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ABSTRACT

Abnormal expression or mutations in Ras proteins has been found in up to 30% of cancer cell types, making them excel-
lent protein models to probe structure-function relationships of cell-signaling processes that mediate cell transformtion. Yet,
there has been very little development of therapies to help tackle Ras-related diseased states. The development of small
molecules to target Ras proteins to potentially inhibit abnormal Ras-stimulated cell signaling has been conceptualized and
some progress has been made over the last 16 or so years. Here, we briefly review studies characterizing Ras pro-
tein-small molecule interactions to show the importance and potential that these small molecules may have for
Ras-related drug discovery. We summarize recent results, highlighting small molecules that can be directly targeted to
Ras using Structure-Based Drug Design (SBDD) and Fragment-Based Lead Discovery (FBLD) methods. The inactiva-
tion of Ras oncogenic signaling in vitro by small molecules is currently an attractive hurdle to try to and leap over in
order to attack the oncogenic state. In this regard, important features of previously characterized properties of small mole-
cule Ras targets, as well as a current understanding of conformational and dynamics changes seen for Ras-related mutants,
relative to wild type, must be taken into account as newer small molecule design strategies towards Ras are developed.
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1. Introduction activity and the nucleotide exchange is catalyzed by gua-
nine nucleotide exchange factors [GEFs]. When bound to
GTP, Ras proteins are active and capable of recruiting
downstream effectors and influencing cell function. Ef-
fector binding essentially involves protein domains that
have been designated as the Switch 1 and Switch 2 re-
gions. GTP hydrolysis leads to a GDP-bound, inactive
Ras protein. Both the intrinsic GTPase activity and the
GTP binding activity of Ras proteins are fairly low and
are accelerated by regulatory proteins that control Ras
function. In addition to the GEFs, these regulatory pro-
teins include the guanine activating proteins [GAPs].
Loss of GAP function, or inhibition of GTP hydrolysis
[4], might raise the levels of GTP-bound Ras proteins
and culminate in Ras over activity, thereby leading to
oncogenic behavior. In the same vein, if interactions with
GEFs are not properly controlled, then the levels of GTP-
bound Ras can also increase and lead to Ras-stimulated
overactivity. Accordingly, considerable effort has been
spent on developing small molecules as possible “Direct”
"Corresponding author. targets (Figure 1) to Ras proteins to potentially inhibit

Abnormal expression of Ras [Rat sarcoma] proteins
plays a significant role in events leading to cellular pro-
liferation, inhibition of cell death, and malignant trans-
formation [1]. In fact, aberrant signaling mechanisms
mediated by Ras proteins have been implicated in many
cancers [2]. Although the characterization of Ras pro-
teins, and their roles in these aberrant cell-signaling
mechanisms have been studied for many years, these
proteins still lack effective agents to attack their abnor-
mal functioning states. In fact, Gysin et al. pointed out,
as recently as 2011, there were no drugs that could di-
rectly target Ras proteins in a way that might facilitate
the deregulation of Ras-stimulated oncogenic activity [3].
Therefore, approaches are still needed to develop strate-
gies to inhibit oncogenic Ras signaling. Ras proteins are
small GTPases that functions as nucleotide-dependent
switches which are “on” when GTP-bound and “off”
when GDP-bound. Ras proteins possess intrinsic GTPase
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Figure 1. lllustration of a Ras-related protein interaction
with an effector protein [right], and the potential effect [i.e.
disturbance of protein interaction] that a small molecule,
with direct binding capability to Ras, could have on the
activation state of the Ras protein [left]. (a) A representa-
tion of a GTPase inhibitor effector interaction; and (b) A
representation of a GEF effector interaction. The Ras-re-
lated protein model shown in blue is that of Cell division
cycle 42 [Cdc42], PDB access code: [laje.pdb].

abnormal Ras-stimulated cell signaling. Here, we briefly
review studies characterizing Ras protein-small molecule
interactions. Indeed, studies to date show the rationale as
well as the importance for continued development of
small molecules targets to Ras proteins. We also summa-
rize recent results on the development of small molecule
inhibitors of Ras using Structure-Based Drug Design
[SBDD] and Fragment-Based Lead Discovery [FBLD].
These techniques can be expected to provide a new per-
spective on how subsequent targeting of Ras proteins for
therapeutic treatment may be approached.

2. Targeting Small Molecules to Ras

The development of small molecules that bind to Ras
proteins has presented formidable challenges for quite
some time. Nevertheless, the importance of this devel-
opment is paramount to the overall goal of inactivating
oncogenic Ras. Small molecules might be expected to
help de-regulate “over activity” caused by the instability
of a bound nucleotide that has been shown for some
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Ras-related mutant proteins through solution NMR stud-
ies [5] and biochemical studies [6]. The development of
small molecules to target Ras proteins has been limited,
which has hampered the development of approaches to
tackle to the Ras-stimulated oncogenic state [3]. One
consideration has been a perceived lack of binding re-
gions for small molecules on Ras proteins [3] or on ef-
fector or regulatory proteins. The concept of targeting
oncogenic Ras proteins with small molecules as a novel
approach was first highlighted by Tavares, et al. [7] who
used mass spectrometry, NMR spectroscopy and mo-
lecular modeling as tools to characterize a small mole-
cule target that was not nucleotide based. The molecule
did not displace the nucleotide, and it bound to Ras in the
Switch 2 domain of Ras [7]. This small molecule, SCH
54292, when complexed to Ras, decreased the rate of
Ras-stimulated nucleotide exchange [7]. The potential of
this approach was further supported by studies of
Ahmadian et al., who observed that oncogenic Ras mu-
tants, with diminished capability to hydrolyze GTP, were
rescued by a GTP analog that was modified to contain a
catalytically active functional group, diaminobenzophe-
none-phosphoroamidate [DABP-GTP] [8]. The com-
pound SCH 54292 has not been further developed, most
likely due to its insolubility in an aqueous environment;
however, these studies illustrated the potential of small
molecules as intracellular inhibitors of abnormal Ras
function. This compound was used as the basis for the
synthesis of a water-soluble ligand of Ras by Palmioli, et
al. [9], who designed a glycosylated derivative of SCH
54292 that exhibited significant water solubility and
could bind to Ras. Through multi-dimensional NMR
spectroscopy, and biochemical characterization studies,
this compound showed inhibitory activity towards nu-
cleotide-exchange of GTP for GDP on Ras; however, the
binding affinity for the compound was low [uM] [9].
While the low affinity of this ligand was disappointing,
the generation of a water-soluble compound that was
able to target Ras showed the promise of this approach.
Targeting small molecules to regulate protein-protein
interactions has also proven to be challenging. However,
Waldmann et al., found that some derivatives of the non-
steroidal anti-inflammatory drug, Sulindac, had an in-
hibitory effect on the Ras signaling pathway [10]. This
class of compounds, as well as derivatives of MCP-1
reduced Ras-induced Raf stimulation to highlight the
potential targeting of Ras down stream effector proteins
[11,12]. Inhibiting Ras-effector protein interactions as a
way to deregulate over active GTP-bound Ras was also
shown for Cu®" and Zn>" cyclens based on studies con-
ducted by Rosnizeck et al., [13]. It was hypothesized by
these authors, based on NMR and crystal structure data
analysis, that the presence of these cyclens caused a dis-
ruption of the nucleotide-binding site in the presence of
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GTP, facilitating weaker effector interactions and
leading to the over-active state, but the binding sites were
not located in the Ras-GDP bound state. However, the
cyclens showed binding affinities with even lower [mM
affinity] than that discussed above for the glycosylated
derivative of SCH 54292 [10]. Nonetheless, the studies
of Waldmann et al., and Rosnizeck et al., again empha-
sized the potential that small molecule targets might pro-
vide for disturbing potentially oncogenic Ras protein
interactions. A recent review by Wang et al. discusses in
great detail the potential binding site(s) on Ras, as well as
functional activities of the SCH-54292 derivatives, the
cyclens and the Sulindac-based compounds, as well as
the MCP-1 compounds [14].

3. Considerations for Future Directions and
Emerging Approaches to Target Ras

Recently, evidence has emerged showing the potential
for small molecules to be targeted to small surface
“pockets” on proteins, thus allowing these molecules to
possibly block protein interactions leading to abnormal
biological function [15,16]. Solution-based structure stu-
dies on a Switch 1 mutant of the Ras-related protein
Cdc42 performed in our laboratory have outlined differ-
ences in conformational dynamics in the mutant protein
construct, relative to wild type Cdc42, which were corre-
lated to a reduced binding of an effector protein that in-
hibits GTP hydrolysis [17]. This finding suggested that
conformational changes imparted by mutations in Ras-
related proteins have the potential to alter effector protein
interactions. As such, it should be considered that the
development of small molecule targets directed towards
Ras proteins could facilitate changes in local conforma-
tional dynamics, possibly without affecting the overall
stability of the Ras protein. This type of approach might
be a viable subsequent direction for drug development
research efforts. Fragment Based Lead Discovery (FBLD)
involves the screening of low molecular weight com-
pounds (typically < 300 Da) at concentrations that allow
for their characterization using biophysical techniques
such as NMR spectroscopy and X-Ray crystallography
(Figure 2). The use of these complementary approaches
has facilitated the identification of fragments with prop-
erties that may make them more suitable ligands than
fragments developed from the “High Throughput Scre-
ening” methods used more typically [18,19]. In addition,
the FBLD approach has been used successfully to iden-
tify small molecule fragments that bind at the interface of
protein-protein interaction sites [16]. To this end, using
an FBLD approach, Maurer et al. identified three small
molecules: benzamidine [BZDN], benzimidazole [BZIM]
and 4,6-dichloro-2-methyl-3aminoethyl-indole (DCAI),
which recognized the same binding pocket on Ras, near
the Switch 1 and 2 regions, and characterized their poten-
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Figure 2. Schematic flow chart of a general approach of
FBLD to lead candidate development towards a Ras-related
protein.

tial as targets for Ras inactivation [20]. High-resolution
co-crystal structures revealed a ligand-binding pocket on
the Ras protein and it was observed that the binding
pocket on Ras could be expanded for DCAI relative to its
size when binding BZDN or BZIM to Ras [20]. Bio-
chemical assays revealed that the binding of DCAI af-
fected the ability of the GEF effector protein Son of
Sevenless [SOS] to activate nucleotide exchange in Ras,
and it was postulated that the inhibition of nucleotide
exchange was due to the blocking of the Ras-SOS inter-
action by DCAI [20]. As the authors point out, the issue
of binding strength for small molecule targets to Ras is
still a challenge, as their studies with DCAI showed very
low affinity for Ras, as has been also seen with other Ras
small molecule targets. These FBLD studies, neverthe-
less, show promise for efforts to develop small molecule
inhibitors of abnormal Ras-stimulated activity.

In silico-based methods have also been used to iden-
tify and characterize novel small molecule targets to Ras
and the Ras-related protein Cdc42. Friesland, et al., used
high-throughput screening to identify ZCL278, which
was docked to the surface of Cdc42 between the Switch
1 and Switch 2 regions, and mimicked an interaction be-
tween Cdc42 and the GEF effector intersectin [21]. Bio-
chemical and cell-based assays showed that ZCL278 led
to a significant reduction in cell-signaling activity, pre-
sumably due to an altered interaction with the GEF ef-
fector which helped to stabilize the inactive GDP-bound
state of Cdc42 (see Figure 1(b)). These findings suggest
that this small molecule could serve as a direct target to
Cdc42. In another study, Shima et al. examined struc-
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tures of H-Ras, M-Ras and several mutants and identified
surface regions that they hypothesized could serve as
binding sites for small compounds [22-24]. These sites
were examined by in silico-based Structure Based Drug
Design (SBDD) studies, and a group of small molecules.
The Kobe0065 family, were identified to bind to Ras
[25]. Subsequent biochemical assays showed the anti-
tumor activity of members of the Kobe0065 family [25].
Although the authors point out that the inhibitory activity
of these compounds is low, again suggesting weak bind-
ing, this study shows added promise for the identification
of small molecule targets for Ras that may show clinical
potential [25].

In summary, the inactivation of Ras oncogenic signal-
ing still remains a daunting task for the scientific com-
munity. The scope of current efforts highlights the im-
portance of the Ras proteins as targets for treatment of
the oncogenic state. The detection and characterization of
small molecule targets, not only to Ras proteins, but to
proteins in general has been dependent upon sensitive
biophysical technologies capable of detecting low affin-
ity interactions of low molecular weight compounds.
Over the last decade, approaches such as nuclear mag-
netic resonance [NMR], X-ray crystallography, and Sur-
face Plasmon Resonance [SPR] have become core tech-
nologies in many pharma and biotech settings. Moreover,
approaches such as FBLD and in silico-based structure
design have become powerful and exciting tools for ex-
ploring the targeting of Ras GTPases. These novel ap-
proaches may contribute to the subsequent development
of therapeutic strategies to tackle diseased states caused
by Ras-related proteins. As small molecule targeting to
Ras progresses, it will be imperative to consider the de-
velopment of design strategies that will be relevant for in
vivo study. Additionally, our increased knowledge of the
conformational and dynamics changes seen for Ras-re-
lated mutant proteins should also be exploited in subse-
quent design strategies to target small molecules to adja-
cent regions on Ras proteins. Although the state of know-
ledge and the tangible applications are at an early stage,
small molecule drug candidates nevertheless show prom-
ise for disturbing disease-causing Ras-related protein-
protein interactions.
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