, 
the balance of activation is set by the intrinsic rates of GTP hydrolysis and nucleotide 
exchange, and the expression level of Ras. The distribution of fitness effects for 
unregulated-Ras is remarkably distinct from that for regulated-Ras. Instead of global 
purifying selection (Figure 1), the distribution now displays a primary mode centered 
around zero, meaning that most mutations are near-neutral (see Figure 1B). This result 
demonstrates that in the absence of its local regulatory network, Ras behaves somewhat 
like other proteins studied through deep mutational scanning – generally tolerant to 
mutation, with a subset of positions showing significant functional effects. 
An unexpected result is that for unregulated-Ras, there are many mutations, distributed 
throughout the structure, that result in increased fitness with respect to wild-type Ras 
(Figure 5A). For the majority of these residues, almost any mutation that alters the wild-
type residue increases the activity of Ras in the unregulated-Ras experiment. We refer to 
residues where multiple mutations lead to activation as hotspots, and a subset of these 
residues were identified in the attenuated-Ras experiment (see Figure 4A).  

Many of the hotspots of activation in the unregulated-Ras experiment involve 
residues for which activating mutations have not been previously identified in human Ras, 
and which do not lead to activation in the presence of the regulators (Figure 5B shows a 
scatter plot comparing the fitness effects of all mutations in the regulated-Ras and 
unregulated-Ras experiments). These conditionally-activating mutations are located 
further away from the active site than the mutations that activate in both experiments 
(Figure 5B). One example is Tyr 157, a residue located in helix a5, about 20 Å from the 
nucleotide-binding site and the switch regions. As can be seen in Figure 5A, replacement 
of Tyr 157 by 17 of the 19 possible alternatives results in increased function in the 
unregulated-Ras experiment. Another example is Gln 99, located in helix a3, on the side of 
Ras opposite to the location of Tyr 157, and also about 20 Å from the GTP-binding site. 
Replacement of Gln 99 by any residue, other than glycine and proline, leads to increased 
fitness in the unregulated-Ras experiment. 

These hotspots of activation most likely correspond to residues that in the wild-type 
sequence play a critical role in maintaining the intrinsic rate of GTP hydrolysis, or 
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suppressing the intrinsic rate of GDP release. We tested the effects on intrinsic GTP 
hydrolysis and nucleotide release for a subset of these mutations, using purified proteins 
and in vitro assays. Some of the mutations decrease the rate of hydrolysis, as seen for Q61L, 
E63P, and Q99A. Mutations at the base of Switch I (H27G), in helix α5 (Y157A), and in distal 
regions of the guanine binding loops (L120A), increase the rate of intrinsic nucleotide 
release (Figure 6). 

Taken together, mutational scanning in regulated and unregulated Ras reveal a 
profound context dependence of the distribution of fitness effects. In the context of its 
regulatory network, Ras is subject to global purifying selection. However, without 
regulation, Ras displays a distinct character – general tolerance to mutation and the 
capacity for activating mutations that act allosterically to destabilize the inactive state. 

 

 
 

Figure 5. Mutational tolerance of Ras in the unregulated-Ras experiment. A. 
Relative enrichment values (∆𝐸%) are shown in matrix form as in Figure 1a, for the 
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unregulated-Ras experiment. In this experiment, Ras is expressed without the GAP 
and the GEF, and reveals hotspots of activating mutations. Mutations at residues 
known to be mutated in human cancer (e.g. Gly 12, Gly 13, Gln 61, Lys 117) show a 
strong gain of function in this context. B. A scatter plot of relative enrichment values 
(∆𝐸%) for the regulated-Ras and unregulated-Ras experiments. The distribution of 
relative enrichments values for each experiment are also shown. Loss of function 
mutations are shown in blue, and neutral mutations are shown in grey. Gain of 
function mutations in both experiments are shown in red, and mutations that are 
only gain of function in the unregulated-Ras experiment, but are neutral in the 
regulated-Ras experiment, are shown in yellow (conditional gain of function). C. 
The spatial distribution of gain of function (red) and conditional gain of function 
(yellow) mutations on the three-dimensional structure of Ras. Residues that contain 
a majority of gain of function mutations from the scatter plot in (b) are colored red, 
and residues that contained a majority of conditional gain of function mutations are 
colored in yellow. 

 

 
 

Figure 6. Intrinsic nucleotide release rates. Intrinsic GDP release rates for a 
panel of Ras mutants, as measured by fluorescent nucleotide release. H27G, L120A, 
and Y157A mutants lead to increased GDP release rates. 

 

The oncogenic G12V mutation attenuates the effects of mutations that activate 
Ras in the wild-type background 

We carried out a saturation mutagenesis screen in the G12V background, without a 
GAP or a GEF (the Ras-G12V experiment), the results of which are shown in Figure 7A. The 
introduction of the G12V mutation into Ras markedly reduces the strongly activating effects 
of the hotspot mutations seen in the unregulated-Ras experiment (Figure 7B). This effect 
is seen for both residues that increase nucleotide exchange when mutated (such as Lys 117, 
Leu 120 and Lys 147; see Figure 7C), and residues that decrease the hydrolysis rate when 
mutated (such as Gly 13, Gln 61, and Gln 99) (Baker et al., 2013; Janakiraman et al., 2010).  
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The oncogenic G12V mutation is only mildly activating in the unregulated Ras 
experiment (see Figure 5A). The G12V mutation has two opposing effects on the activity of 
unregulated Ras. One is a decrease in the intrinsic rate of GTP hydrolysis with respect to 
wild type, which is an activating effect in terms of Ras signaling. The phosphate-detection 
assay we use to measure GTP hydrolysis is not very sensitive when the rate of hydrolysis is 
low, and our data indicate only small reduction in hydrolysis rate for G12V versus wild-type. 
A much more sensitive NMR assay demonstrated, however, that the G12V mutation reduces 
the intrinsic hydrolysis rate substantially, to 10% of the wild-type rate (Mazhab-Jafari et al., 
2015). The reduction in hydrolysis rate is counter-balanced by a reduction in the intrinsic 
rate of nucleotide exchange, by about 30% relative to wild-type in our assay (see Figure 6), 
with a similar reduction seen by NMR (Mazhab-Jafari et al., 2015).  

Since Ras-G12V has a suppressed rate of GTP hydrolysis, we presume that mutations 
that further suppress this rate do not have a discernible effect on activity. Likewise, the 
decreased nucleotide exchange rate for Ras-G12V reduces the effect of mutations that tend 
to increase this rate. The epistasis between the effects of the oncogenic mutations and other 
mutations distributed across the structure of Ras will be an interesting line for future 
inquiry. 
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Figure 7. Mutational tolerance of Ras in the Ras-G12V experiment. A. Relative 
enrichment values (∆𝐸%) are shown in matrix form as in Figure 1a, for the Ras-G12V 
experiment, in the absence of the GAP and the GEF. In this experiment, Ras shows 
a muted pattern of mutational sensitivity when compared to the wild-type 
unregulated-Ras experiment. Mutations at residues known to be mutated in human 
cancer (e.g. Gly 13, Gln 61, Lys 117) do not show a strong gain of function in this 
context. Mutations at Gly 12 are not included in the data. B-C. Comparison of 
relative enrichment values for mutations at selected residues in the unregulated-Ras 
and Ras-G12V experiments. Substitutions at hotspot residues and residues that are 
commonly mutated in cancer, such as Gln 61, Lys 117, and Lys 147, result in a gain of 
function in the unregulated-Ras experiment, but have an attenuated effect in the 
Ras-G12V experiment. 

 

The mutational robustness of Ras in mammalian cells 
A recent development in this line of investigation has been to assess the mutational 

robustness of Ras in mammalian cells. Ras is an endogenous signaling molecule in 
mammalian cells, and is of course crucial for cell proliferation in response to extracellular 
mitogenic cues. In collaboration with Neel Shah, we have adapted an existing mammalian 
cell selection platform to introduce the saturation point-mutagenesis libraries of Ras into 
mammalian cells and assess its global sensitivity to mutation. The selection system we have 
used is the Ba/F3 cell line, which is a cell line whose growth is dependent on the presence 
of the cytokine interleukin-3. Many studies over the past few decades have shown that 
oncogenes are capable of transforming Ba/F3 cells, leading to cell growth that is 
independent of IL3 addition (Palacios and Steinmetz, 1985). This feature of the Ba/F3 
system enables a selection that is conceptually analogous to the bacterial selection system 
described earlier in this work, and particularly allows for the identification of transforming 
variants in many protein systems of interest such as BCR/Abl and Ras (Daley and Baltimore, 
1988; Hoover et al., 2001; Mathey-Prevot et al., 1986). We have used this assay to monitor 
the transforming capacity of Ras variants, where the basic premise of the selection involves 
monitoring Ba/F3 growth in the absence of IL3, which should correspond to transforming 
Ras variants driving cell growth. The results of the screen are shown below in Figure 8: 
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Figure 8. Mutational tolerance of Ras in the Ba/F3 experiment. Relative 
enrichment values (∆𝐸%) are shown in matrix form as in Figure 1a, for the 
unregulated-Ras experiment. In this experiment, Ras is expressed in Ba/F3 cells 
which express all known components of MAP Kinase signaling, and reveals hotspots 
of activating mutations. Mutations at residues known to be mutated in human 
cancer (e.g. Gly 12, Gly 13, Gln 61, Lys 117) show a strong gain of function in this 
context. The last five residues are not shown, since the cloning strategy removed 
these residues from the selection experiment. 

 
The data from this experiment show a strong enrichment of classically oncogenic 

mutations at Gly 12, Gly 13, Gln 61, Lys 117, and Lys 147. In human cancers where Ras is 
mutated, 98% of the mutations occur at Gly 12, Gly 13 and Gln 61 (Hobbs et al., 2016; Prior 
et al., 2012). Again, these residues play a role in the catalysis of GTP hydrolysis (Pai et al., 
1990; Scheffzek et al., 1997), and also result in decreased GAP efficiency as shown previously 
(Mazhab-Jafari et al., 2015). The other sites where almost any substitution leads to strong 
activation, Tyr 64, Lys 117, Leu 120, Ser 145 and Lys 147, increase the intrinsic rate of 
nucleotide exchange as determined in earlier screens of the attenuated-Ras experiment and 
by in vitro measurements, and also correspond to cancer mutations in the COSMIC 
database (Bamford et al., 2004). Interestingly, residues that corresponded to activating 
hotspots in the unregulated-Ras experiment, such as His 27, Gln 99, and Tyr 157, are not 
highly enriched in the Ba/F3 screen. This discrepancy might arise from the intrinsic “set 
point” of the Ba/F3 cells, as these cells might have a basal level of GAP activity that could 
affect the Ras•GTP to Ras•GDP ratio. In support of this notion, the correlation between the 
residue-averaged enrichments between the Ba/F3 experiment and bacterial experiments 
suggests a basal GAP activity, as the attenuated-Ras experiment is most similar to the Ba/F3 
experiment (Figure 9). These results are consistent with the resting state of mammalian 
cells where the MAPK pathway has not been stimulated. It would be interesting to treat 
these cells with GAP inhibitors or to activate MAPK signaling through the addition of 
mitogens such as epidermal growth factor. 

 

 
 

Figure 9. Correlation between Ba/F3 and bacterial Ras screens. Residue-
averaged enrichment values for Ba/F3 experiment plotted against values from 
bacterial two-hybrid screens for the regulated-, attenuated-, and unregulated-Ras 
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experiments. The correlation appears to be strongest for the attenuated-Ras 
experiment, suggesting that the Ba/F3 cells represent a state of basal GAP activity 
without GEF stimulation. 
 

Summary 
In this chapter, I described the global sensitivity to mutation exhibited in Ras. The 

mutational robustness of Ras is context dependent, and is largely affected by the presence 
of its regulators, the GAP and the GEF. When both regulators are present, Ras exhibits a 
global sensitivity to mutation, where most mutations throughout the protein sequence lead 
to a loss of Ras function. When the GEF is removed, and only the GAP is present, many 
mutations at residues that are commonly mutated in human cancers lead to a dramatic 
gain of function. When both the GAP and GEF are removed, many gain-of-function 
mutations are observed, again at residues that are mutated in cancers but also at residues 
that appear to act as hotspots of Ras activation. Indeed, mutations at these residues lead to 
a decrease in intrinsic GTP hydrolysis rate or an increase in intrinsic nucleotide exchange 
rate. Furthermore, these residues are one shell away from active site residues, and form a 
contiguous allosteric network around the nucleotide binding site of Ras. When the global 
mutational sensitivity of a highly prevalent oncogenic variant of Ras is interrogated, Ras 
G12V, hotspot mutations do not elicit a gain-of-function effect, suggesting an epistatic 
coupling between the Gly 12 residue and other residues in the protein structure. In sum, 
the mutational robustness of Ras is determined by its need to be regulated by a GAP and a 
GEF, as well as its suppression of intrinsic, spontaneous activation by hotspot residues that 
are distributed throughout the protein structure. From the perspective of evolution, it 
appears that dual selective pressures analogous to positive and negative selection in the 
presence and absence of regulators, respectively, contribute to the evolutionary 
conservation of the primary sequence of Ras. This concept will be explored further, later 
on in this thesis. 

Methods 
In vitro GTP hydrolysis assay 

GTP hydrolysis assays were performed with recombinant E. coli phosphate-binding 
protein labeled with the MDCC fluorophore (phosphate sensor, Thermo Fisher). First, 
each Ras mutant was loaded with GTP by incubating protein with a ten-fold molar excess 
of EDTA in the presence of a ten-fold molar excess of GTP. The loading reaction was 
performed on ice for at least one hour and the reaction was quenched by the addition of a 
twenty-fold molar excess of MgCl2. The reaction was then buffer exchanged using a small 
scale NAP-5 column (GE Healthcare) in order to remove excess nucleotide and salt.  

For the GTP hydrolysis assay, 0.5 µM Ras was mixed with 0.5 µM phosphate sensor 
and 0.25 µM p120 RasGAP in the following buffer: 40 mM HEPES, 150 mM NaCl, 4 mM 
MgCl2, 1mM TCEP, 5% glycerol. The reaction progress curve was monitored on a Tecan 
fluorescence plate reader with measurements taken every 15 seconds. Data were fit to a 
single exponential for quantification of GAP-stimulated GTP hydrolysis rates. 
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In vitro nucleotide exchange assay 

GDP release assays were performed with Ras bound to mant-dGDP (Axxora 
Biosciences), loaded with the protocol described previously. 1.5 µM Ras was mixed with 2.5 
µM GEF and 3.5 µM GDP in solution in the following buffer: 40 mM HEPES, 150 mM NaCl, 
4 mM MgCl2, 1 mM TCEP, 5% glycerol. Nucleotide exchange rates were monitored on a 
Tecan fluorescence plate reader with measurements taken every 15 seconds. Data were fit 
to a single exponential decay curve for quantification of GEF-mediated GDP exchange 
rates. 
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Chapter 4: The conformational dynamics of Ras 

Introduction 
In this chapter, I will describe the conformational dynamics of Ras, as assessed 

computationally by molecular dynamics simulations. Over the decades of research on Ras 
and Ras-superfamily GTPases, a large body of work has amassed on the conformational 
dynamics of these proteins. I have leveraged these preceding studies to examine the 
dynamics of wild-type H-Ras, and compared these computational simulations to those in 
which a mutation has been made at a hotspot residue identified from the experimental 
bacterial two-hybrid screens. I have examined the simulations visually through structural 
superpositions of backbone and sidechain fluctuations, as is traditional for the analysis of 
molecular dynamics simulations. Additionally, in collaboration with Moitrayee 
Bhattacharyya, I have adapted a sidechain contact analysis algorithm to identify stable 
residue contacts over the course of the simulations, both for wild-type and hotspot mutant 
simulations. These analyses have revealed the effects of mutations on the stability of Ras, 
as gauged by changes in networks of interacting sidechains, which will be discussed in this 
chapter. 

Hotspot residues dampen the conformational dynamics of wild-type Ras 
To address the structural mechanism of activating mutations in unregulated Ras, we 

ran molecular dynamics simulations of wild-type H-Ras and H-Ras with four hotspot 
mutations, introduced individually (H27A, Q99A, L120A, and Y157A). His 27 is located at 
the beginning of Switch I (see Chapter 3). Gln 99 is in helix α3, and an indication of its 
possible importance comes from the fact that it interacts with Switch II. Leu 120 is in the 
guanine-binding loop, with the sidechain in van der Waals contact with the edge of the 
nucleotide base. Tyr 157 is in helix α5, and the loop leading into the N-terminal portion of 
helix α5 packs against the guanine base. Mutations at each of these sites result in increased 
nucleotide release, and mutation at one of them (Q99A) also shows suppression of GTP 
hydrolysis (see Chapter 3; note, however, that our assay for GTP hydrolysis does not provide 
a precise measurement of the suppression of the low intrinsic rate of GTP hydrolysis by 
Ras, as discussed earlier). 

Molecular dynamics trajectories, each totaling 600 nanoseconds (ns), were 
generated for wild-type Ras and each mutant. In each case, we began with the crystal 
structures of wild-type H-Ras bound to GDP or GTP (PDB codes 5P21 and 4Q21, respectively 
(Milburn et al. 1990; Pai et al. 1990), replacing the appropriate sidechains by alanine for 
each simulation of a mutant protein. Some of the trajectories were generated as one 
contiguous 600 ns simulation, while others were generated in two independent blocks of 
300 ns each, and then merged for analysis. 

In each of the simulations of the mutant proteins bound to GTP, we discern changes 
in the dynamics of the switch regions, the guanine-binding loops and helix α3, which abuts 
Switch II. A superposition of structures sampled from the GTP-bound simulations is shown 
in Figure 1. The overall structure of Ras is very stable in each of the simulations, as can be 
seen in views of the superimposed structures facing the side of Ras that is opposite to the 
switch regions (middle diagrams in each of the panels in Figure 1 and Figure 2, with helices 
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α4 and α5 facing the viewer). Excluding the switch regions, the r.m.s. fluctuation in Cα 
positions from the mean structure is very small (less than 1 Å) over the course of each of 
the trajectories, and the r.m.s. deviation from the crystal structure is also small (less than 1 
Å). Comparison of the GDP-bound simulations was less informative, since the increased 
dynamics of the switch regions in these simulations made it difficult to identify the effects 
of the mutations. 

 

 
 

Figure 1. Superposition of structures from molecular dynamics simulations 
of GTP-bound forms of Ras. A. Wild-type Ras•GTP. The diagrams show the 
superposition of 30 structures sampled evenly from two 300 ns trajectories. The 
diagram on the left shows a canonical view of Ras•GTP. The two other diagrams 
show two orthogonal views. B. As in A., for Ras•GTP L120A, shown as yellow spheres. 
C. As in A., for Ras•GTP Q99A, shown as yellow spheres. 
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Figure 2. Superposition of structures from GTP-bound simulations of wild 
type, H27A, and Y157A mutants. A. Wild-type Ras. The diagrams show the 
superposition of 300 structures sampled evenly from two 300 ns trajectories. The 
diagram on the left shows a canonical view of Ras•GTP. The two other diagrams 
show two orthogonal views. B. As in A., for Ras H27A, shown as yellow spheres. C. 
As in A., for Ras Y157A, shown as yellow spheres. 

 
Switch II is very mobile in the simulation of wild-type Ras•GTP, with r.m.s. 

fluctuations in Cα positions of ~1.2 Å when the structures are superimposed without using 
Switch I and II. But in all four simulations of the mutant structures, there are increased 
conformational fluctuations of Switch II (left and right diagrams in each of the panels in 
Figure 1; the r.m.s. fluctuations in Cα positions range from ~1.4 Å to ~1.7 Å (Figure 3)). This 
is particularly striking since the four mutations are at diametrically opposite ends of the 
structure, and the changes in dynamics indicate allosteric coupling between distant points 
in Ras and the Switch II helix. There are also changes in the dynamics of helix α3, which is 
structurally coupled to Switch II. Alterations in the guanine-binding loops and Switch I are 
also evident in the trajectories, but are more difficult to appreciate in the structural 
superpositions. 
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Figure 3. Flexibility in Ras measured by root mean squared fluctuations of Cα 
atoms. Fluctuations in Ras are measured by the root mean square (r.m.s.) 
fluctuations of Cα atoms in Ras over the course of the 600 ns molecular dynamics 
trajectories. The r.m.s. fluctuations for wild type Ras are depicted in blue, and each 
Ras mutant is depicted in red. Switch II shows greater mobility in every mutant 
simulation in comparison to wild type Ras. 

 
The molecular dynamics trajectories suggest that there is a loosening of the 

structure of Ras when His 27, Gln 99, Leu 120, and Tyr 157 are mutated. To assess the effects 
of mutations quantitatively, we carried out an analysis of interaction networks in the 
simulations, as has been done previously for a Gln 61 mutant of Ras (Fetics et al. 2015). We 
used a different method from that used in the previous simulation study, and we 
determined the strength of a noncovalent interaction between sidechains by counting the 
number of atom pairs between residues within a 4.5 Å cutoff, normalized by the sizes of 
the interacting residues (Brinda and Vishveshwara 2005; Ghosh and Vishveshwara 2007; 
Bhattacharyya et al. 2013; Bhattacharyya et al. 2016). Interactions between sidechains that 
are present in more than a threshold fraction of instantaneous structures in the trajectory 
are identified as stable interactions. We chose 50% as the threshold value for definition of 
a stable contact, and analyzed each trajectory by drawing lines between the Cα atoms of 
the corresponding residues in stable contacts, as shown for the simulation of wild-type 
Ras•GTP. The stability of the wild-type Ras simulation is reflected in the large number of 
stable contacts that anchor all of the neighboring structural elements, throughout the 
structure (Figure 4). 
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Figure 4. The impact of hotspot mutations on structural flexibility in Ras. A. 
Sustained sidechain-sidechain contacts in the simulation of wild-type Ras•GTP. We 
used the network analysis tool of Vishveshwara and co-workers (Bhattacharyya et 
al., 2013) to analyze the molecular dynamics trajectories for Ras. Strong interactions 
between sidechains, as defined by Bhattacharyya et al., 2013, that are present in more 
than a threshold fraction of 50% of the instantaneous structures in the trajectory are 
identified by blue lines. These lines are drawn between the Cα atoms of the 
corresponding residues. B. For simulations of Ras•GTP H27A, contacts that are 
present in the wild type simulation but not in the H27A simulation are drawn in 
blue, and contacts that are present in the H27A simulation but not in the wild type 
simulation are drawn in yellow. C. As in B., for Ras•GTP Q99A. D. As in B., for 
Ras•GTP L120A. 
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Global analysis of sidechain contacts in molecular dynamics simulations of 
Ras 

The analysis of stable sidechain contacts shows dramatically different results for the 
H27A, Q99A and L120A simulations (Figure 4B-D). In each of these trajectories, there are 
far fewer contacts that persist for longer that the 50% threshold we used in the analysis. 
Switch II and helix α3 remain tightly connected to each other, but the rest of the structure 
is no longer stably coupled. We emphasize that the loss of stable contacts in the simulations 
of the mutants does not reflect a general breakdown in the integrity of the structure, but is 
due instead to a subtle decrease in the maintenance of stable contacts. This can be seen in 
Figure 5, which illustrates the interaction between Tyr 137, in helix α4, and His 94, in helix 
α3. These two residues form a hydrogen-bonding interaction in the crystal structure (Ting 
et al. 2015) (Figure 5). In the simulations, His 94 switches between different conformations, 
but maintains contact with Tyr 137 more frequently in the wild-type simulation than in the 
L120A simulation (Figure 5B-C). The simulation results for the Y157A mutant are different 
than those for the other three. The trajectory for the Y157A mutant does not show a 
decrease in stable sidechain contacts when compared to the wild-type simulation, although 
there is evidence for a loosening of the coordination of the nucleotide in both GTP- and 
GDP-bound simulations (Figure 6). 

 

 
 

Figure 5. Residue contacts in Ras. A. The crystal structure of wild-type Ras•GTP 
with the sidechains of His 94 and Tyr 137 shown as sticks. B-C. Shown here are 30 
structures sampled from two 600 ns simulations, one for wild-type Ras (B) and one 
for the L120A mutant (C). The sidechains of His 94 and Tyr 137 are shown as sticks, 
with the Cα trace of the protein shown as a thin line. 
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Figure 6. Dynamics of the Y157A mutation. Simulation of wild-type Ras (left) and 
the Y157A mutation (right) shows an increase in dynamics of Switch I (as highlighted 
by the red reference residue, Tyr 32) and the guanine moiety of the nucleotide, 
suggesting that the nucleotide is more readily released upon mutation to Tyr 157. 
 
In the crystal structure of Ras•GTP, Switch II is positioned such that the sidechain 

of Gln 61 is not far from the catalytically important conformation that is stabilized by the 
binding of Ras-GAP. The increased fluctuations seen in Switch II in simulations of mutant 
Ras tend to move Gln 61 away from catalytically competent conformations, and would 
therefore be expected to reduce the intrinsic rate of GTP hydrolysis, leading to increased 
signaling activity. Destabilization of interactions between residues in the guanine binding 
loops and the guanine base of the nucleotide, or between the P-loop and the phosphate 
groups of the nucleotide, would increase the intrinsic GDP release rate, leading to 
activation by the replacement of GDP by GTP. Thus, the simulations support the idea that 
the hotspot residues analyzed in this study dampen structural fluctuations that would 
otherwise disrupt the functional cycle. 

Dynamic cross correlation analysis of Ras dynamics 
An alternative method to quantify the extent of coupling in protein structures 

involves calculating the cross-correlations of atomic displacements across the entire 
molecular dynamics trajectory. Though we did not use this method to quantify the extent 
of molecular motions that were observed in the molecular dynamics simulations, I include 
this section of the thesis for completion. These correlations were calculated using the Bio3D 
suite in R. The correlation data is computed from a numeric matrix of Cartesian 
coordinates, with a row per structure or frame of the simulation, and the atomic 
displacements are relative to a reference structure that is typically the average structure 
over the entire trajectory. The covariance matrix of all atomic fluctuations is informative of 
the extent to which atomic fluctuations are correlated with one another, and this matrix is 
often termed the dynamic cross correlation matrix (DCCM). Positively correlated parts of 
the protein structure often move together in tandem over the simulations, whereas 
negatively correlated parts of the protein structure move in opposite directions reminiscent 
of a collective “breathing” motion. The first proteins to be studied with DCCM analysis 
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included cytochrome c and ribonuclease A with two different substrates (McCammon 1984; 
Brünger et al. 1985). 

DCCM analysis of Ras and activating hotspot mutations revealed extensive coupling 
throughout the protein structure. Wild-type Ras exhibits anti-correlations between 
diametrically opposed parts of the protein structure, such as between the α1 helix at the 
base of Switch I and the α3 helix, shown as blue lines between Cα atoms in the protein 
structure (Figure 7A). Interestingly, many significant positive correlations are not observed 
in this analysis, which may be due to the overall rigidity of the Ras structure. Additional 
anti-correlations exist between the α2 helix of Switch II and the α3 helices (Figure 7A). 
Taken together, this suggests that these regions of the protein are coupled in a manner that 
allows the protein to “relax”, and it is tempting to speculate that this overall relaxation 
impacts the functional properties of nucleotide release and hydrolysis. Mutations such as 
H27A and Q99A appear to greatly exacerbate these relaxations, and in conjunction with 
the network analysis of sidechain interactions, appears to be consistent with an overall 
loosening of the protein structure that enables nucleotide to be more readily released 
(Figure 7B). The L120A mutation introduces new anti-correlations between the α1 helix and 
the α4 helix, and again, anti-correlations between the α1 helix at the base of Switch I may 
also impact the process of intrinsic nucleotide release. Finally, the DCCM analysis for the 
Y157A mutation does not appear to identify significant correlated motions in the protein 
structure, potentially suggesting that the effects of this mutation may be subtler than 
reflected in a global analysis of protein motions (Figure 7B). It will be interesting to follow 
up studies on the Y157A mutation using hydrogen exchange coupled to NMR, for a fine 
grained picture of the dynamics of this Ras mutant. 
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Figure 7. Dynamic cross correlation analysis of activating Ras mutations. A. 
Wild-type Ras exhibits significant anti-correlations between the α1 and α3 helices 
(blue lines), but does not exhibit a large number of positively correlated regions of 
the structure (red lines). B. DCCM analysis of activating Ras mutations shows 
extensive anti-correlated motions in the simulations. 
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Summary 
Ras, like all proteins, is inherently dynamic and its dynamics affect crucial functional 

properties such as its binding to Raf-RBD in its GTP-bound state, its ability to hydrolyze 
GTP, and its ability to release bound nucleotide. Computational simulations of wild-type 
Ras have demonstrated these functional properties in my studies, as well as in the large 
body of literature on Ras dynamics over the past decades. My experimental studies on Ras 
mutations in the bacterial two-hybrid assay, described in Chapter 3, identified several 
residues that affected the properties of intrinsic GTP hydrolysis and intrinsic nucleotide 
release. These residues appeared to exert their effects allosterically, as they were largely one 
shell away from active site residues that contact the nucleotide directly. In this chapter, we 
have shown that mutations to these residues exert their allosteric effects by directly 
impacting the dynamics of the structural regions in Ras that control the functional 
properties of nucleotide exchange and release. Furthermore, we show that these residues 
act as crucial “latches” that serve to hold the overall structure rigid, as revealed by a network 
analysis of sidechain motions computed from the molecular dynamics simulations. 
Mutations to these residues consequently explain the gain of function that was observed in 
the experimental screens, thus providing a structural context to a set of newly identified 
residues that allosterically control Ras function. 

Methods 
Molecular dynamics simulations 

Simulations of Ras in this study were carried out using the AMBER force field (Case 
et al., 2016) combined with the ff99SB-ILBN backbone correction (Lindorff-Larsen et al., 
2010) and the TIP3P water model (Mahoney and Jorgensen 2000). The simulated systems 
were solvated in a water box with a minimum of 12.5 Å separation from any protein atom 
and the box edges, and residue protonation states corresponded to pH 7. The protein 
backbone atoms were restrained to their initial positions using a harmonic potential with 
a force constant of 1 kcal mol-1 Å2 for 5 ns as an equilibration step and restraints were 
subsequently removed. Simulations were performed in the NPT ensemble with T = 300K 
and p = 1 bar. Water molecules and all bond lengths were constrained using M-SHAKE 
(Kräutler et al. 2001). Van der Waals and short-range electrostatic interactions were cut off 
at 12.5 Å for the simulations. Long-range electrostatic energies were calculated using 
particle-mesh Ewald summation. The simulation time step was 2 fs for the equilibration 
stage and 2 fs for production simulations. Every simulation in the study was performed in 
duplicate. Network analysis of sidechain-sidechain interactions was carried out using the 
PSN-Ensemble software (Bhattacharyya et al. 2013). 
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Chapter 5: Natural sequence variation in the evolution of Ras 

Introduction 
Evolution has explored a broad span of the primary sequence of Ras, and extant Ras 

sequences in phylogenetic databases that have been collected by genome sequencing is 
representative of sequence variation that has persisted throughout the processes of 
mutation and natural selection. As such, sequence databases provide complementary data 
to that collected from saturation mutagenesis experiments, and represent sequences that 
have often accrued multiple mutations over the course of many millions of years of 
evolution. In this chapter, I will present an analysis of natural sequence variation in the 
evolution of Ras in metazoans. I compare the space of natural sequence variation to the 
chemically accessible space of mutations that was collected from screening the saturation 
point-mutagenesis library of Ras. Analysis of natural sequence variation in Ras sequences 
from invertebrates, and a computationally reconstructed ancestral Ras sequence, revealed 
regions of sequence space that tolerate mutation, which are also tolerant of mutation in 
the experimental screen. This variation is largely not present in Ras sequences from 
vertebrates, suggesting an evolutionarily recent innovation that further constrains Ras 
sequence space in vertebrates. Finally, I will discuss the emergence of a regulatory factor 
that may have imposed this constraint, drawing from existing structural information as 
well as structure determination of a Ras ortholog. The work described in this chapter was 
done in collaboration with John P. Barton, Joshua Cofsky, Yasushi Kondo, and Arup 
Chakraborty. 

The regulation of Ras is likely to have been altered in the vertebrate lineage 
We carried out an evolutionary analysis of Ras proteins by aligning sequences from 

72 species and generating an evolutionary tree (Figure 1A). This analysis identifies four 
regions that are the principal sites of divergence between invertebrate and vertebrate Ras 
sequences, denoted Variable Regions 1 (spanning residues 48 to 52 in human H-Ras), 2 
(residues 82 to 101), 3 (residues 121 to 142) and 4 (residues 149 to 155). These variable regions 
are highlighted in an alignment of the sequence of human H-Ras with Ras from a sponge 
(Amphimedon queenslandica) and from a choanoflagellate (Salpingoeca rosetta) (Richter 
and King 2013) (Figure 1B).  

In order to capture the essential features that distinguish human H-Ras from 
invertebrate Ras, we used the evolutionary tree to construct a hypothetical sequence 
corresponding to the root of the metazoan lineage (Ashkenazy et al. 2012). There are 48 
differences between the sequences of H-Ras and the hypothetical protein at the base of the 
metazoan lineage (Figure 1C). Of these, 30 represent residues that would activate H-Ras if 
the wild-type residue were replaced by the residue in the ancestral sequence, based on 
mutational data in the unregulated-Ras experiment (Figure 1D). Eight differences 
correspond to neutral substitutions, and nine substitutions would decrease function if 
introduced into H-Ras. We also examined the effects of these substitutions in the data for 
regulated-Ras in the bacterial two-hybrid experiments. In this case, the trend is the 
opposite. Eight of the substitutions activate H-Ras, three are neutral, and 36 lead to a 
decrease in function (not shown). Similar results are obtained by comparing the sequence 
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of human H-Ras to that of extant invertebrate Ras sequences (see Figure 2, in which the 
sequence of a choanoflagellate Ras is compared to that of human H-Ras, along with the 
fitness effects of the substitutions as seen in the unregulated Ras experiment). 

 

 
 



 70 

Figure 1. Sequence variation in Ras. A. An evolutionary tree from an alignment 
of 72 extant Ras sequences from invertebrates (blue) and vertebrates (orange). The 
hypothetical ancestral sequence at the base of the tree is highlighted in green. B. 
Sequence alignments of Ras from choanoflagellate (S. rosetta) and sponge (A. 
queenslandica) are 72% and 80% identical to human Ras, respectively. While the 
sequences are largely identical, there are four principal regions of sequence 
divergence. These regions correspond to residues 45-50, helix a3, helix a4, and 
residues 148-154 in human H-Ras. C. Comparison of the sequence of human H-Ras 
to the ancestral sequence from the base of the metazoan lineage reveals similar 
regions of sequence variation. S. rosetta Ras was not used in the alignment of Ras 
sequences to generate the tree shown in (A). D. The substitutions in human H-Ras 
that are present in the ancestral sequence are compared to the mutational data from 
the unregulated-Ras experiment. There are 48 differences between the sequences of 
the hypothetical ancestral protein and human H-Ras. Of these, 30 represent residues 
that would activate unregulated human H-Ras if the wild-type residue were replaced 
by the residue in the ancestral sequence. Eight differences correspond to neutral 
substitutions, and nine substitutions would decrease function if introduced into 
human H-Ras. 
 
To summarize these findings, the ancestral Ras protein contains residues that, when 

substituted into human H-Ras, are activating in the absence of regulators and detrimental 
in the presence of a GAP and GEF. This suggests that as the sequence of Ras evolved into 
the vertebrate lineage, it underwent changes in the mechanisms that prevent unregulated 
activation, and a co-evolved dependence on the vertebrate GAPs and GEFs. Such co-
evolution is consistent with the strong dependence of Ras mutations on the presence or 
absence of its associated regulatory proteins. 
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Figure 2. Effect of substitutions in human H-Ras that are present in S. rosetta 
Ras. The substitutions in human H-Ras that are present in the S. rosetta Ras 
sequence are compared to the mutational data from the unregulated-Ras 
experiment. 

 

The variable regions of Ras are involved in interactions with the Ras activator Son-of-
Sevenless 

The Ras-specific nucleotide exchange factor son-of-sevenless (SOS) is unusual in 
having two binding sites for Ras. One is the canonical binding site that mediates nucleotide 
exchange (Boriack-Sjodin et al. 1998). The other is an allosteric site unique to SOS, which 
is specific for Ras•GTP, and SOS has low activity unless Ras•GTP is bound at this site 
(Margarit et al. 2003; Sondermann et al. 2004) (Figure 3). The allosteric binding of Ras•GTP 
to SOS converts SOS to a highly processive enzyme at the membrane, and this positive 
feedback loop in Ras activation is necessary for the generation of a sharp response in 
signaling by the T cell receptor (Das et al. 2009; Gureasko et al. 2008; Iversen et al. 2014). 
We find that the four Variable Regions correspond to elements in Ras that are correlated 
with the engagement of SOS at the SOS allosteric site. 
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Figure 3. Interaction of Ras with the two Ras-binding sites of SOS. Structure of 
the Ras:SOS complex (PDB code: 1NVV). Two molecules of H-Ras are bound to the 
allosteric and active site of SOS. The allosteric site of SOS is bound by Ras•GTP, 
whereas the active site of SOS is bound by nucleotide-free Ras. Switch I and Switch 
II of Ras (red) are responsible for engaging both sites in SOS. Additionally, residues 
in variable regions 1 and 4 are involved in the binding of Ras to the allosteric site of 
SOS, including Asn 26, Gln 43, Thr 50, and Glu 153 (yellow). 
 
Variable Regions 1 and 4 in human H-Ras interact directly with SOS at the allosteric 

site (Figure 3), and are altered in S. rosetta Ras and in the ancestral sequence (Figure 1). We 
expressed and purified Ras from the choanoflagellate S. rosetta. Human SOS stimulates 
nucleotide exchange with S. rosetta Ras and H-Ras with comparable rates, but only when 
GDP bound to Ras is exchanged for GDP in solution (Figure 4A). When the exchange 
reaction is carried out with excess GTP in solution, the reaction shows a marked 
acceleration in rate for human H-Ras, due to the allosteric stimulation of SOS by Ras•GTP. 
In contrast, S. rosetta Ras is deficient in allosterically stimulating the activity of human SOS 
(Figure 4B). 
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Figure 4. SOS-stimulated nucleotide exchange of S. rosetta and human Ras. 
A. Human SOS stimulates nucleotide exchange for S. rosetta Ras•GDP in the 
presence of excess GDP in solution, however, no increase in exchange rate is 
observed for S. rosetta Ras•GDP in the presence of excess GTP in solution (red and 
green curves, respectively). Intrinsic nucleotide release rate for S. rosetta Ras•GDP 
is shown in blue. B. Human SOS stimulates nucleotide exchange for human 
Ras•GDP in the presence of excess GDP in solution and an increase in exchange rate 
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is observed for human Ras•GDP in the presence of excess GTP in solution (red and 
green curves, respectively). This increase in exchange rate is indicative of human 
SOS activation by binding of Ras•GTP to the allosteric site. Intrinsic nucleotide 
release rate for human Ras•GDP is shown in blue. 

 
Mattos and colleagues have described alternative conformations of Ras•GTP 

involving Variable Regions 2 and 3, and also Switch II (Figure 5A; the two states are shown 
schematically in Figure 5C) (Buhrman et al. 2010; Holzapfel et al. 2012). The two 
conformational states have been denoted “R” (assumed to be competent for GTP hydrolysis, 
although this has not been established definitively) and “T” (assumed to be inactive in 
terms of GTP hydrolysis). A physiologically relevant allosteric effector that controls the R 
to T transition has not yet been identified (Buhrman et al. 2010; O’Connor and Kovrigin 
2012). The two Ras-binding sites in SOS differ in their recognition of the T and R states. 
SOS binds Ras in the T state conformation at the active site, considering just the 
conformation of helices α3 and α4, and Switch II (Switch I is displaced during the exchange 
process) (Figure 6A). In contrast, SOS recognizes Ras in the R state at the allosteric site 
(Figure 6B).  

We found that the transition between the R and T states can be triggered by one of 
the hotspot mutations identified in our study, L120A (Figure 5B). We determined the 
structure of wild-type Ras•GTP and the L120A variant at room temperature, both 
crystallized with the same crystallographic lattice, and found that wild-type Ras•GTP is in 
the R state, whereas the L120A mutant is in the T state (there is evidence in the electron 
density for a minor population of the R state, with an occupancy of 20% or less).  
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Figure 5. Comparison of the R and T states in Ras. A. Variable Regions 2 and 3 
highlighted on the structure of Ras•GTP. Variable Region 2 comprises helix a3 and 
the preceding loop, and Variable Region 3 comprises helix a4 and the preceding 
loop that is partially involved in guanine binding. B. Room temperature crystal 
structure of wild-type Ras adopts the R state as defined by Mattos and colleagues 
(Buhrman et al. 2010; Holzapfel et al. 2012), where the sidechain of Tyr 71 is buried 
in the hydrophobic core of the protein. Crystal structure of the L120A latch mutant 
shows a rotation of Tyr 71, whereby the sidechain is exposed. Additionally, the 
interface between helix a3 and Switch II undergoes a conformational change. C. 
Schematic of the conformational transition between the R state and T state as 
defined by Mattos and colleagues (Buhrman et al. 2010; Holzapfel et al. 2012). Helix 
a3 and the C-terminal helix of Switch II shift downwards in the transition from the 
R state to the T state, leading to a rotation of Tyr 71 from a buried to an exposed 
conformation. D. Comparison of the choanoflagellate S. rosetta crystal structure to 
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the L120A structure. S. rosetta Ras adopts the T state, similar to L120A, where Tyr 71 
is rotated outwards and exposed. 
 

 
 

Figure 6. R and T states of Ras bound to SOS. A. Ras in the T state bound to the 
active site of SOS (left). Many sidechain contacts are present between the Switch II 
helix (red) and SOS (grey), including the sidechain of Tyr 71. Ras in the R state is 
incompatible with binding to the active site of SOS (right), and the sidechain of Tyr 
71, in addition to others, does not form hydrogen bonding necessary for SOS 
binding. B. Ras in the R state bound to the allosteric site of SOS (left). The Switch II 
helix conformation is compatible with allosteric SOS binding. Ras in the T state is 
incompatible with binding to the allosteric site of SOS (right), and the sidechain of 
Tyr 71 clashes with SOS, thus leading to an incompatible binding interface. 
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There are no structures for an invertebrate Ras protein in the protein databank. We 
crystallized Ras from the choanoflagellate S. rosetta, and determined structures bound to 
GDP and GTP at resolutions of 1.85 Å and 1.6 Å, respectively (Figure 7). The conformation 
of Switch II and helix α3 in S. rosetta Ras•GTP is very close to that of the T state structure 
of human Ras (Figure 5D), suggesting that the balance between the R and T states of 
Ras•GTP may be altered in invertebrate Ras with respect to human Ras. 

Comparison of human Ras to a non-vertebrate Ras and to Rap 
The sequence divergence between invertebrate and vertebrate forms of Ras 

contrasts with the situation for its close relative Rap. Ras and Rap share 57% sequence 
identity between the human proteins. The sequence of Rap is more highly conserved than 
that of Ras throughout the metazoan lineage and the choanoflagellates, with 92% identity 
between Rap-1B in humans and the Rap homolog in S. rosetta (Figure 8). The differences 
between the human and S. rosetta Rap sequences are not localized to specific regions, as 
they are for Ras, pointing to the emergence of a unique selective pressure on Ras that led 
to the divergence of the four variable regions. Our data suggest that this divergence is 
correlated with the emergence of a positive feedback loop in the activation of Ras by SOS. 
This conformational balance may also affect interactions of Ras with as yet unknown 
signaling partners. 
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Figure 7. Crystallographic data collection and refinement statistics. 

  

Data Collection 
 Human WT 

Ras.GMPPNP 
(RT) 

Human L120A 
Ras.GMPPNP 

(LT) 

Human L120A 
Ras.GMPPNP 

(RT) 

Choano 
Ras.GTP 

(LT) 

Choano 
Ras.GDP 

(LT) 
Temperature 277K 100K 277K 100K 100K 
Wavelength (Å) 0.88557 1.000 0.88557 1.11587 1.000 

Space group H32 H32 H32 P21 P 43 21 2 

Cell dimensions 
a, b, c (Å) 
α, β, γ ˚ 

90.0 90.0 136.7 
90 90 120 

87.96, 87.96, 
133.1   

90.0, 90.0 120.0 

90.0 90.0 136.0 
90 90 120 

38.6, 119.2, 38.6 
90.0, 117.3, 90.0,  

67.2, 67.2, 184.7 
90, 90, 90 

 
Resolution (Å) 
(high res shell) 

45.58 - 1.65 (1.68 
- 1.65) 

50-1.25  
(1.27-1.25) 

45.32  - 1.35 (1.37  
- 1.35) 

39.70 - 1.60 (1.63 
- 1.60) 

47.53 - 1.85 (1.89 
- 1.85) 

Rmeas (%) 
Rpim (%) 

17.9 (327.2) 
4.0 (75.6) 

4.5 (59.4) 
1.0 (30.8) 

9.9 (297.2) 
3.2 (94.2) 

9.8 (94.4) 
4.7 (55.7) 

9.3 (143.7) 
2.7 (51.1) 

I/σ(I) 12.6 (1.2) 36.9 (2.4) 16.2 (1.2) 9.5 (1.4) 
 

12.5 (2.0) 

CC1/2 0.999 (0.514) 1.00 (0.790) 0.999 (0.565) 0.997 (0.428) 0.995 (0.923) 

Completeness (%) 100 (100)  99.0 (92.0) 100 (100) 99.9 (99.8) 100.0 (100.0) 

Multiplicity 19.8 (18.6) 18.7 (4.6) 19.7 (20.0) 4.5 (3.8) 
 

9.9 (8.8) 

Wilson B factor 17.4 11.5 14.6 12.1  25.7 

Refinement 

Reflections used 25866 (2838) 54265 (2483) 46639 (4612) 
 

40548 (2634) 37071 (2786) 

Rfree reflections 1254 (121) 2731 (123) 2725 (132) 
 

2065 (137) 1837 (135) 

Rwork/Rfree 14.16/16.84 
(25.26/28.43) 

14.11/ 15.24 
(23.49/25.27) 

14.50/15.36 
(27.20/26.87) 

22.85/27.98 
(30.00/36.71) 
16.64/20.58* 

(26/29)* 

21.62/24.90 
(35.8/35.6) 

Twinning fraction    0.47 for l, –k, h  

Number of non 
hydrogen atoms 

1695   1782 1728 3010 3026 

Protein 1530 
 

1570 1578 2754 2778 

Ligands 36 46 36 68 70 

Average B factors 

Overall 28.39 21.65 26.7  20.0 41.9 
Protein 27.80 20.15 26.4 18.8 41.7 

Ligand 18.99 22.40 15.6 12.4 42.3 

Solvent 38.0 35.62 34.7  22.8 45.5  
Root mean square deviation from ideality 
Bonds (Å) 0.012 0.011 0.009 0.011 

 
0.006 

Angles (Å) 1.17 1.12 1.052 1.23 0.885 

Ramachandran Statictics 
Favored (%) 98.8 

 

96.95 97.6 98.8 
 

98.8 

Disallowed (%) 0.0 0.61 0.0 0.0 
 

0.3 

MolProbity clash 
score 

3.57 4.7 2 2.21 3.25 3.02 
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Figure 8. Comparison of Rap sequences. Note that Rap is also highly conserved 
across the metazoan lineage. Invertebrate Rap sequences, such as choanoflagellate 
or sponge, are greater than ~90% identical to human Rap. Only the sequence of the 
GTPase domain (residues 1 to 166 in human Ras) was used in this analysis. 

 

Summary 
In this chapter, I have described a comparison between extant sequences of Ras in 

the metazoan lineage and the experimentally derived accessible sequence space from the 
screen of the saturation point-mutagenesis library of Ras variants. This comparison 
revealed four variable regions of sequence space, all of which were also present in a 
computational reconstruction of a hypothetical ancestral Ras protein that preceded both 
invertebrate and vertebrate Ras sequences. Sequence variation in these four regions was 
largely present in invertebrate Ras sequences, and vertebrate Ras sequences were largely 
conserved in these four regions. We speculated that a new mode of regulation had emerged 
during the course of Ras evolution, and showed that residues in the four variable regions 
are involved in the recognition of the guanine nucleotide exchange factor SOS. 
Furthermore, structural studies of a choanoflagellate Ras have revealed a role for residues 
in the variable regions of sequence space in potentially controlling an allosteric transition 
that dictates whether Ras and SOS can mutually activate each other. Interestingly, an 
activating hotspot mutation in Ras, L120A, appears to trigger this conformational 
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transition. Further functional and biochemical experiments will be needed to study this 
conformational transition in Ras, and it will also be interesting to study these effects on the 
membrane, especially with Ras and SOS orthologs. 

Methods 
Ancestral sequence reconstruction 

We obtained an initial set of 21,243 Ras superfamily (PF00071) sequences from the 
Pfam protein families database (Finn et al. 2016). Out of the 8,988 metazoan sequences in 
the alignment, we selected a set of 72 Ras sequences for evolutionary analysis, with yeast 
Ras added as an outgroup. The corresponding maximum likelihood phylogenetic tree and 
sequence alignment were jointly inferred with PASTA (Mirarab et al. 2015). We used four 
iterative alignment and phylogenetic inference steps. RAxML (Stamatakis 2014) was used 
as the tree estimator with the PROTCATLGF model, which employs the LG amino acid 
substitution matrix (Le and Gascuel, 2008) and optimizes site-specific substitution rates. 
PASTA likelihood scores indicated convergence of the alignment. Ancestral sequences were 
then reconstructed via maximum likelihood with FastML (Ashkenazy et al. 2012) using the 
same substitution matrix, with the phylogenetic tree and alignment from PASTA as input. 
Most residues in the hypothetical metazoan ancestral sequence were reconstructed by 
FastML with high confidence (median probability of reconstructed amino acids was 97%; 
only 10 of 178 residues had probabilities below 50%). 

We also tested our results on the effect of substitutions in the reconstructed 
ancestral Ras sequence for robustness to uncertainty in the reconstructed sequence. 
Averaging over the probability of each reconstructed residue at each site, we found that the 
average number of substitutions in the ancestral sequence relative to human H-Ras was 
48.5 (compared with 48 for the most likely sequence). The average number of substitutions 
that would increase/have little effect on/decrease unregulated Ras function was 
30.5/9.0/9.0, respectively, in good agreement with 30/8/9 for the most likely sequence. 
Similarly, for regulated Ras the average numbers were 9.2/2.9/36.4, compared with 8/3/36 
for the most likely sequence. Locations of likely substitutions were also consistent with the 
patterns displayed in the most likely ancestral sequence shown in Figure 8C. Thus, we find 
that uncertainty in the amino acid composition of the reconstructed ancestral sequence 
does not affect our findings about the predicted effects of substitutions relative to the 
human H-Ras sequence. 

Crystallization and structure determination of Ras variants 

The S. rosetta cDNA library was a kind gift from Nicole King (Fairclough et al., 2013). 
The coding region for the catalytic domain of S. rosetta Ras residues 1-167 was amplified 
from the cDNA library and cloned into pProEX HTb expression vector using the NcoI – 
XhoI restriction sites. Human H-Ras variants were cloned into a pET-28b expression vector 
modified with a 5’ His6-tag and a TEV protease site coding sequence, and variants were 
generated by Quikchange site-directed mutagenesis (Agilent). 

Crystals of wild-type human H-Ras bound to GMP-PNP were grown by mixing 1 µL 
of protein solution (17 mg/mL) with 1 µL of reservoir buffer (16% PEG3500, 100 mM calcium 
acetate, pH 7.5). Human H-Ras mutant L120A bound to GMP-PNP was crystallized by 
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mixing 1 µL of protein solution (40 mg/mL) with 1 µL of reservoir buffer (17% PEG8000, 200 
mM calcium acetate, 100 mM MES/NaOH, pH 6.0). Drops were allowed to equilibrate in a 
sitting drop tray over 500 µL reservoir solution for one week at 20°C. 

Crystals of S. rosetta Ras with GDP were obtained by mixing 2 µL of 30 mg/mL 
protein with 2 µL of the reservoir buffer (20% PEG3350, 100 mM Tris-HCl pH9.0, 100 mM 
CaCl2) at 20°C. Crystals were cryo-protected by adding the cryo-protection buffer (20% 
PEG3350, 100 mM Tris-HCl pH 9.0, 100 mM CaCl2, 15% glycerol) in one step, and flash 
frozen in liquid nitrogen. 
The GMP-PNP bound S. rosetta Ras was crystallized by mixing 1 µL of 18 mg/mL protein 
with 1 µL of the reservoir buffer (15% PEG8000, 100 mM Bis-Tris pH 5.5, 200 mM magnesium 
acetate, 50 mM CaCl2) at 20°C. The best crystals were obtained by streak-seeding. Crystals 
were added the cryo-protection buffer containing (15% PEG8000, 100 mM Bis-Tris pH 5.5, 
200 mM magnesium acetate, 50 mM CaCl2, 12.5 % ethylene glycol) before being flash-frozen 
in liquid nitrogen. 

Preliminary diffraction data for room-temperature wild-type human H-Ras were 
collected at the Stanford Synchrotron Radiation Lightsource, beamline 9-2. Final 
diffraction data presented herein were collected at the Advanced Light Source (ALS), 
beamline 8.3.1. For low temperature data, crystals were cryo-protected with reservoir buffer 
supplemented with 20% glycerol and flash cooled with liquid nitrogen. Low temperature 
data were collected at 100 K on ALS beamline 8.2.1. For room temperature data, crystals 
were looped directly from the sitting drop tray into polyimide mounts (MiTeGen 
MicroMounts), covered with a polyester sleeve containing a small amount of reservoir 
solution in the tip, and immediately placed in a cryostream at 277 K and irradiated with a 
defocused beam of 14 keV X-rays. Data were integrated with XDS (Kabsch 2010) and scaled 
and reduced to the asymmetric unit with Aimless in the CCP4 suite (Winn et al. 2011). Initial 
structures for both wild-type and mutant Ras were produced with phases from a structure 
of calcium acetate-bound Ras in the same space group (PDB code 3K8Y; (Buhrman et al. 
2010)). The model was rebuilt using Coot (Emsley and Cowtan 2004) and iteratively refined 
with Phenix (Adams et al. 2010). These programs were provided through SBGRID (Morin 
et al. 2013). Positive difference electron density around the modeled magnesium ion 
associated with bound GMP-PNP was observed in both L120A structures. Considerable 
anomalous signal was also observed at this position. The ion position was therefore refined 
using Phenix with both metals present, with variable occupancy. The observed density was 
best accounted for with 70% calcium ion and 30% magnesium ion. 

Diffraction data for S. rosetta Ras were collected at ALS beamline 8.2.1 and 8.3.1. Data 
were integrated in XDS (Kabsch 2010) and scaled with Scala (Evans 2006) or Aimless. For 
GDP-bound S. rosetta Ras, a molecular replacement solution was found in Phaser (McCoy 
et al. 2007) using the H-Ras structure (PDB ID: 5P21; (Pai et al. 1990)). The structural model 
was rebuilt using Coot (Emsley and Cowtan 2004) and refined by Refmac (Murshudov et 
al. 2011) and Phenix. The model was used to find a molecular replacement solution for GMP-
PNP-bound S. rosetta Ras. The data were processed in space group C2221 and molecular 
replacement was successful, but the model could not be refined. We used Zanuda (Lebedev 
and Isupov 2014) to help resolve the space group as P21. The crystal was pseudo-
merohedrally twinned (twin fraction estimated at 0.47) (Hamdane et al. 2009). The 
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structure was successfully rebuilt and refined in P21 with Coot and Phenix, without 
accounting for the apparent twinning. Table 1 reports the final model R-factors calculated 
in Phenix without accounting for twinning and for the same model (no further refinement) 
calculated with Refmac using the twin operator l, -k, h. 
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Chapter 6: Concluding remarks 

The mutational robustness of Ras 

In this thesis I have adapted a bacterial two-hybrid system to analyze how mutations 
affect the functional cycle of human H-Ras. Our strategy was to isolate just the minimal 
biochemical network that defines this cycle, comprising Ras, its effector Raf, and the GAP 
and the GEF. Thus, we can analyze the sensitivity of Ras to mutation in the context of this 
network, while excluding the effects of the membrane and additional regulatory factors. 
This approach provides an opportunity, for the first time, to use deep mutational scanning 
approaches to study how local regulatory networks influence the mutational sensitivity and 
phenotypic plasticity of key signaling molecules. 

In the absence of regulators, the distribution of fitness effects of mutations in Ras 
shows considerable tolerance to mutation, as seen previously in saturation mutagenesis 
experiments on other proteins (McLaughlin et al. 2012; Soskine and Tawfik 2010; Boucher 
et al. 2014; Podgornaia and Laub 2015)). However, in the presence of a GAP and a GEF, Ras 
displays global constraints, whereby the majority of mutations lead to a modest decrease 
in function. The data for attenuated-Ras, in the presence of the GAP alone, are similar to 
that for fully regulated Ras, except that under these conditions Ras is very sensitive to 
mutations that disrupt the GTPase activity, which cause a dramatic gain of function. Taken 
together, our data show that the local regulatory network places a stringent constraint on 
the sequence of Ras, and also creates the potential conditions in which it is susceptible to 
activating mutations. These data extend previous observations that mutational sensitivity 
in proteins is strongly dependent on the selective conditions in which the protein operates 
(Stiffler et al. 2015). Figure 1 depicts the overall mutational sensitivity of Ras, when both 
gain-of-function and loss-of-function mutations are taken into account from each selection 
experiment. A deeper understanding of the relationship between protein structure and 
function will emerge as saturation mutagenesis experiments are done in more complete 
biological contexts. 

 

 
Figure 1. The mutational robustness of Ras. Statistically significant mutations 
that either increase or decrease the fitness of Ras are depicted in blue across the 
entire primary sequence. Most of the protein is sensitive to mutation, and 
importantly, mutational sensitivity is context-dependent based on the presence or 
absence of components of the regulatory cycle. 
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Extant sequence variation of Ras proteins 

The structural fold of Ras is intrinsically capable of accommodating sequence 
changes that lead to the acquisition of new function. For example, paralogous members of 
the Ras superfamily show a high degree of structural conservation within the core elements 
of the GTPase domain despite considerable sequence divergence (Rojas et al. 2012). In 
contrast, orthologous members of the family (such as the Ras proteins) show high sequence 
conservation across metazoan evolution. We propose that a critical aspect of function of 
these proteins is the tuning of the GTPase cycle such that switching between active and 
inactive states and responsiveness to regulators is matched to its specific biological context. 
More generally, we suggest that high conservation in orthologs of a protein family may 
arise from the pressures imposed by the dynamics of local biochemical environments. 

Evolution of the interdependent activation of Ras and SOS 

Ras itself has undergone a further specialization in the transition from invertebrates 
to vertebrates. Our analysis indicates that this specialization is associated with the 
acquisition, or modification, of allosteric control, as indicated by the fact that the majority 
of these sequence changes involve residues that lead to activation when mutated in human 
Ras. One such control mechanism is the ability of Ras to allosterically activate its own 
activator, SOS, a property that may have emerged in higher vertebrates. Additional 
regulation, involving interactions at the membrane (Abankwa et al. 2008; Mazhab-Jafari et 
al. 2015), the potential dimerization of Ras (Muratcioglu et al. 2015), and interaction with 
different effector proteins, may also play a role in the emergence of the new levels of 
allosteric control. 

An evolutionary innovation in metazoans is the coupling of Ras activation to the 
phosphorylation of tyrosine residues on cell-surface receptors. This occurs through the 
SH2-mediated recruitment to these receptors of a Ras-specific guanine nucleotide 
exchange factor (GEF), Son-of-Sevenless (SOS) (Lowenstein et al. 1992; Gale et al. 1993; 
Buday and Downward 1993; Egan et al. 1993; Rozakis-Adcock et al. 1993). There are several 
classes of Ras-specific GEFs in mammalian cells, and a key difference between SOS and 
other Ras-specific GEFs is that the latter are regulated by soluble second messengers, such 
as calcium, cyclic AMP (cAMP), and diacylglycerol, whereas SOS is not (Bos et al. 2007). 
Instead, SOS is recruited to the membrane by tyrosine phosphorylation of receptors or 
scaffold proteins and, in addition, the activation of SOS requires the binding of Ras•GTP to 
an allosteric site (Margarit et al. 2003). 

SOS is the only Ras-specific GEF that is known to be allosterically activated by 
Ras•GTP, pointing to an evolutionary divergence between SOS and other Ras-specific GEFs. 
Insight into the unique dependence of SOS on Ras may be gained from analyzing the 
sequence conservation of Ras in metazoans, relative to other Ras family GTPases. The three 
principal isoforms of Ras (H-Ras, K-Ras and N-Ras) are generally highly conserved in 
metazoans (Rojas et al. 2012; Johnson et al. 2017), though less so in invertebrates compared 
to vertebrates (Bandaru et al. 2017). The sequence of Ras from the choanoflagellate S. 
rosetta, thought to be the closest living relative of metazoans, is 72% identical to human 
Ras, whereas Ras is nearly invariant (>90% identical to human) in vertebrates. In 
comparison, the sequence of the Ras-family GTPase, Rap, in S. rosetta is 92% identical to 
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that of human Rap, indicating that the selective pressures on Rap did not change as much 
in the transition into the vertebrate lineage. It is intriguing to note that the high 
conservation of Ras in vertebrates can possibly be traced to interactions with SOS, which 
may have been a factor that constrained the evolution of Ras (Bandaru et al. 2017). 

Buffering gain-of-function mutations in natural signaling systems 

An interesting dichotomy exists between the number of known oncogenic 
mutations in Ras and the number of activating mutations observed in the data. One 
explanation for this dichotomy stems from the notion that evolution has imposed negative 
selective pressure on the primary sequence of Ras, and perhaps many other metazoan 
signaling proteins, in their basal, inactive states. In the case of Ras, this evolutionary design 
principle prevents activation at residues containing gain-of-function mutations through 
reduction of nucleotide hydrolysis rates and increase of nucleotide release rates. The 
conservation of these regions of primary sequence is significantly higher in Ras orthologs 
than in its paralogs, suggesting that Ras has evolved a unique autoinhibitory mechanism to 
tightly regulate its self-activation in comparison to related small GTPases.  

Another explanation for this dichotomy is that natural signaling systems can 
suppress spontaneous Ras activation is through regulation by the GAP and GEF. The 
suppression of spontaneous Ras activation is demonstrated in the case of nucleotide release 
rate: unless the rate of intrinsic nucleotide release dramatically increases the rate of GEF 
mediated nucleotide exchange, the rate increase of intrinsic nucleotide release will largely 
be unnoticed. This provides a conceptual explanation for the transforming effect of Lys 117 
Ras mutants, where both intrinsic nucleotide release and GEF-mediated exchange are 
significantly increased. If activating mutations in Ras led to unwanted enzymatic activity 
and functional effects, then regulation may have evolved as a general mechanism to buffer 
the effects of activating mutations (Soskine and Tawfik 2010). 

Implications for cancer 

Oncogenic mutations that disturb the switching mechanisms of Ras result in 
aberrant signaling and cancer, highlighted by the fact that Ras is one of the most important 
proto-oncogenes in the human genome (Young et al. 2009; Prior et al. 2012). An important 
result from our experiments that merits further study is that oncogenic mutations, such as 
G12V, are conditionally neutral (see Chapter 3). That is, such mutations are minimally 
disruptive in the presence of the regulators, which may allow these mutations to appear 
and float in the population, manifesting a dramatic gain of function only upon perturbation 
to the regulators of the Ras switching cycle. Thus, normal physiology may provide 
evolutionary paths to acquiring neutral mutations that, with a second hit such as loss of 
regulation, can display pathological activities. Such mutations could conceptually be 
analogous to “latent driver” mutations that emerge prior to and during tumor evolution 
(Nussinov and Tsai 2015). 

The extensive experience with cancer drugs that target protein kinases has shown 
that resistance to these drugs emerges quickly, often through mutation at sites of allosteric 
communication with the drug-binding site (Azam et al. 2003; Shah et al. 2002; Branford et 
al. 2009). Small molecule inhibitors of Ras have yet to achieve clinical relevance, but there 
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is a concerted effort underway to obtain such inhibitors (McCormick 2016). Experience 
with kinase inhibitors suggests that the clinical introduction of Ras inhibitors will be 
followed by the rapid acquisition of resistance mutations in patients, necessitating further 
cycles of inhibitor development to overcome resistance. Our analysis of the mutational 
sensitivity of Ras-G12V has indicated that there are epistatic interactions that reduce the 
sensitivity to mutation of other elements of the structure, such as Switch II. The mapping 
of such epistatic interactions for other oncogenic mutations will provide an important 
conceptual framework for understanding the response of Ras to inhibition by small 
molecules. 

Future directions 

As the technology around the high-throughput interrogation of protein structure-
function relationships matures, several lines of future research directions appear 
compelling, particularly for signaling proteins. First, the ability to synthesize entire genes 
in a large scale for low cost enables entire protein phylogenies to be created and screened. 
This would be particularly interesting for Ras, as the sequence constraints on extant Ras 
sequences can be studied in the context of the bacterial two-hybrid screen. Along these 
lines, the mutational landscape of the hypothetical ancestral Ras protein can be studied, 
and the expectation would be that this protein is more susceptible to gain-of-function 
mutations than human Ras. 

Second, epistasis between residues in Ras can be studied by means of creating 
double mutant libraries to be screened in the bacterial two-hybrid assay. The contiguous 
spatial distribution of residues susceptible to conditional gain-of-function mutations 
around the active site of Ras strongly suggests cooperativity among these residues. The 
extent of this epistasis can be determined by double mutant libraries of a stretch of Ras 
containing these residues, such as the a3 helix. Furthermore, the additivity of mutational 
effects can be studied in Ras, and this may be particularly interesting for “neutral” regions 
of Ras that appear not to elicit a functional effect upon making single mutations. It would 
be particularly interesting to study epistatic effects in the context of a mammalian cell 
selection system such as Ba/F3 cells. A potential platform for engineering higher order 
mutations into Ras, while still maintaining the modular bacterial two-hybrid system, 
involves designing a variation of the PACE system, which enables the rapid creation of large 
libraries of proteins that would be otherwise challenging to design (Badran et al. 2016). 

Third, the work in this thesis has implications for protein design, particularly in the 
design of molecular switches. In fact, orthogonal G-protein and effector pairs have been 
the targets of computational protein design in prior studies (Kapp et al. 2012). Most protein 
design algorithms optimize the packing of amino acids in proteins, and often are unable to 
take into account long range allosteric effects when designing or optimizing functional 
properties of proteins (Bradley et al. 2005; Kuhlman et al. 2003; Schymkowitz et al. 2005). 
A recent development in computational protein design with Rosetta, termed “multi-state 
design”, involves taking into account constraints imposed by binding interfaces that are 
involved multiple protein-protein interactions in order to encode these functions into a 
newly designed protein (Leaver-Fay et al. 2011; Warszawski et al. 2014). These design 
algorithms in theory can also take into account accessible mutational space as determined 
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by saturation mutagenesis experiments, which would be a step forward in the field of 
computational protein design. 
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