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Ras controls a multitude of cellular signaling processes, including cell proliferation, differ-
entiation, and apoptosis. Deregulation of Ras cycling often promotes tumorigenesis and
various other developmental disorders, termed RASopothies. Although the structure of Ras
has been known for many decades, it is still one of the most highly sought-after drug targets
today, and is often referred to as “undruggable.” At the center of this paradoxical protein is a
lackof understanding of fundamental differences in theGdomains between the highly similar
Ras isoforms and common oncogenic mutations, despite the immense wealth of knowledge
accumulated about this protein to date. A shift in the field during the past few years toward a
high-resolution understanding of the structure confirms the hypothesis that each isoform and
oncogenic mutation must be considered individually, and that not all Ras mutations are
created equal. For the first time in Ras history, we have the ability to directly compare the
structures of eachwild-type isoform to construct a “base-line” understanding,which can then
be used as a springboard for analyzing the effects of oncogenic mutations on the structure–
function relationship in Ras. This is a fundamental and large step toward the goal of devel-
oping personalized therapies for patients with Ras-driven cancers and diseases.

The small GTPase Ras was discovered more
than 30 years ago because of its oncogenic

potential, and is frequently mutated in ∼20% of
all human cancers. Classically, Ras is referred to
as a monomeric switch protein that is signaling
active when bound to guanosine triphosphate
(GTP) and inactive when bound to guanosine
diphosphate (GDP). This active/inactive cycle is
tightly controlled by regulatory proteins knows
as guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs). In the
context of cellular signaling, Ras requires the aid

of these regulatory proteins to overcome its high
affinity for the bound nucleotide and intrinsi-
cally slow hydrolysis rate (Ahmadian et al. 1997;
Boriack-Sjodin et al. 1998; Bos et al. 2007).
Changes in the nucleotide bound in the active
site are accompanied by dynamic conforma-
tional changes in the switch I (residues 30–40)
and switch II (residues 60–76) motifs of Ras.
Mutations at residues G12, G13, and Q61 lead
to GAP-insensitivity and disruption of this
tightly controlled cycling, in which constitutive-
ly active Ras promotes tumorigenesis.
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The structures of Ras proteins contain a
common central 6-stranded β-sheet flanked by
five α-helices in a Rossmann-type fold (Vetter
2014). The G domain of the proteins (residues
1–166) is generally divided into two halves, the
effector lobe (residues 1–86) and the allosteric
lobe (87–166), based on function (Buhrman et
al. 2011a). All GTPases contain conserved se-
quence motifs throughout the protein that im-
part nucleotide-binding specificity and serve
specific roles central to the function of these
molecular switches (Bourne et al. 1991). Resi-
dues in the NKxD (116NKCD119) and ExSAK
(143ETSAK147) motifs, as well as F28, are imper-
ative for recognizing and positioning the gua-
nine nucleotide within the active site, while the
P-loop (GxxxxGK[S/T]; 10GAGGVGKS17 in
Ras) provides the appropriate charge and sol-
vent environment for the phosphate groups
and Mg2+ (Valencia et al. 1991). The neutron
crystal structure of H-Ras (Protein Data Bank
[PDB] ID 4RSG) shows that the γ-phosphate
of the bound GTP analog is protonated (overall
charge of –3) in the crystal, providing an active
site that is amenable to both intrinsic and GAP-
catalyzed hydrolysis of GTP through a dissocia-
tive-like mechanism (Knihtila et al. 2015). Res-
idues in the switch I, specifically T35, and DxxG
(57DTAG60) motifs recognize and stabilize the
Mg2+-bound GTP in the active site when Ras is
signaling active. The Mg2+ ion is a crucial cofac-
tor in GTPases and is involved in all aspects of
GTPase function, including binding to effector
and regulatory protein partners and in the hy-
drolysis of GTP to GDP (Pan and Wessling-
Resnick 1998; Rudack et al. 2012). When Ras is
bound to GTP, the active site Mg2+ is coordin-
ated by the β- and γ-phosphates and the side
chains of switch I residues S17 and T35, while
two water molecules complete the octahedral
coordination sphere. This switch I conforma-
tion is referred to as state 2, in which T35 inter-
acts with the Mg2+ and Y32 is often located over
the nucleotide to create a “closed” active site
(Shima et al. 2010). When T35 is not interacting
with the Mg2+, switch I samples a range of more
“open” switch I conformations, leading to great-
er solvent accessibility of the active site (Araki
et al. 2011). The state 2 switch I conformation is

observed in structures of Ras bound to effectors,
whereas the state 1 conformation results in Ras
that is “effector-binding-deficient” and more
susceptible to nucleotide exchange (Spoerner
et al. 2001).

The three isoforms of Ras, H-, N-, and K-
Ras, share 90% identity in their G domain, with
conserved structural and biochemical proper-
ties. There are two alternative splice variants of
K-Ras: K-Ras4A and K-Ras4B. In most tissues,
the K-Ras4A isoform is less predominantly ex-
pressed, although recent evidence suggests a role
in some cancers (Tsai et al. 2015). Throughout
this review, K-Ras will refer to the 4B splice var-
iant, as it has been the most studied of the two.
Importantly, the Ras isoforms have unique car-
boxy-terminal hypervariable regions (HVRs)
that contain sites for posttranslational modifica-
tion (PTM) imperative for correct function and
localization of each isoform (Henis et al. 2009).
All Ras proteins are farnesylated at C186 (C185
in K-Ras4B) to promote binding to the plasma
membrane, where Ras interacts with regulatory
and effector protein partners. Although the plas-
mamembrane is themajor site of Ras functional
output, signaling from endomembranes has also
been observed, particularly for N-Ras (Fehren-
bacher et al. 2009). This may be a result, in part,
of the presence of a singular palmitoyl group at
C181 for this isoform, whereas H-Ras is doubly
palmitoylated at C181 and C184 (Ahearn et al.
2012). K-Ras4B contains a hexalysine polybasic
region (residues 175–180), which uniquely tar-
gets this isoform to areas of the plasma mem-
brane enriched in acidic phospholipids (Han-
cock et al. 1990). Proteins such as PDEδ and
calmodulin (CaM) interact specifically with the
carboxy-terminal HVR on Ras to regulate traf-
ficking and function on the membrane (Abra-
ham et al. 2009; Dharmaiah et al. 2016). Iso-
form-specific localization patterns have been
proposed as a mechanism for organizing Ras
signaling clusters within the crowded cellular
membrane environment (Hancock and Parton
2005). Nanoclusters containing around five to
eight Ras proteins are essential for high-fidelity
signal output, although the exact protein and
lipid composition of these nanoclusters has
been debated (Abankwa et al. 2007; Tian et al.
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2007; Zhou et al. 2014). Recently, Ras dimeriza-
tion and higher order oligomerization has be-
come an area of intense research (Thompson
2013). However, the details of Ras dimerization
are highly contested and unclear, such as the
residues involved in the dimerization interface,
the importance of isoform-specific homo- and
heterodimerization, the mechanism of dimer
formation, the role of the membrane, and the
signaling relevance of dimers (Santos 2014;
Holderfield and Morrison 2017). It is becoming
increasingly clear that targeting Ras dimeriza-
tion could abrogate nanocluster formation and
signaling output (Chen et al. 2016; Spencer-
Smith et al. 2016), although there is still confu-
sion in the literature as to the location of the
dimer interface (Jang et al. 2016; Prakash et al.
2017).

Although the majority of the G domain is
highly conserved across the three Ras isoforms,
residue differences in the allosteric lobe are hy-
pothesized to play a role in isoform-specific
membrane localization and orientation, which
in turn has been linked to regulation of Ras–
effector interactions and downstream signaling
(Abankwa et al. 2010; Parker and Mattos 2015).
Importantly, these allosteric lobe residues can
influence intraprotein communication, con-
necting the membrane-interacting allosteric
lobe residues to those in the active site of the
effector lobe (Kearney et al. 2014). The predom-
inant assumption in the field has been that the
100% sequence conserved effector lobe, where
Ras interacts with a wide array of effector pro-
teins such as Raf, PI3K, and RalGEF, promoted
identical functions in the isoforms. However,
recent evidence suggests that the structure, bio-
chemistry, and dynamics of the effector lobe of
each isoform are fundamentally different and
require individual attention (Johnson et al.
2017; JA Parker, AY Volmar, S Pavlopoulos,
and C Mattos, in prep.). Importantly, the bal-
ance between the more “open” state 1 and
“closed” state 2 conformation can potentially
be exploited in the design of isoform- and mu-
tant-specific Ras inhibitors (Kauke et al. 2017).
For the first time, both the structures and bio-
chemical properties of the GTP-bound form of
wild-type (WT) Ras isoforms are available, al-

lowing for unprecedented comparison and nov-
el insights into the important differences that
contribute to the complicated field of Ras biol-
ogy and cancer. Insights gleaned from the care-
ful studyof theWT isoforms can then be applied
to oncogenic mutants, which are linked to iso-
form- and mutant-specific cancer and tissue-
type frequencies (Prior et al. 2012; Lu et al.
2016a).

GLOBAL INTRAMOLECULAR
COMMUNICATION NETWORKS IN Ras

The signaling active, GTP-bound form of Ras
relies on intricate interplay between the effector
and allosteric lobes. A highly conserved inter-
switch region (β2–β3 loop, L3) connects the
switch I and II regions of the effector lobe with
the allosteric lobe. Specifically, D47 and E49 en-
gage in stable salt bridge interactions with helix
5 residues R161 and R164, respectively. These
residues have been dubbed “nucleotide-sensing
residues” because of their ability to influence
orientation of Ras with respect to the plasma
membrane to ensure correct interactions with
effector or regulatory proteins based on whether
GDP or GTP is bound to Ras (Abankwa et al.
2008). In addition to the interswitch, water-me-
diated hydrogen bond networks connect mem-
brane-interacting residues in the allosteric lobe
to the effector lobe, whereas information based
on the nucleotide bound in the active site is also
relayed to the allosteric lobe (Kearney et al.
2014). One such network, termed the “helix 5
network,” spans nearly 15 Å across Ras to con-
nect R161 and R164 with active site residue Y32
via the catalytically important bridging water
molecule (Kearney et al. 2014). This network,
which is abolished in inactive GDP-bound
Ras, can therefore directly sense the presence
of the γ-phosphate and relay this information
to membrane-interacting residues in the alloste-
ric lobe. Molecular dynamics (MD) simulations
support these nucleotide-dependent shifts in
the conformational ensemble of Ras (Grant
et al. 2009; Raimondi et al. 2011). Oncogenic
mutations, such as Q61L and G12V, result in a
severed connection between the active site and
the helix 5 network because of a direct H-bond
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betweenY32 and the γ-phosphate in the absence
of the active sitewatermolecule that bridges Y32
to the γ-phosphate (the bridging water mole-
cule) (Marcus and Mattos 2015). It is important
to point out that this communication pathway
uses residues in the allosteric lobe, particularly
in helix 5, helix 4, and loop 8 that are highly
sequence divergent among the isoforms. There-
fore, it is possible that these isoform-specific
residues differentially regulate communication
in the isoforms, contributing to the fact that
each isoform can promote overlapping yet dis-
tinct signaling outputs (Parker and Mattos
2015). The contribution of the G domain to
functional specificity in the isoforms has been
largely overlooked. This review focuses on re-
cent advances linking biochemical and dynam-
ics features of the G domain to isoform- specific
differences in the allosteric lobe.

A ligand-binding site in the allosteric lobe
has been identified as an important modulator
of switch II conformations in the effector lobe
(Buhrman et al. 2010). Calcium and acetate,
which could be acting as a surrogate for a nega-
tively charged membrane component in H-Ras
crystals, bind in the allosteric site of Ras and
promote a shift in thehelix 3/loop7motif toward
the allosteric lobe to alloworderingof switch II in
a fully helical conformation, as seen in the crystal
structure with PDB ID 3K8Y. Awater-mediated
hydrogen bond network from the allosteric site
through helix 3 to switch II leads to the place-
ment of the catalytic Q61 residue in the active
site, where it interacts with the bridging water
molecule (Fig. 1A–C) (Buhrman et al. 2010).
This conformation is referred to as the R state,
whereas an emptyallosteric site and consequent-
ly disordered switch II is referred to as theT state.
When switch I is present in the state 2 confor-
mation and Y32 closed over the nucleotide, sim-
ilar to that seen in the H-Ras/Raf complex (PDB
ID 4G0N), the active site achieves a conforma-
tion to promote intrinsic hydrolysis. While Raf
orders switch I, stabilizing the catalytically com-
petent state 2 conformation, switch II, with cat-
alytic residue Q61, remains disordered in the T
state unless ligand binds in the allosteric site to
promote the R state in which switch II is ordered
and Ras catalytically competent. This promotes

the allosteric network associated with the R state
Ras, prompting the hypothesis that these net-
works could regulate signaling output for the
Ras/Raf/Mek/Erk, through a GAP-independent
hydrolysis mechanism, by promoting intrinsic
hydrolysis of GTP (Buhrman et al. 2011b). Spe-
cifically, this level of regulation may be impor-
tant in the context of Raf binding, which can
outcompete GAP binding because of its nano-
molar affinity for Ras-GTP (Smith and Ikura
2014). Evidence of the importance of Ras regu-
lation via the allosteric network is seen in onco-
genicG12D structures of Ras, where the connec-
tion to the allosteric site is cut off because of steric
hindrance from the aspartate side chain in the
active site, in effect hindering bothGAP-assisted
and intrinsic hydrolysis (Marcus and Mattos
2015).

Unlike all other known Ras effector pro-
teins, Raf binds solely to switch I of Ras, leaving
switch II free to attain multiple conformations.
This point is crucial to the intrinsic hydrolysis
mechanism and has driven research to focus
intensely on the Ras/Raf/Mek/Erk pathway, a
major regulator of cell proliferation and, conse-
quently, tumorigenesis (McCubrey et al. 2007).
We have previously shown in H-Ras that Q61 is
critical to signaling through Raf, in which onco-
genic mutants such as Q61L promote an anti-
catalytic conformation associated with the T
state and prevent hydrolysis in the presence of
Raf (Buhrman et al. 2007). On the other hand,
the oncogenic G12V mutant promotes a rela-
tively minor increase in mitogen-activated pro-
tein kinase (MAPK) phosphorylation in cells
(Buhrman et al. 2011b), further confirming the
growing realization that oncogenic mutants
have differential effects on the signaling output
of Ras. A combination of crystallographic and
computational results revealed previously unre-
alized characteristics of the Ras/Raf complex.
Raf binding to WT H-Ras induces an increase
in conformational flexibility of switch II, while
rigidifying residues in the allosteric site that
directly bind Ca2+, consistent with the intrinsic
hydrolysis mechanism (Fetics et al. 2015).
Most interestingly, a similar study of the H-
RasQ61L/Raf complex (PDB ID 4G3X) shows
how theQ61Lmutation rigidifies switch II while
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increasing the flexibility of the Ca2+-binding
residues in the allosteric site (Fetics et al.
2015). Unlike previous assumptions that onco-
genic mutants perturb only their local environ-
ment and binding with GAP, these results show
that a single mutation can have global effects on
the communication pathways between Ras and
effector proteins, and that single-residue muta-
tions are able to alter the balance of conforma-
tional states. These changes in global communi-
cation pathways throughout Ras raise the
possibility of allosteric effects on Ras dimeriza-
tion and the Ras–membrane interaction as a
result of oncogenic mutations.

DIFFERENCES IN THE G DOMAIN
OF THE Ras ISOFORMS

Until recently, only crystal structures of WT H-
Ras bound to GTP-analogs were available in the
PDB, and these structures were assumed to be
good models for the K-Ras and N-Ras isoforms
because of their 95% conserved G domains.
Despite the fact that the isoforms share 100%
sequence identity in areas where they interact
with effector proteins, the networks linking the
two G domain lobes led us to expect significant
differences in the kinetics, biochemistry, and
signaling output for H-, K-, and N-Ras. Our
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N85
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Q61
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Figure 1. Allosteric network communication pathway in H-Ras. The T state of H-Ras, exemplified by the
Protein Data Bank (PDB) ID 2RGE (wheat), shows a disordered switch II motif. On binding of an allosteric
ligand as shown by PDB ID 3K8Y (green), the helix 3/loop 7 motif shifts toward helix 4, promoting
formation of a water-mediated hydrogen bond network from the allosteric site (A) through an ordered
switch II motif (B) to place Q61 in the active site (C). This allosteric mechanism is important in signaling
through Raf, which binds at switch I as shown by the H-Ras/Raf complex (PDB ID 4G0N, H-Ras in gray and
Raf in black).
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recent structures of both WT N-Ras and K-Ras
bound to GTP analogs gives us the unprece-
dented ability to directly compare the three iso-
forms (Johnson et al. 2017; JA Parker, AY Vol-
mar, S Pavlopoulos, andCMattos, in prep.). The
observed structural differences can be linked to
functional differences associated with distinct
balance in the conformational states and dy-
namics in each of the isoforms (Gorfe et al.
2008; Harrison et al. 2016).

In terms of the G domain, there are 17 res-
idue differences across the isoforms (Fig. 2A).
When mapped onto the structure, these iso-
form-specific residues cluster in the helix 3,
loop 8, and helix 4 areas of Ras, sandwiching
highly conserved residues in the 116NKCD119

and 143ETSAK147 motifs, as well as the allosteric
site (Fig. 2B). The superposed structures of WT
H-Ras, K-Ras, andN-Ras bound toGTPanalogs
show differences in the state 1 versus state 2
conformations in switch I and R versus T states
associated with switch II (Fig. 3A). It is interest-
ing to note that, among the numerous WT H-
Ras structures in the GTP-bound state found in
the PDB, a single one shows a state 1 conforma-
tion and that was obtained only by seeding crys-
tals with the constitutive state 1 mutant H-
RasT35S-GppNHp (Araki et al. 2011). The
predominance of state 2 in WT H-Ras found
both in the crystal structures and by 31P nuclear
magnetic resonance (NMR) (Spoerner et al.
2010) contrasts with theWTK-Ras crystal struc-
ture with an open switch I conformation consis-
tent with a more exposed P-loop as determined
by recently published hydrogen/deuterium ex-
change mass spectrometry (HDX-MS) experi-
ments on both isoforms. As discussed above,
the positioning of the helix 3/loop 7 motif is
crucial in mediating the T-to-R state transition
and formation of the allosteric network that con-
nects membrane-interacting residues in Ras to
the active site. In the R state H-Ras structure
(PDB ID 3K8Y), a hydrogen bond between helix
4 residue Y137 and helix 3 residueH94 stabilizes
the R-state helix 3 conformation (Fig. 3B). Both
residues 94 and 95 are sites of isoform sequence
diversity, in which position 95 is one of two
where the residue identity is completely differ-
ent across the isoforms (L95 inN-Ras, H95 in K-

Ras, and Q95 in H-Ras). Differences in the hy-
drogen-bonding network of the allosteric site
propagate across helix 3 toward switch II, where
an altered set of interactions in K-Ras promotes
a Y71 conformation that pushes switch I away
from the active site (Fig. 3C). Although the T-
state conformation is preferred in both N-Ras
and K-Ras, this conformation is more extreme
in the WT K-Ras structure (PDB ID 5UK9) (JA
Parker, AY Volmar, S Pavlopoulos, and C Mat-
tos, in prep.) and more intermediate in the WT
N-Ras structure (PDB ID 5UHV) (Fig. 3A)
(Johnson et al. 2017). Single-turnover hydrolysis
experiments show that the hydrolysis rate con-
stants for WT K- and N-Ras are indeed lower
than that of H-Ras, consistent with a more
prominent state 1 and/or T state conformation
in solution (Johnson et al. 2017). Given that the
binding affinity of K-Ras and H-Ras with Raf
is essentially the same, we suspect that the ener-
gy barrier between state 1 and state 2 is lower
in K-Ras than in N-Ras, which shows about a
twofold reduction in binding affinity for Raf
(Johnson et al. 2017). Because the effector lobe
is 100% identical in terms of sequence among
the three isoforms, the differences in biochemi-
cal properties of the isoforms can be attributed
to differences in the allosteric lobe and differ-
ences in the balance of conformational states in
solution.

Isoform-specific residues in the allosteric
lobe tend to cluster around structurally impor-
tant regions of Ras, such as motifs crucial for
interacting with the nucleotide in the active
site or the membrane. One example is the
R123-E143 salt bridge, which connects the con-
served 116NKCD119 and 143ETSAK147 motifs to
position these residues for optimal interactions
with the nucleotide. While the salt bridge is a
head-on interaction in both H- and K-Ras, it is
offset in N-Ras such that one nitrogen atom
from R123 and one oxygen atom from E143
can interact (Fig. 3D) (Johnson et al. 2017). Iso-
form-specific residues A/P121, S/T127, and Y/
F141 (H-/K-Ras, respectively) surround this im-
portant salt bridge, providing unique interac-
tions in H-Ras compared with K-Ras in their
GTP-bound forms. In addition to this salt
bridge, the conserved motifs are in close prox-
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Figure 2. Residue differences in the three Ras isoforms. (A) H-Ras contains four unique residues (green), K-Ras
contains three (blue), and N-Ras contains eight (orange). Positions 95 and 122 are different among the three
isoforms (red). (B) Residue differences (red) mapped onto H-Ras (Protein Data Bank [PDB] ID 3K8Y, gray)
cluster around 100% conserved motifs in Ras (blue).
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imity to residue pockets on Ras that are pro-
posed to modulate Ras–membrane interactions
in an isoform-specificmanner. The helix 4 R128
and R135 hot spots and a pocket formed byH94,
L133, S126, and Y137 in H-Ras, may have
evolved to accommodate an isoform-specific
set of lipid head groups, depending on where
each isoform microlocalizes within the plasma
membrane (Parker and Mattos 2015). Impor-

tantly, these isoform-specific allosteric residues
are positioned along the helix 5 water-mediated
hydrogen bond network that connects the active
site to the membrane-interacting regions of Ras
(Kearney et al. 2014). Therefore, residue differ-
ences in H-, N-, and K-Ras could lead to altered
mechanisms of intraprotein communication,
contributing to isoform-specific structure, bio-
chemistry, and functional output.

Helix 3/loop 7

Switch II

H/Y166
BA

DC

D107
D/E106

R97

E98

N/H94
Y137

Q/H/L95

Switch I

Switch II
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Q/H/L95
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Y96
Switch I

K147

D119

N116 R123

E143

S/T127

Y/F141

WT H-Ras
WT K-Ras
WT N-Ras

Figure 3. Isoform-specific residues promote structural differences in Ras isoforms. (A) Alignment of N-Ras
(GppNHp) (Protein Data Bank [PDB] IL 5UHV, cyan), K-Ras (GppCH2p) (PDB ID 5UK9, salmon), and H-Ras
(GppNHp) (PDB ID 3K8Y, gray). Isoform-specific residues in the allosteric site (B) promote differences in switch
II conformations in the isoforms (C). The altered salt bridge interaction between E123 and R143 in N-Ras is
shown in D.
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K-Ras AND DYNAMICS PROVIDE INSIGHT
INTO THE MOST ONCOGENIC ISOFORM

Despite their similarities in global structure and
the effector lobe where they interact with a sim-
ilar set of effector proteins, H-, N-, and K-Ras
each promote distinct signaling outputs (Ehr-
hardt et al. 2002; Abankwa et al. 2010). While
the HVR is implicated as themajor driving force
for these differences in the membrane environ-
ment (Henis et al. 2009), differences in the G
domain of the isoforms could also drive iso-
form-specific functions. Unique structural and
dynamical features of the Ras isoforms have thus
become an area of intense research toward un-
derstanding the fundamental divergence among
the isoforms, especially in the search for iso-
form-specific Ras therapies. In fact, MD simu-
lations of the three isoforms find that K-Ras is
significantly more flexible than N- or H-Ras
(Gorfe et al. 2008). Importantly, both switch I
and allosteric lobe regions, including helix 4,
helix 5, and nucleotide bind loops, of K-Ras
display the most conformational flexibility, in-
dicating that this isoform has both unique nu-
cleotide-binding characteristics and effector-al-
losteric lobe communication pathways (Gorfe
et al. 2008; Kapoor and Travesset 2015). Over
the course of simulations, K-Ras samples more
“open” state 1 conformations, while N-Ras sam-
ples more intermediate conformations between
state 2 (“closed”) and state 1 (Gorfe et al. 2008).
It is interesting to note that in the inactive GDP-
bound structures switch I is the most rigid in K-
Ras when comparedwith the other two isoforms
(Kapoor and Travesset 2015), suggesting a stable
interaction mostly mediated by the canonical
Y32-Y40 hydrogen bond observed in all GDP-
bound Ras structures. These dynamical obser-
vations correlate directly to the open state 1 con-
formation of switch I observed in our recent
crystal structure of WT K-Ras-GppCH2p
(PDB ID 5UK9) (JA Parker, AY Volmar, S Pav-
lopoulos, and C Mattos, in prep.). 1H NMR ex-
periments of WT K-Ras bound to nucleotide
analogs indicate that the state 1 conformation
is sampled in solution much more prominently
than is the case for H-Ras, consistent with the
crystal structures of the two isoforms (JA Parker,

AY Volmar, S Pavlopoulos, and C Mattos, in
prep.). The highly dynamic nature of K-Ras
may pose additional challenges for targeting
this isoform, which displays the highest muta-
tion profile in human cancers (Hobbs et al.
2016).

Unlike the structure of activated WT K-Ras,
the crystal structure of K-RasG12D-GppNHp
(PDB ID 4DSN) shows a state 2 conformation
for switch I, with T35 interacting with theMg2+-
nucleotide complex in the active site and Y32
placed over the nucleotide (Maurer et al.
2012). In this structure, the bridging water mol-
ecule is also present, interacting with both Y32
and themutatedD12 side chains. The negatively
charged D12 side chain would clash with both
the arginine finger and catalytically important
residue Q61 and thus interfere with both GAP-
mediated and intrinsic hydrolysis, respectively,
of GTP to GDP on Ras (Franken et al. 1993;
Scheffzek et al. 1997). Consistently, the 1H
NMR signatures of K-RasG12D are markedly
different from those of WT K-Ras, in which K-
RasG12D appears to favor a state 2 conforma-
tion that is not sensitive to temperature changes
(JA Parker, AY Volmar, S Pavlopoulos, and C
Mattos, in prep.). These data indicate that on-
cogenic K-RasG12D obtains amore stable effec-
tor-competent binding conformation to propa-
gate signaling through interactions with effector
proteins while simultaneously resisting hydro-
lysis to lock the protein in this active conforma-
tion. The addition of solution NMR data pro-
vides novel insight into how specific oncogenic
mutants can alter the balance of conformational
states to increase their oncogenic propensity.
These data can be used to direct more informed
targeting of oncogenic Ras, especially in moving
toward the goal of targeting the most prevalent
K-Ras oncogenic amino acid substitution at co-
don 12 (Pylayeva-Gupta et al. 2011; Prior et al.
2012). The recent findings forWTK-Ras andK-
RasG12D, driven by structural and biophysical
characterization, advance the goal of obtaining
an atomic level understanding of each isoform
and oncogenic mutant, especially given the
mounting evidence for isoform and mutant-
specific functions and signaling outcomes
(Cammarata et al. 2016; Hobbs et al. 2016).

The K-Ras, N-Ras, and H-Ras Isoforms
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CHALLENGES, SUCCESSES, AND FUTURE
DIRECTIONS FOR TARGETING Ras

Since its discovery more than three decades ago,
Ras has been one of themost highly sought-after
drug targets in the fight against cancer. The fail-
ure of the blockbuster farnesyltransferase inhib-
itors (FTIs) was disappointing, and placed a
spotlight on how little Ras structure, function,
and biology was understood (Whyte et al. 1997).
As discussed, when H-Ras is considered the
model for the other isoforms, many key details
of each proteins’ individual structure, including
the balance of conformational states, biochem-
istry, and function, are overlooked. Today, al-
though Ras is still considered “undruggable” in
the traditional sense, the field has made major
strides forward.

The picomolar affinity of Ras for its nucleo-
tide, along with the millimolar cellular concen-
trations of GDP and GTP, make designing a
small molecule that can directly compete with
nucleotide binding a daunting task (John et al.
1990). Yet, there has been moderate success for
small molecules designed to covalently target
the G12C oncogenic mutation in Ras, especially
important for the goal of selectively targeting
prominent mutations linked to specific cancer
types, in this case lung adenocarcinoma (Prior
et al. 2012). Thesemolecules bind near the active
site, either directly in place of the GDP nucleo-
tide or extending into the space between switch
II and helix 3 (Ostrem et al. 2013; Lim et al.
2014). One drawback to these molecules is their
limitation of targeting the reactive G12C side
chain, a technique that will not work on other
more prominent oncogenic side chains at resi-
dues 12, 13, and 61 (Hobbs et al. 2016). Other
small molecules have been shown to bind to the
outer switch II region of GDP-bound Ras, in
which they interfere with the GEF-mediated nu-
cleotide exchange to keep Ras in its signaling-
inactive conformation (Maurer et al. 2012; Sun
et al. 2012). Although blocking the GEF-medi-
ated exchange may be a successful approach to
abrogating signaling through WT Ras, many of
the oncogenic mutants that maintain Ras in the
GTP-bound state would be unaffected by this
type of intervention.

Aside from the active site, the surface of Ras
is relatively flat and lacks well-defined pockets
that can be exploited for drug design. Targeting
the allosteric site between helix 3, loop 7, and
helix 4, which is key in theT-to-R state transition
to form an active site poised for intrinsic hydro-
lysis, could be a useful tactic for targeting Ras
with oncogenicmutations that impair GAP-me-
diated hydrolysis (Buhrman et al. 2010). Addi-
tionally, because intrinsic hydrolysis is proposed
to be a major regulatory mechanism in the Ras/
Raf/Mek/Erk signaling cascade, this approach
could target Ras in a pathway-selective manner
(Buhrman et al. 2011b). To date, no allosteric
site inhibitor has been identified, possibly be-
cause of the small volume of the allosteric site,
although design of inhibitors that mimic the
size, shape, and chemical functionality of mem-
brane lipid head group molecules should be in-
vestigated. A zinc cyclen, the only molecule that
has been shown by crystallography to bind at the
carboxyl terminus and loop 7 close to the allo-
steric site, appears to promote the effector-bind-
ing-deficient state 1 conformation of switch I
(Rosnizeck et al. 2010). This is one example of
an inhibitor that takes advantage of stabilizing a
conformational state known to impair Ras-ef-
fector binding. The allosteric lobe contains other
hot spots that have been identified experimen-
tally and computationally as sites of protein–li-
gand interactions (Buhrman et al. 2011a). These
sites have been largely unexplored, yet could
provide opportunities to target Ras in an iso-
form-specific manner (Marcus and Mattos
2015). For example, many of these sites include
membrane-binding residues that could be tar-
geted to modulate the Ras–membrane interac-
tion in a way that disrupts the functionally crit-
ical intramolecular communication networks
between the allosteric and effector lobes (Parker
and Mattos 2015). Another exciting area of in-
terest is targeting Ras dimerization at the mem-
brane, which may be a crucial mediator of cor-
rect Ras nanocluster formation and signaling
conformations at the membrane (Holderfield
and Morrison 2017).

Blocking the interaction between Ras and its
multitude of effector proteins, including Raf,
RalGDS, and PI3K, is an area of intense interest
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given the potential for one therapeutic to block
multiple Ras–effector interactions and shut
down signaling through Ras. However, targeting
the protein–protein interaction (PPI) interface
on Ras, which includes both dynamic switch I
and switch II regions and is large and relatively
flat, presents challenges for traditional small
molecules (Lu et al. 2016b). Larger cyclic pep-
tides and stapled SOS1 peptides have shown
moderate success in binding Ras with mid-
nanomolar affinities to block signaling through
inhibition of the Ras–Raf interaction (Upad-
hyaya et al. 2014; Leshchiner et al. 2015). Other
attempts at designing larger molecules to target
the effector-binding sites of Ras include single-
antibody fragments and monobodies (Tanaka
et al. 2007; Spencer-Smith et al. 2016; Keeton
et al. 2017).

With the recent advances in understanding
the structural and conformational ensemble dif-
ferences among the Ras isoforms, we are begin-
ning to see that these isoform-specific properties
could be exploited in design of potent and spe-
cific inhibitors. The first example of an inhibitor
that takes advantage of differing conformational
states between WT and mutant-activated K-Ras
has been illustrated by the crystallization of a
small engineered binding protein identified by
yeast surface display in complex with K-
RasG12D-GppNHp and WT K-Ras-GppNHp
(PDB ID 5UFQ and 5UFE, respectively) (Kauke
et al. 2017). This small protein binds Ras at
switch II, in which a high number of hydro-
phobic residues selected during an affinity mat-
uration process intercalate with hydrophobic
residues on Ras. Although this highly comple-
mentary interaction contributes to the single-
digit nanomolar affinity to K-Ras, moderate
selectivity for the G12D mutant is achieved by
taking advantage of the differences in conforma-
tional states in the switch I region observed in
K-Ras. Although the binder protein does not
directly interact with the oncogenic G12D mu-
tation in the active site, the state 2 conformation
of switch I in this mutant leads to a unique “ly-
sine claw” interaction between residues in switch
I and II and binder residues K32 and K40. This
interaction is weakened in the WT K-Ras com-
plex, indicating that the residue selection process

directed the formation of a binder protein that
can take advantage of the differences in confor-
mational states in switch I, despite binding at
switch II. Excitingly, the low nanomolar affinity
and larger size of this binder can directly com-
pete with Ras/Raf complex formation and has
been shown to directly interfere with signaling
through the Ras/Raf/Mek/Erk pathway (Kauke
et al. 2017).

The future of cancer therapies, including
those directed toward Ras-driven cancers,
needs to focus on patient-specific treatments.
Given that mutations in Ras differentially affect
clinical outcomes, lengths of treatment, and
treatment effectiveness, personalized medicine
will be key in the fight against Ras (Asati et al.
2017). Studies have shown that a cancer with a
G12D mutation responds to anti-Ras therapies,
but other G12 mutations are unaffected (Mao
et al. 2013). Additionally, screening for K-Ras
biomarkers in patients to determine the most
effective treatment has shown promise in im-
proving individual clinical outcomes (Smith
et al. 2010; Miller and Miller 2011). Given the
hints from recent structural and biochemical
studies, the hypothesis that each mutation can
uniquely alter the balance of conformational
states, especially in the most oncogenic isoform
K-Ras, should be considered in future efforts
to target these proteins. Overall, the idea that
H-Ras can serve as an accurate model for the
other isoforms should be reevaluated, with
more focus on the details of the unique charac-
teristics of each Ras isoform and how these can
be exploited for design of potent and specific
inhibitors.
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