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ABSTRACT (250 words)

Structural dynamics of Ras proteins contribute to their activity in signal transduction cascades. Directly targeting
Ras proteins with small molecules may rely on movement of a conserved structural motif, switch Il. To
understand Ras signaling and advance Ras targeting strategies, experimental methods to measure Ras dynamics
are required. Here we demonstrate the utility of hydrogen-deuterium exchange mass spectrometry to measure Ras
dynamics by studying representatives from two branches of the Ras superfamily, Ras and Rho. A comparison of
differential deuterium exchange between active (GMPPNP-bound) and inactive (GDP-bound) proteins revealed
differences between the families, with the most notable differences occurring in the phosphate-binding loop and
switch Il. The P-loop exchange signature correlated with switch 1l dynamics observed in molecular dynamics
simulations focused on measuring main chain movement. Hydrogen-deuterium exchange provides a means of
evaluating Ras protein dynamics which may be useful for understanding mechanisms of Ras signaling, including

activated signaling of pathologic mutants, and for targeting strategies that rely on protein dynamics.

ABBREVIATIONS
GDP: guanosine diphosphate, GTP: guanosine triphosphate, GMPPNP: guanylyl imidodiphosphate, P-loop:
phosphate-binding loop, HDX: hydrogen-deuterium exchange, MS: mass spectrometry, MD: molecular dynamics,

RMSF: root mean square fluctuation, NMR: nuclear magnetic resonance, SIIP: switch Il pocket

KEYWORDS (5 keywords, not included in title)
Protein dynamics; Rho; signal transduction; Hydrogen-deuterium exchange mass spectrometry; guanosine

diphosphate (GDP);
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Submitted as separate file

HIGHLIGHTS (3-5 bullet points, 85 characters each incl. spaces, only core results)

¢ HDX MS, MD simulations of K-Ras, H-Ras, N-Ras, R-Ras, Rap1B, CDC42, Racl, and RhoA
e Ras subfamily member HDX MS is distinct from Rho subfamily member HDX MS
e Dynamics and primary/tertiary structure conservation do not correlate

¢ Identified a subfamily-dependent correlation between switch Il and P-loop



INTRODUCTION

Members of the Ras superfamily play roles in numerous diseases including cardiovascular disease [1],
retinal degeneration [2], neurodegenerative conditions [3], developmental disorders, and cancer [4, 5]. The Ras
subfamily has attracted particular attention because a large proportion of malignant tumors contain Ras mutations,
and to date, no effective Ras-targeted therapies are clinically available [6]. As investigators have searched for
targetable vulnerabilities in signal transduction pathways mediated by oncogenic mutant Ras, it has become clear
that protein dynamics contribute significantly to the functional output of subsets of Ras mutations, and that
understanding these differences may lead to new therapeutic opportunities [7, 8]. While molecular dynamic
simulations have provided mechanistic insights, experimental techniques complimentary to existing technology
(e.g., NMR) by which Ras protein dynamics may be studied empirically are needed. In an effort to develop
complementary methodologies we have applied hydrogen-deuterium exchange (HDX) mass spectrometry (MS) to
compare the dynamics of two branches of the Ras superfamily, which may enable higher throughput analysis of
protein dynamics, especially given the increasing availability of high-throughput MS instrumentation.

Over 170 members of the Ras superfamily of small GTP-binding proteins (GTPases) have been identified in
eukaryotes [9]. These small, monomeric GTPases operate as molecular switches within various cellular signaling
pathways and can be sub-divided into at least five subfamilies: Ras, Rho, Rab, Arf, and Ran [10]. In general, these
families are each designated to a different portion of the subcellular environment, where the proteins that
comprise them are responsible for promoting a distinct set of unique cellular tasks. Despite their varied roles and
responsibilities, many Ras superfamily members have similar tertiary structures, regardless of diverse primary
structures (FIGURE 1). The main component of the tertiary structures is the G domain, an approximately 20 kDa
a,p protein with a mixed six-stranded P sheet and five helices [11]. The general structure is illustrated in FIGURE
1b using K-Ras as an example. The switch mechanism primarily consists of two dynamic structural motifs,
referred to as switch I and switch 11, which form a portion of the nucleotide binding pocket and are critical
interfaces for downstream effector interactions that result in cellular signaling [12-15]. The GXxXGXGKS/T region,
or phosphate-binding loop (P-loop), and the N/TKXD region are also very important for binding nucleotides. The

G domain is followed (beginning at residue 165 for Ras subfamily members) C-terminally by a hypervariable
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domain that is highly divergent between Ras superfamily members [16]. The hypervariable domain is responsible
for proper protein trafficking and subcellular localization, and it is typically modified to enable a number of
functions including membrane association [17].

Ras superfamily proteins alternate between distinct conformational states by binding either GDP or GTP.
Activation occurs when the GDP-bound protein binds with a guanine-nucleotide exchange factor (GEF). This
exposes the nucleotide binding site through interactions with the switch domains, allowing GDP to escape [14].
The empty catalytic site is then free to bind GTP or rebind GDP, but the binding of GTP is heavily favored due to
a ten-fold higher cellular concentration (200-400 uM) than GDP [18-29]. By comparing crystal structures, the
conformational changes associated with activation are primarily found in the regions around switch | (RMSD 4.77
A for K-Ras, comparing PDB: 4DSN and 40BE) and switch 11 (RMSD 2.96 A), the latter of which extends away
from the active site when not constrained by interactions with the y-phosphate of GTP. These changes allow the
GTP-bound protein to bind downstream effector proteins that perpetuate cellular signaling. Hydrolytic activity,
either intrinsic or stimulated by a GTPase activating protein (GAP), facilitates the hydrolysis and elimination of
the y-phosphate of GTP [13]. GDP remains in the nucleotide binding pocket, and the protein relaxes to its inactive
state. Proteins from the Rho and Rab subfamilies are also subjected to further regulation by guanine nucleotide
dissociation inhibitors (GDIs), which bind to the inactive proteins and prevent GDP exchange and subsequent
localization at the membrane [30].

Single amino acid mutations can activate Ras proteins leading to constant, persistent downstream signaling
as seen with K-, H-, and N-Ras in cancer. Such Ras mutations are present in 20-30% of all human tumor types,
and over 90% of tumors for certain diseases such as pancreatic cancer [6, 31]. Recent advances to target specific
Ras mutants directly, such as K-Ras G12C with covalent inhibitors, have generated considerable optimism that
direct Ras therapy may be possible [6, 32, 33]. In particular, compounds that target a pocket termed the ‘switch II
pocket’ (SIIP) of Ras deserve mention from a protein dynamics perspective, because SIIP binders are observed to
cause dramatic reordering of switch Il into conformations not previously seen, despite the availability of many X-

ray and NMR Ras structures [33, 34]. While targeting the SIIP has only been attempted for K-Ras G12C, it is



possible that the SIIP strategy may be extended to other Ras proteins or oncogenic mutants. Additional techniques
to identify candidates would be valuable in this regard.

In the course of developing covalent GTP-competitive K-Ras G12C inhibitors [32], it became apparent that
analysis of Ras by HDX MS provided valuable information about movement and conformational change during
GDP/GTP switching. As described many times in the literature, HDX MS can be used to compare the
conformations of different protein states, such as native versus non-native, wild type versus mutant, and/or free
versus associated with another protein or ligand [35, 36]. The results are complementary to X-ray crystallography
and can provide information silenced by crystallization or give access to proteins that will not crystallize or
diffract well. We applied HDX MS to five representative members of the Ras subfamily (K-Ras, H-Ras, N-Ras,
R-Ras, Rap1B) and three members of the Rho subfamily (CDC42, Racl, and RhoA) to answer questions about
the extent to which conformational changes were conserved upon nucleotide switching, if changes occurred in
similar places, and to group the proteins into classes according to how they respond to activation. We then

correlated the data based on conservation of primary and tertiary structure.

RESULTS AND DISCUSSION
Ras family proteins have variable sequence but conserved tertiary structure

Similarity between the proteins chosen for investigation was quantified based on sequence and tertiary
structure. A sequence alignment, including N- and C-terminal tags, is shown in FIGURE 1a. Each construct
included the G domain and some portion of the hypervariable domain. The crystal structure of the G domain from
activated K-Ras (PDB: 3GFT), chosen as a general representation of the G domain structure, is shown in FIGURE
1b, and a number of the critical structural motifs are highlighted (the hypervariable domain is not shown because
its structure has not been observed in structural studies and is therefore unknown). The P-loop, also known as the
Walker-A-motif, consists of sequence GxxGxGKS/T where x is any amino acid and binds to the $-phosphate of
GDP and the B,y-phosphates of GTP. This is followed by the switch I region, which is a loop and j3-strand
considered at minimum to contain residues 32-38. Within switch I, a threonine residue forms a hydrogen bond
with an oxygen atom from the y-phosphate of GTP. Upon binding GTP, this region changes conformation [37-41]

6



and stabilizes the B-strand that immediately succeeds it, thereby allowing that strand to more easily bind to
downstream effector proteins [12-15, 41]. Switch Il consists of a helical/loop region containing residues 59-67,
which changes conformation depending on which nucleotide is bound. The conserved DxxG motif immediately
precedes the switch 11 region, and it confers specificity for guanosine and contributes to phosphate-binding. The
final conserved element is a loop containing the sequence N/TKxD, and this interacts with the guanosine base.
While there is some sequence similarity, pairwise comparisons (FIGURE 1c, top numbers) quantitatively
reveal the divergence of sequence among the family members. Certain sequences are very similar, for example K-
Ras and H-Ras share 94.0% sequence identity; however, CDC42 and Rap1B share only 26.5% sequence identity.
The proteins studied share an average of 47.4% sequence identity, with the Ras subfamily proteins sharing 67.2%
sequence identity and the Rho subfamily proteins sharing 60.7%. When the tertiary structures of these proteins
were compared through alignments of a-carbon atoms, the relatively wide range of sequence similarity translated
into a comparatively narrow range of RMSDs (FIGURE 1c, bottom numbers in parenthesis). Overall, the average
RMSD between all Ras proteins studied was 1.87 A. The Ras subfamily proteins have an average RMSD of 1.25
A and the Rho subfamily proteins have an average RMSD of 1.67 A. The three most similar proteins studied were
K-, H-, and N-Ras. These proteins all share greater than 90% sequence identity, and their tertiary structures align
with RMSDs of 0.69-1.10 A. In general, greater disparity in sequence between two proteins also corresponded to
greater variability in tertiary structure. For example, K-Ras and N-Ras share 91.7% sequence and have an RMSD
of 0.82 A, but K-Ras and CDC42 share only 33.3% sequence and have an RMSD of 3.30 A. Not surprisingly,
sequence and especially tertiary structure seem to be more highly conserved within a given Ras subfamily

compared to proteins from different subfamilies.

Deuterium incorporation of inactive Ras proteins

Each of the eight proteins was overexpressed, purified, and then independently exposed to deuterium. Using
standard and well-established methodology (see Experimental Procedures), the exchange reaction was quenched,
labeled proteins were digested into pieces with pepsin, and the location and magnitude of deuteration measured
using MS (representative mass spectra are shown in Supplemental FIGURE S1). The experiments were performed
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for both the GDP-bound (inactive) form and the non-hydrolysable GTP analogue GMPPNP-bound (active) form
after nucleotide exchange, as described in the next section. Of note, GMPPNP affinity for Ras has been measured
at approximately 20 times below the affinity for GTP. Nevertheless, the affinity remains high in the sub- to low-
nanomolar range, so this was not expected to impact the relevance of results obtained from our system [42, 43].
The percent deuteration in different portions of the inactive form of each protein is shown in FIGURE 2a, and the
same is shown for each active form in FIGURE 2b. The results indicate differences in the deuterium incorporation
of both the inactive and active states of these eight proteins; however, such data must be interpreted carefully [44].
Variations in protein sequence produce differences in the loss of deuterium during mass analysis, and changes to
digestion patterns as a result of sequence difference make comparisons between proteins complicated.
Calculations of the theoretical back-exchange at each backbone amide position in each protein analyzed in this
study (Supplemental FIGURE S2) show just how diverse the back-exchange can be due to differences in
sequence. The end result is that data such as those in FIGURE 2 cannot be used to make a comparison of the
differences between proteins (meaning comparing horizontally across proteins in FIGURE 2) without a correction
for deuterium back-exchange during analysis. No back-exchange correction was performed in this work for two
reasons: first, in general it can be difficult to prepare maximally deuterated reference controls [45] for proteins
and we were not certain that in such controls all positions would have become labeled such that a correction
would be valid; and second, the main goal was to measure the differences between the GMPPNP- and GDP-
bound forms (comparing vertically for a given protein in FIGURE 2). For comparisons of exchange of the same
protein in two different bound states, a back-exchange correction is not necessary and a relative comparison [46]
can be performed. The peptide fragments produced during pepsin digestion were, as expected, different for these
eight proteins (Supplemental FIGURE S3). The highly-conserved regions often generated similar peptides for
most proteins, but the less conserved regions did not. Therefore, comparison of exchange across regions of
diverse sequence can be challenging. However, this issue is nearly eliminated by considering the differences in
deuteration between the GMPPNP- and GDP-bound states of a given protein, since the peptic peptides produced
upon digestion of the two states of a single protein were identical, including in sequence. Considerations about
differences in back- and forward-exchange resulting from sequence variation are no longer relevant. HDX
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differences measured in these comparison experiments report on how changes to the bound nucleotide influence
deuteration. Sequence variation between the proteins could certainly change the response to the nucleotides
during the labeling step, and therefore affect the amount of deuterium. Our comparison experiments mainly
focused on monitoring the differences between active and inactive forms of the proteins, and then relating these

differences to structural comparisons.

Preparing GDP- and GTP-loaded forms

Overexpression and purification of Ras proteins from bacteria results in primarily the GDP-bound form. To
generate the active form, GDP must be exchanged for GTP (or in this case a non-hydrolysable analogue of GTP,
GMPPNP). As GDP is bound extremely tightly (Kq = 0.6 - 60 nM) [43, 47, 48], it can be difficult to achieve
100% GMPPNP loading and nucleotide exchange efforts frequently result in a mixture of protein bound to GDP
and GMPPNP. We therefore optimized nucleotide exchange and analyzed nucleotide content by HPLC using an
ion exchange column for nucleotide separation. The measured GMPPNP and GDP content for the samples
analyzed here is shown in Supplemental FIGURE S4a. To characterize the spread of the HDX MS data as a result
of different levels of nucleotide loading, we performed multiple biological replicates [49, 50] wherein each
replicate was composed of an independent expression of protein followed by purification, nucleotide switching
and characterization by HPLC, and finally HDX MS analysis. The variability of the measured deuterium levels in
these replicates (Supplemental FIGURE S4b) was relatively low for the GDP-bound form, but was high in some
regions for the GMPPNP-bound forms. Unequal GMPPNP content was the primary cause for localized
deuterium-level variability in the GMPPNP-bound forms. The locations of differences in deuteration between
GMPPNP- and GDP-bound forms remained consistent between biological replicates of the same protein while the
magnitude did not. We could reliably determine which peptides, or which parts of the structure, underwent
changes between the two nucleotide-bound forms. The magnitude of the difference in deuteration between the
forms was much more difficult to quantify, but did not detract from the ability to say with some confidence which

proteins behave the same and which behave differently. Subtle changes in deuterium levels between proteins as a



result of differences in the amount of GDP removed seem to us to be nearly impossible to measure without an

absolutely 100% GDP-free form.

Ras family proteins activate differentially

To compare the GDP- or GMPPNP-bound forms of the multiple proteins in the study, differences in
deuterium levels for each of the peptic peptides were calculated by subtracting the deuterium level of the GDP-
bound form from the deuterium level of the GMPPNP-bound form (representative deuterium uptake curves
shown in Supplemental FIGURE S5). The resulting numerical values were color-coded (FIGURE 3) with positive
values (more deuterium in the GMPPNP-bound form) colored green and negative values (less deuterium in the
GMPPNP-bound form) colored purple. These results highlight regions of the proteins that undergo changes in
backbone amide hydrogen exchange when the proteins switch between states, and indicate that not all proteins
respond similarly to nucleotide switching.

We expected the most significant differences would occur in switches | and Il given multiple observations
from various structural methods that the conformation of these regions are different when comparing the GDP and
GTP-bound states, or analogues thereof. No differences in HDX were detected in switch | for any proteins, which
we attribute to the nature of the HDX measurement. While HDX MS is sensitive to changes in the exchange of
backbone amide hydrogens it may not be influenced by interactions involving primarily sidechains [35]. In switch
I, which is well-exposed to solvent and mostly not involved in hydrogen bonding due to secondary structure,
changes to the nucleotide would be expected to primarily affect side chain interactions and therefore not
necessarily alter HDX. In switch 11, in contrast, there was a pattern of significantly less deuterium exchange at the
early time points for the GMPPNP- vs. GDP-bound states for CDC42, Racl, and RhoA. This is consistent with
Ras structures showing that the GTP-bound form is ‘closed’ and the elements of switch 11 less solvent accessible
relative to the GDP-bound form. Surprisingly, the same deuteration signature was not evident in Ras subfamily
members.

Striking patterns were seen in the P-loop (GxxGxGKS/T, FIGURE 3), where K-, H-, and N-Ras showed
more deuterium in the GMPPNP-bound (active) state compared to the GDP-bound (inactive) state, represented by
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the band of dark green near the N-terminus of each of these three proteins. Rap1B showed the same general trend
as K-, H-, and N-Ras of increased deuteration in the active form. R-Ras differed from the other Ras subfamily
proteins in that it was less affected in the P-loop by nucleotide switching. Interestingly, the Rho subfamily
proteins CDC42, Racl, and RhoA, which showed decreases in deuteration at early time points as discussed above,
did not show the same degree of an increase in deuteration upon activation in the P-loop as the Ras subfamily
proteins, and Racl and RhoA actually incorporated less deuterium in the active state.

In the region between switch | and switch Il, R-Ras, Rap1B, CDC42, and Racl showed areas of reduced
deuterium incorporation. Between switch Il and the N/TKxD motif there was disparity between the proteins, with
some showing areas of more deuterium upon activation and some showing less. In the N/TKxD motif, all Ras
subfamily proteins except Rap1B showed more deuterium exchange upon activation while none of the Rho
subfamily proteins showed any significant differences upon activation. Following the Rho insertion (Rho
subfamily proteins contain an additional a-helix that Ras subfamily proteins do not) was another area of disparity
between proteins. This is partly to be expected given that this region leads into and contains the C-terminal
hypervariable domain, thusly named because it is used for protein trafficking and subcellular localization, and as
such the protein sequences are more highly divergent here than anywhere else.

To determine where the changes upon activation were located in the proteins, and if tertiary features could
be correlated with dynamics, differences in deuteration upon activation were mapped onto the tertiary structures
of each protein. Because it is difficult to show every subtle difference detailed in FIGURE 3 on a single structure
for each protein, differences in deuteration at each deuterium exchange time point were summed to yield a “net
deuteration” value for each peptide (see Experimental Procedures). These net deuteration values were then color-
coded and mapped onto the respective crystal structures (FIGURE 4). The crystal structures were organized
around a phylogenetic tree based on sequence identity. One thing that was immediately apparent was that similar
proteins did not necessarily have identical deuterium incorporation differences between states. For example, the
HDX MS data reporting how these proteins respond to nucleotide switching do not indicate that K-, H-, and N-
Ras are similar in terms of activation-induced dynamics despite the fact that K-, H-, and N-Ras are similar in
terms of primary and tertiary structure.
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FIGURE 4 reveals some interesting correlations, including the broad differences between the Ras and Rho
subfamilies. Proteins at one end of the phylogenetic tree (K-Ras, H-Ras, N-Ras, R-Ras, and Rap1B) show strong
increases in deuteration upon activation in the P-loop but do not show significant differences in the switch Il
region, whereas proteins at the other end of the tree (CDC42, Racl, and RhoA) show decreases in deuteration
upon activation in switch Il but do not show strong differences in the P-loop. The exclusivity between the P-loop
and switch Il suggests an interaction between the two elements. This argument is also based on the fact that
switch Il interacts directly with the P-loop in certain functional states of Ras. Furthermore, switch Il is one of the
most mobile elements of Ras as demonstrated by comparing structures of Ras across the superfamily and by
comparing GTP- vs. GDP-bound structures of Ras isoforms. The ability to experimentally measure switch Il
mobility also has important implications for therapeutic approaches which directly target Ras, especially in light
of the recently discovered switch Il pocket (SIIP) inhibitors of K-Ras G12C that rely on movement of switch 11
for binding [33, 34, 51]. If increased deuteration in the P-loop or decreased deuteration in switch 11 correlates with
switch I mobility, HDX MS may provide an experimental means of determining which other Ras proteins might
be targetable by SIIP-binding molecules.

To further assess correlations between this increased P-loop deuteration and switch 11 mobility we
conducted molecular dynamic simulations extending over 50 ns using either X-ray crystal structures or homology
models of the Ras proteins studied by HDX MS. Simulations for both the GTP- and GDP-bound forms were
performed. RMSD of the protein mainchains over the courses of simulations are shown (Supplemental FIGURE
S6) and show that equilibrium was achieved prior to 30 ns. Switch Il mobility was assessed by monitoring the
variability of main chain positions over the course of the simulation. All protein frames were aligned on the
starting reference frame and the root mean square fluctuation (RMSF) was calculated to measure the local
changes along the protein backbone chain. Larger numbers for RMSF indicate significant movement in the
associated region of the protein backbone during a simulation run. Main chain RMSF is plotted across the protein
sequence in FIGURE 5. We note that the RMSF for K-Ras is higher in switch Il compared to other Ras family
members, including H-Ras. While surprising given the high sequence similarity between H-Ras and K-Ras, this is
consistent with prior simulations of K-Ras vs. H-Ras A59G [52]. GTP -bound proteins showing a significant P-
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loop exposure signature (H-Ras, N-Ras, K-Ras, R-Ras, Rap1B, and CDC42) all demonstrate an RMSF peak
greater than 2 units in the switch Il region, whereas those showing no P-loop signature (Racl and RhoA) do not.
We reasoned that a difference in mobility between GTP- vs. GDP-bound states might translate into increased P-
loop deuteration as seen in the HDX MS data. To evaluate this possibility, we calculated the difference in RMSF
between GTP- and GDP-bound forms (FIGURE 5, right). While in some cases this did yield the expected
significant positive difference in favor of GTP for proteins demonstrating the P-loop signature (K-Ras, R-Ras,
CDC42), there were other P-loop proteins for which the positive difference was positive but small (H-Ras, N-Ras,
Rap1B). For proteins showing no HDX MS P-loop signature (Racl and RhoA), there was minimal difference
between GTP- and GDP-bound simulations. A likely explanation for the association between a high P-loop
signature and increased switch Il dynamics is that a dynamic switch 11 leaves the adjacent P-loop more exposed
and therefore subject to more rapid exchange.

Taken together these data suggest that GTP- and GDP-associated switch 11 mobility may be a key
functional distinction between different Ras subfamilies. Specifically, by these data we would predict that for Ras
subfamily members, a relatively hyperdynamic switch Il confers specific features that could influence interactions
with effectors or the membrane, rates of nucleotide hydrolysis, or rates of nucleotide exchange. In turn, these
features may also translate into higher order functions such as increased signaling plasticity. For example, the
importance of switch Il engagement at the time of GTP hydrolysis [53] suggests that a hyperdynamic switch |1
would lead to lower intrinsic GTP hydrolysis rates and an increased dependence on GAPs for inactivation of the
GTPase, or that in the cell, Ras proteins might remain in an activated state longer than Rho proteins. While
measurements of GTP hydrolysis for both RAS [7] and RHO [54] proteins have been measured, and both are
greatly stimulated by GAPs, to our knowledge these rates have never been directly compared to one another.
Similarly, the proportion of cellular GTP-bound Ras or Rho proteins is also technically difficult to measure and
has not been directly compared. While it is tempting to speculate how protein dynamics or resulting functional
differences might subserve the known functions of Ras vs. Rho proteins, such as regulation of transcription or
cytoskeletal reorganization [55, 56], general or specific conclusions are difficult to reach without additional
dedicated study. As a first step, it would be interesting to subject members of other Ras subfamilies not included
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in this study (e.g., Rab, Ran, and Arf) to similar analyses to determine if dynamic features reliably correlate with
primary structure.

Given that HDX MS is capable of characterizing aspects of switch 11 dynamics, another exciting
possibility is that this technique will be a useful method for evaluating compounds which occupy the switch 11
binding site, as has been done for the activating K-Ras G12C mutant [32]. Indeed, these compounds place switch
Il in a conformation not previously observed, but at the same time are expected to stabilize switch Il by virtue of
interactions between these compounds and switch Il residues. It is therefore likely that switch 11 binders will have
a particular HDX MS signature that could be useful not only for studying the impact of these compounds on K-
Ras G12C, but also for exploring the potential of this class of compounds on other K-Ras mutants or other Ras

superfamily members.

CONCLUSIONS

HDX MS provides a method by which dynamic characteristics of Ras proteins may be classified, as in
this work where distinguishing hallmarks were found between eight members of the Ras and Rho subfamilies. In
particular, the five Ras subfamily proteins displayed a striking HDX MS signature in the P-loop that is exclusive
of a pattern for switch Il found in Rho family proteins. These two signatures correlate with switch Il dynamics as
measured by MD simulations. Measurements of Ras protein dynamics by HDX MS may be useful for studying
the functional characteristics of Ras subfamilies. Additionally, HDX MS may prove useful for understanding
functional effects of oncogenic mutations, the development of direct Ras inhibitors such as switch 11 pocket

binders, or other targetable vulnerabilities that depend upon Ras protein dynamics.

EXPERIMENTAL PROCEDURES
Purification of Ras proteins

DNA encoding K,N,H-Ras fused with N-terminal multi-histidine tags (or GST in the case of H-Ras) were
cloned into pJExpress vectors (DNA 2.0, Menlo Park, CA). R-Ras and Rap1B were cloned into modified pET28a
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vectors with N-terminal histidine tags. Racl, RhoA, and CDC42 were cloned into pET24a vectors with C-
terminal histidine tags. All proteins were overexpressed in the E coli. B21 strain. Cultures for each were grown in
Luria broth at 37 °C with shaking at 225 rpm until the OD600 reached 0.8. The temperature was reduced to 16 °C
and expression was induced with 0.5 mM IPTG. After 8-12 hours, bacteria were harvested by centrifugation for
15 minutes at 4 °C. The pellet was resuspended in lysis buffer (20 mM NaH,PO,, 500 mM NaCl, 5% glycerol, 20
mM imidazole) containing 1 mM PMSF, 1 mM benzamidine, and 1 mg/ml lysozyme then flash frozen. Cells were
lysed to completion using sonication and the lysates clarified by centrifugation for 35 minutes. Supernatants were
filtered using 0.22 um syringe filters, and applied to Ni-NTA resin (Biorad, Hercules, CA). Elution was
accomplished with a step gradient to buffer containing 20 mM NaH,PQO,4, 1 M NaCl, 5 % glycerol, and 100 mM
imidazole. Proteins were immediately buffer exchanged using a desalting column into Buffer A (20 mM Tris-

HCI, 100 mM NaCl, pH 8.0).

Nucleotide exchange

Proteins were diluted to 45 uM using Buffer A and incubated with either 5 mM GDP or 0.5 mM
GMPPNP. For reactions containing GMPPNP, 4 units alkaline phosphatase per g of protein was also included
similar to methods described previously [57]. Reactions were incubated at 25 °C for 2 hours with gentle agitation,
then buffer exchanged to remove unbound nucleotides using Buffer A and Amicon Ultra 0.5 mL spin columns
(10,000 Da MWCO) wherein proteins were subjected to 3 cycles of concentrating from 500 pL to 100 uL, then
adding 400 uL. Buffer A to the protein solution. The final protein concentration was assessed using Bradford
reagent (Biorad). Protein concentrations were adjusted to 90 uM using Buffer A and flash frozen in liquid
nitrogen.

The extent of nucleotide exchange was verified by extracting nucleotides and analyzing the extracts by
HPLC using an anion exchange column. Protein samples were buffer exchanged into Buffer A immediately
before processing using 0.5 mL Zeba™ (ThermoFisher Scientific) desalting cartridges (7,000 Da MWCO) to
remove unbound nucleotides. The protein concentration was adjusted to 45 uM with Buffer A and protein was
denatured by adding 12 M urea in a 1:1 volumetric ratio to release bound ligands. Samples were centrifuged at
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21,000 xg for 5 minutes to pellet any insoluble material. The supernatant was applied to a BioSAX NP-10 column
(Agilent Technologies, Santa Clara, CA) and nucleotides were separated by a sodium acetate gradient ranging
from 0 to 1 M sodium acetate over 25 minutes. Nucleotides were detected by UV absorbance at 260 nm. Peak
assignments were made based on retention times of GDP and GMPPNP standards. Percent loading was calculated

using the area under the curve obtained from the UV traces.

Hydrogen-deuterium exchange mass spectrometry (HDX MS)

HDX MS experiments were performed in a similar manner to those described previously [32, 58]. Both
the GDP- and GMPPNP-bound forms of each protein (K-Ras, H-Ras, N-Ras, R-Ras, Rap1B, CDC42, Racl, and
RhoA) were independently labeled with deuterium, using identical experimental conditions to allow for
comparison between each set of bound forms. Preliminary deuterium labeling experiments were performed in
duplicate, each time with an independent protein preparation, and at least one subsequent deuterium labeling
experiment was performed in triplicate on each protein to confirm initial results.

Hydrogen/deuterium exchange was initiated by diluting 2.0 uL of nucleotide-bound protein (75-100 uM
protein in 20 mM Tris-HCI, 100 mM NacCl, pH 8.0) 15-fold in the identical buffer containing 99% deuterium
oxide at room temperature. The labeling reaction was quenched to approximately pH 2.5 at seven predetermined
time points (10s, 1 m, 10 m, 30 m, 1 h, 2 h, and 4 h) through the addition of 32.0 uL of quench buffer (2.0 M
guanidinium chloride, 0.8% formic acid, pH 2.4) at 0 °C. Quenched samples were immediately flash frozen using
dry ice and were stored for less than one week at -80 °C prior to analysis. For each deuterium labeling time-
course, triplicate samples were prepared so that mass determination could be performed three times for each time
point and for each protein:nucleotide combination. To measure extent of deuterium incorporation, each sample
was rapidly thawed and injected into a Waters nanoACQUITY UPLC equipped with HDX technology [59].
Online pepsin digestion [60] was performed at 15 °C as described previously [58], and resulting peptic peptides
were trapped using a Waters VanGuard™ BEH C18 1.7 um guard column followed by separation using a 5-35%
acetonitrile gradient over six minutes at a flow rate of 60 pL/min and a Waters ACQUITY UPLC® HSS T3 1.8
pm 1.0 x 50 mm analytical column. All mobile phases contained 0.1% formic acid. After each sample, wash
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cycles were performed to minimize carry-over between analytical injections [61]. Mass spectral analyses were
performed using a Waters Synapt G1 mass spectrometer equipped with a standard ESI source in V Mode. Peptic
peptides were identified in undeuterated control samples using Waters MSF and Waters ProteinLynx Global
Server (PLGS) 2.5 on the same UPLC/QTOF system used for HDX MS experiments [62]. Peptic peptide maps
were generated for each protein using DynamX 2.0 software (Waters), which was also used to filter peptides and
generate deuterium incorporation graphs. These deuterium incorporation graphs were created by plotting the
relative amount of deuterium in each peptic peptide at each exchange time, or by subtracting the centroid of the
isotopic distribution for each labeling time point from the centroid of the isotopic distribution of the undeuterated
control species. Since the data were not corrected for back-exchange, the plots show the relative deuterium level
at each time point for each peptide [46]. HDX MS analysis on this type of experimental system has been well-
characterized previously, and the error of each data point generally does not exceed £0.15 Da [63]. For this series
of experiments, the average error for a single data point was +0.09 Da within a single biological replicate. As
such, differences in the relative deuterium level that exceeded 0.50 Da between the two protein states were
considered to be meaningful.

To calculate the net difference in deuteration in FIGURE 4, for each peptide, deuteration differences at
each labeling time point were summed. Values ranged from -5.37 Da to 12.34 Da, and an uncapped linear scale
covering <-4 Da to >8 Da was created (FIGURE 4) to indicate relative magnitudes of the summed differences.
Given there were 7 time points and a threshold of 0.5 Da difference was considered meaningful (FIGURE 3, see
also above), a net difference of 3.5 Da would appear to indicate a meaningful difference between the nucleotide-
bound states. We elected to use a threshold of 2.0 Da to represent meaningful net differences as it captured the
vast majority of peptides showing a meaningful difference (>0.5 Da) at one or more time points in the time
course, although a few peptides with minor (albeit reproducible) differences (e.g., perhaps just near 0.5 Da at 1-3
time points) were excluded. There was only a single peptide (found in R-Ras) that did not exceed the 0.5 Da
threshold at any time point but did exceed the threshold of 2.0 Da representing a meaningful net difference. The

crystal structures are organized around a phylogenetic tree based on a comparison of sequence identity, which was
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created using DrawTree [64, 65]. Comparisons of sequence identity were generated by using Clustal Omega [66,

67] to compare the protein constructs analyzed in this study, excluding purification tags.

Molecular dynamics (MD) simulations

The Schrodinger Maestro package (Schrédinger Release 2016-2: Maestro, version 10.6, Schrodinger,
LLC, New York, NY, 2016.) was used to perform molecular dynamics. Systems were prepared from high-
resolution crystal structures of Ras superfamily members available in the PDB: Racl, CDC42, RhoA, H-Ras, N-
Ras, K-Ras, RaplB, and R-Ras. Each system was simulated with the active state (GTP analogue-bound) and
inactive state (GDP-bound). The N-Ras and R-Ras in active state, which are not available in PDB, were generated
by using the Homology Modeling module with GMPPNP. The complete PDB ID (GDP-bound, GTP analogue-
bound) list was: Racl (2P2L, 114T), CDC42 (1A4R, 1E0A), RhoA (1FTN, 3TVD), H-Ras (4Q21, 1JAH), K-Ras
(4DSU, 3GFT), Rapl1B (4M8N, 4HDO), N-Ras (3CON), and R-Ras (2FN4). The Protein Preparation module was
used for model construction, including adding missing atoms, H-bond assignments, and restrained minimization.
All systems were neutralized by adding charge-neutralizing counter ions with 10 A buffering distance in SPC
solvent model. No ion-excluded region was included. The 50 ns simulations were carried out by Desmond

Molecular Dynamics module with constant temperature (300 K) and pressure (1.0 bar) in NPT ensemble class.
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FIGURE LEGENDS

FIGURE 1

Comparison of primary and tertiary structures for the Ras superfamily proteins studied. (a) Sequences for all
proteins studied, aligned using Clustal Omega [66, 67]. Residue numbering is based on N-Ras, beginning with the
initiator methionine and ending at the C-terminus. Yellow boxes indicate regions of notably high dissimilarity
between proteins, due either to purification tags or sequence insertions of more than one amino acid. The red box
corresponds to the P-loop and the green box corresponds to the N/TKxD motif. The cyan box represents the
DxxG motif, and the blue and magenta boxes correspond to switch | and switch I, respectively. (b) The crystal
structure of active K-Ras (PDB: 3GFT) with the highlighted regions from the sequence alignment indicated by
their respective colors. The non-hydrolysable GTP analogue is represented by sticks, with each atom colored by
element. (c) Table showing how each protein compares to the others in terms of percent sequence identity and
root mean square deviation of tertiary structure alignment (RMSD, in angstroms). Percent sequence identity was
calculated using the entire sequence of each protein studied, excluding tags. Tertiary structural alignments were
performed using the cealign function in PyMol (The PyMol Molecular Graphics System, Version 1.8
Schrodinger, LLC.), which utilizes the combinatorial extension (CE) algorithm to align backbone a-carbons.
These structural alignments were performed on accepted crystal structures of the inactive variants of each protein,

with PDB codes detailed in parentheses underneath protein names.

FIGURE 2

Relative percent deuterium incorporation of (a) inactive, GDP-bound and (b) active, GMPPNP-bound Ras
proteins. Peptic peptides where deuterium incorporation was measured run vertically from N- to C-terminus, with
horizontal lines delineating blocks of 50 residues. Labeling time increases from left to right, as shown. Each box
is colored according to the deuterium scale at the top right. The locations of key structural motifs are shown at the
left (aligned to each box) and highlighted on the crystal structure of active K-Ras (PDB: 3GFT) in the upper left

corner. Regions of a given protein represented in light beige indicate sequence gaps, or locations in the sequence
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where at least one other protein studied (besides the given protein of interest) contains an insertion of one or more

amino acid residues.

FIGURE 3

Raw difference (in Da) between active, GMPPNP-bound and inactive, GDP-bound Ras proteins. From top to
bottom, each visual shows the protein of interest from N- to C-terminus, with labeling time increasing from left to
right. The superscript numbers in parentheses to the right of each protein name indicate the number of biological
replicates (uniquely expressed and purified protein preparations) and the total number of labeling replicates
analyzed, respectively, for that particular protein. The visual on the far left indicates the locations of key structural
motifs, which are also highlighted on the crystal structure of active K-Ras (PDB: 3GFT) in the upper left corner.
Gaps in coverage indicate regions of protein for which there was no peptide coverage and therefore no data were
generated. Sequence gaps, represented in light beige, indicate regions where at least one protein had an insertion

of one or more amino acids that other proteins did not share.

FIGURE 4

The total differences in deuterium incorporation for each protein highlighted on the respective crystal structure of
that protein (PDB codes as indicated). For a given region, the total difference in deuterium incorporation is the
sum of the individual differences at each time point for that region. The crystal structures of these proteins are
organized using a phylogenetic tree, generated using Clustal Omega in conjunction with DrawTree [64, 65],
which is shown in the middle. At the top, key conserved structural motifs are shown using this linear

representation as well as highlighted on the crystal structure of active K-Ras (PDB: 3GFT).

FIGURE 5
Analysis of Ras proteins by MD Simulation. The root mean square fluctuation (RMSF) is used to characterize

local changes along protein backbone residues whose positions are shown on the x axis. Changes in RMSF
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(ARMSEF, in A) are calculated from left to right to indicate the difference between GTP- and GDP-bound states

for each protein. The switch Il region is highlighted in red for plots showing RMSF and green in ARMSF.
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