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Ras Dimer Formation as a New Signaling Mechanism and Potential 
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Abstract: The K-, N-, and HRas small GTPases are key regulators of cell physiology and are 
frequently mutated in human cancers. Despite intensive research, previous efforts to target hyperactive 
Ras based on known mechanisms of Ras signaling have been met with little success. Several studies 
have provided compelling evidence for the existence and biological relevance of Ras dimers, 
establishing a new mechanism for regulating Ras activity in cells additionally to GTP-loading and 
membrane localization. Existing data also start to reveal how Ras proteins dimerize on the membrane. 
We propose a dimer model to describe Ras-mediated effector activation, which contrasts existing 
models of Ras signaling as a monomer or as a 5-8 membered multimer. We also discuss potential implications of this 
model in both basic and translational Ras biology. 
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1. INTRODUCTION 

 The membrane-residing Ras GTPases are small in size 
(~21 kD) but big in their roles as key regulators of cell 
physiology such as growth, proliferation, survival, and many 
other important functions (Fig. 1a) [1-4]. Canonical Ras 
family members K-, N-, and HRas share a highly conserved 
GTPase and effector binding domain (the G-domain) and 
differ in their C-terminal, hypervariable region (HVR); the 
HVR is post-translationally modified in a sequence (isoform) 
specific manner [5-8], which may be responsible for the non-
redundant biological functions and mutational spectra of 
these Ras isoforms in human cancers (Fig. 1b) [3, 9]. In 
normal and resting cells, Ras is kept in an inactive, GDP-
bound state and switches to an active, GTP-loaded state upon 
upstream stimuli (e.g. ligand binding to receptors) [10]. Ras-
GTP then recruits and activates a slew of effectors such as 
Raf [11], PI3K [12], and RalGDS [13] to execute specific 
cellular programs (Fig. 1a).  

 For the centrality of Ras signaling in cell physiology, Ras 
activities are tightly regulated in normal cells in part via 
counteracting enzymes that either stimulate GTP hydrolysis 
(GTPase activating proteins or GAPs) [14] or accelerate 
GDP release and GTP loading (Guanine-nucleotide exchange 
factors or GEFs, such as SOS) [15]. Loss of this balance, and 
in particular impaired GTP hydrolysis due to point mutations 
at codons 12, 13, and 61 of Ras, can lead to deregulated cell 
growth and survival, and these abnormalities are frequently 
 

*Address correspondence to this author at the Department of Biomedical 
Engineering, Knight Cancer Institute, and OHSU Center for Spatial Systems 
Biomedicine (OCSSB), Oregon Health and Science University, Portland, 
OR; Tel: 1-503-4189317; Fax: 1-503-4189311; E-mail: nan@ohsu.edu 

linked to diseases including cancer [16, 17]. Indeed, 
mutation-activated Ras has been found in about 30% of 
human tumors and is implicated in nearly all stages of 
oncogenesis [17-19]. Besides driving tumorigenesis, mutant 
Ras is also predictive of tumor resistance to cancer therapies 
[20-22]. As such, mutant Ras has been intensely pursued as a 
drug target [18, 19, 23-25].  

 To date, however, efforts to pharmacologically inhibit 
mutant Ras in human cancers have met with little success 
[23-25]. Since the biological activity of Ras requires 
membrane localization, initial efforts focused on developing 
farnesyltransferase inhibitors (FTIs). The FTIs were shown 
to be successful in reducing growth of HRas driven tumors 
[6, 26, 27], however they had little to no effect on tumors 
with the more prevalent NRas and KRas mutations [7, 28-
31]. Other strategies such as restoration of GTP hydrolysis 
and expression of dominant-negative Ras have proven 
difficult or ineffective [32]. For these difficulties, attention 
has shifted to targeting downstream effectors of Ras, mostly 
the Raf-MAPK [33-35] and PI3K-Akt [36, 37] cascades, in 
tumors with hyperactive Ras. While these attempts have 
yielded targeted therapeutic agents that demonstrate clinical 
benefit in a variety of cancers [38], resistance eventually 
develops, often times associated with mutant Ras or 
activation of alternative effector pathways downstream of 
Ras [21, 39-41]. The limited success in targeting Ras 
signaling pathways has urged searches for new mechanisms 
regulating Ras activities in cells, based on which novel 
therapeutic approaches may be developed.  

 Accumulating evidence has started to reveal a previously 
underappreciated aspect of Ras biology – formation of 
higher order structures – in regulating the physiological 
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activities of Ras [42, 43]. In particular, immuno-EM studies 
using membrane peel-offs from cells overexpressing Ras 
suggested that Ras forms nanoscopic clusters (termed 
nanoclusters), each containing 5-8 Ras monomers on the 
membrane [44, 45]; these nanoclusters may serve as signaling 
platforms for recruiting and activating Ras effectors [46, 47]. 
In this review, we use the term nanocluster interchangeably 
with multimer as it is not clear at present which term is more 
accurate in describing the high order structures of Ras. More 
recently, quantitative single-molecule superresolution 
microscopy (SRM) [48-50] has been used to study the spatial 
organization of Ras in intact mammalian cells at 10-20 nm 
spatial and single-copy stoichiometric resolutions. The 

results showed that KRas 4B (hereafter referred to as KRas) 
forms dimers instead of higher order multimers at expression 
levels comparable to that of endogenous KRas, and that 
KRas-GTP (e.g. KRas G12D or other activating mutants) 
dimers activate the Raf-MAPK [51] and likely also the 
PI3K-Akt pathways (unpublished data). In parallel, KRas G-
domain dimers have also been observed in solution [52], and 
NRas [53] and HRas [54] have both been reported to form 
dimers when synthetically attached to artificial membranes. 
A brief timeline of related studies is presented in (Fig. 2).  

 These studies provide compelling evidence that Ras-GTP 
dimers, rather than Ras monomers or higher (trimers and up) 
order structures, are the basic functional units of Ras 

 
 
Fig. (1). The Ras signaling pathways. (a) Ras resides on the inner leaflet of the membrane and transmits upstream signals such as those 
from ligand binding to receptor tyrosine kinases (RTKs). Activated RTKs recruit guanine nucleotide exchange factors (GEFs) such as SOS, 
which converts Ras-GDP into Ras-GTP; Ras-GTP then recruits and activates an array of effectors including PI3K, Raf, and RalGDS to 
execute specific cellular functions. The counteracting enzymes known as GTPase-activating proteins (GAPs) convert Ras-GTP back to Ras-
GDP; (b) Mammalian cells ubiquitously express three Ras genes, H-, N-, and KRas, where KRas mRNA is alternatively spliced into the 4A 
and 4B forms. KRas 4B is commonly referred to as KRas. All four Ras isoforms have nearly identical G-domains comprised of a GTPase 
domain that binds and hydrolyzes GTP, and two switch regions I and II that undergo conformational change upon GTP loading to enable 
effector binding. The four isoforms differ in the last ~20 amino acids known as the hypervariable region (HVR), which contains a linker 
region (residues 166-186) and a CAAX (C=Cys; A=Aliphatic; X=any) box. After synthesis, Ras proteins are first farnesylated at the last Cys 
residue in the CAAX box. The AAX residues are subsequently removed and, depending on the Ras isoform (i.e., the sequence of the HVR), 
the protein can be further modified by different lipids. The post-translational modifications are critical to the correct membrane localization 
of Ras. HRas is dually palmitoylated, NRas and KRas 4A are mono palmitoylated, and KRas is not palmitoylated.  
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signaling, a new paradigm for Ras biology with profound 
implications to both our basic understanding of Ras biology 
and pharmacological targeting of mutant Ras in cancer. The 
Ras dimer scheme unifies the Receptor-Ras-Raf-Mek-Erk 
pathway into a dimerization-dependent signaling cascade. 
Clinically it may now be possible to inhibit mutant Ras 
activity through disruption of Ras dimers. For these 
promising prospects, there is growing interest in deciphering 
mechanisms that regulate Ras dimer formation and signaling 
in cells. Although little is known about what drives Ras 
dimer formation and what determines the signaling outcome, 
hints from literature point to several potential dimerization 
‘hot spots’ that may deserve further validation. With 
increasing effort focused on this new aspect of Ras biology, 
we anticipate future studies to reveal critical components 
integral to Ras – effector complexes that regulate Ras dimer 
formation and signaling outcome. Ultimately, these 
mechanistic insights will guide the development of novel 
therapeutic strategies for attacking mutant Ras in human 
cancers.

2. HISTORICAL OBSERVATIONS OF RAS 
MULTIMERS 

 Ras has long been considered as a monomeric GTPase 
[1, 2], because the vast majority of biochemical studies have 
utilized truncated Ras (G-domain only and monomeric in 
solution) and focused on Ras properties that do not require 
Ras multimer formation, such as the GTPase or effector 
binding, where it appeared that Ras is fully functional as a 
monomer. These studies almost unanimously revealed Ras 
functioning as monomers in solution. Intriguingly, whilst a 
significant fraction of Ras structures in the PDB database 
showed Ras oligomers [53, 55, 56], such structures were 
viewed as packing artifacts and hence the potential biological 
significance of Ras multimers has been overlooked, a similar 
situation to what happened in the case of Raf dimers [57]. 

 With the dominant view of Ras as a monomer, little 
attention has been paid to the existence of higher order 
structures of Ras prior to the year 2000, nearly four decades 
after the initial discovery of Ras [58]. In 1988, Santos et al. 
reported that p21 Ras (specifically HRas) forms oligomers 
(between 2- to 4-mers) by using a radiation-inactivation 
method [59], which measures remaining protein activity after 
exposing biological specimen to varying doses of radiation. 
The probability of a protein complex being damaged and 
hence losing activity is dependent on both the size of each 
subunit and the number of subunits, permitting determination 
of the ‘functional’ size of a protein complex [60]. Using 
GTP-binding as an indicator for Ras activity, it was found 
that HRas is either a trimer or a mixture of different sizes of 
multimers (such as dimers and tetramers) when binding to 
GTP. To date, it has remained unclear why GTP-binding of 
Ras would involve Ras multimers as shown in this study, 
and the finding went largely unnoticed until very recently. 

 It was not until 2000 when Ras multimer formation was 
reported again. Inouye et al. used a cell-free system to show 
that modified KRas produced in insect cells can activate Raf 
when incorporated into the membrane of phosphatidylcholine 
liposomes, but not when it is in solution [61]. By treating 
liposomes containing modified KRas with a bifunctional, 
amine-reactive crosslinker (EGS), Ras dimers could 
subsequently be identified using electrophoresis and western 
blotting. Wild type Ras seemed to crosslink to a similar 
extent to mutant Ras. Additionally, a split β-galactosidase 
assay demonstrated that Ras proteins directly interact with 
each other on the cell membrane. These observations suggest 
that Ras can form dimers (and potentially higher order 
structures) on the membrane and not in solution, and more 
importantly that Ras-Ras interactions are important to Raf 
activation in cells. Nevertheless, a direct link between Ras 
dimer formation and Raf activation was not made because 

 
 
Fig. (2). A brief timeline for research findings on Ras multimer (and dimer) formation. 
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Ras dimers were only detected after crosslinking. Without a 
direct measurement of Ras stoichiometry in cells under 
signaling conditions, the results could be alternatively 
interpreted by the formation of Ras multimers. 

 In 2003, three year after the Inouye experiment, the 
hypothesis of Ras forming multimers in cells was further 
illuminated by using immuno-EM to image Ras on the cell 
membrane [44]. This approach involves over-expression of 
GFP-Ras (full length or just the C-terminal HVR) in cells 
followed by mechanical ripping of the apical membrane onto 
EM grids and subsequent fixation, immuno labeling, and EM 
observation. The ability to directly visualize Ras proteins on 
the membrane with nanometer spatial resolution allowed a 
much more detailed investigation of the spatial localization 
and multimerization of Ras on the cell membrance, which 
had not been achieved previously. In the decade or so that 
followed, a series of immuno-EM investigations by the 
Hancock lab and associates revealed that Ras organizes into 
isoform-specific domains termed nanoclusters (multimers) 
on the cell membrane through their C-terminal HVR [44-46, 
62-64]. Different Ras isoforms seem to cluster independently 
of each other and differ in their dependence on other cellular 
components. For instance, KRas clustering seems to depend 
on an intact cellular actin cytoskeleton while HRas clustering 
does not [45]. H-, N-, and KRas all seem to form 5-8 
membered nanoclusters regardless of nucleotide binding 
status, but the nanoclusters of some (such as H- and N-) Ras 
isoforms may exhibit different properties depending on 
whether Ras is GTP- or GDP-bound [63-65]. These findings 
were corroborated by both computer simulations [66-68] and 
fluorescence microscopy [46, 64]. 

 Immuno-EM experiments have helped to uncover a novel 
aspect of Ras biology – regulation through spatial mechanisms 
– in addition to biochemical mechanisms that were focused 
on in previous studies. The spatial segregation of different 

Ras isoforms into distinct nanodomains on the cell membrane 
provides a plausible explanation to the non-redundant 
biological functions of H-, N-, and KRas [9, 45]. However, 
the limitations of these immuno-EM studies are also 
obvious: using membrane peel-offs may disrupt the native 
distribution of Ras molecules [44], and over-expression of 
Ras to overcome the low labeling efficiency in immuno-EM 
[45] may also alter Ras multimer formation, a property likely 
sensitive to protein concentration. These limitations raise 
questions regarding the existence and physiological 
relevance of Ras nanoclusters, and it has remained unclear 
which entities – monomers, dimers, or multimers – are the 
fundamental signaling units of Ras (Fig. 3). 

3. RECENT STUDIES DEFINING RAS DIMERS 

 Another decade passed by after the first report on Ras 
nanoclusters, and evidence from several recent studies have 
started to converge on the notion that while Ras can form 
multimers, Ras dimers are likely the fundamental unit of Ras 
organization and signaling both in vitro and in cells [51-54, 
69-71]. Importantly, these studies have employed a variety of 
biophysical, biochemical, and structural techniques, and Ras 
dimers were observed in both synthetic systems and in cells. 
Hence, coincidental observation of Ras dimers in all these 
studies provided strong, corroborative evidence for the 
existence and the physiological significance of Ras dimers, 
despite the remaining discrepancies that most likely have 
resulted from the different setups in biology and methodology. 

 In 2012, Güldenhaupt et al. showed that NRas forms 
dimers on an artificial POPC membrane [53]. The authors 
used attenuated total reflectance Fourier transform infrared 
(ATR-FTIR) technique to probe the orientation of NRas 
synthetically attached to supported POPC bilayers on a 
germanium surface. They found that the stable orientation of 
NRas on the membrane has a tilt angle of 23º, defined as the 

 
 
Fig. (3). Quest for the fundamental signaling unit of Ras. Raf kinase is a main signaling effector of Ras and is known to function as a 
dimer, raising the question of whether Ras would also function as a dimer (middle). Existing models view Ras either as a monomer (left) or 
as a 5-8 membered nanocluster (right). 
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angle between the axis representing the sum of the long axes 
of all α-helices and the membrane normal, in contrast to 
molecular dynamics (MD) simulations of Ras monomers on 
artificial membranes that predicted a much larger tilt angle 
(~80º) [64, 72]. MD simulations of Ras dimers of certain 
configurations as inspired by existing crystal structures 
suggest that the small tilt angle likely results from a Ras 
dimer (or a Ras multimer), a hypothesis corroborated by 
fluorescence resonance energy transfer (FRET) experiments 
that showed close Ras-Ras contacts on the membrane.  

 In 2014, HRas was also found to form dimers when 
tethered to artificial membranes via a synthetic linker at the 
C-terminus [54], this time by using time resolved fluorescence 
correlation spectroscopy (FCS) and single molecule stepwise 
photobleaching, both suited for measuring molecular 
stoichiometry. FCS measures molecular diffusion rates with 
very high temporal resolution, thus allowing sensitive 
detection of changes in molecular associations that typically 
result in changes in diffusion behavior [73, 74]. For example, 
HRas monomers diffuse at a measured rate of ~3.4 µm2/s 
whereas the putative HRas dimers would diffuse much more 
slowly at ~0.8 µm2/s. Stepwise photobleaching measurements 
on fluorescently labeled and sparsely spotted Ras molecules 
directly showed that the species diffusing at slower (~0.8 
µm2/s) rates has a Ras stoichiometry of 2 and that diffusing 
at the fast rate (~3.4 µm2/s) comprises only 1 Ras molecule. 

 While the above two studies indicated that Ras dimerization 
takes place on the membrane and not in solution, Ras dimers 
in solution as a result of direct G-domain interactions have 
also been reported very recently [52], when this review was 
in preparation. Muratcioglu et al. used a suite of tools such 
as dynamic light scattering (DLS), FRET, and NMR to study 
multimer formation of KRas in solution. With DLS, the 
authors observed that the catalytic domain (i.e., the G-
domain or residues 1-166) of KRas forms stable dimers with 
a dissociation constant (Kd) around 1 µM in solution upon 
(fresh) loading of a GTP-analog, and that the GDP-bound 
form dimerizes to a much lesser extent. FRET measurement 
suggests the intermolecular distance (between the C118 
residues of the two Ras molecules) to be less than 39 Å, 
indicating a close interaction between the two Ras molecules 
within the dimer. NMR with chemical shift perturbations by 
dilution (to reduce dimers) helped to further define the 
residues sitting at the dimer interface. It is worth noting that 
the full length KRas (residues 1-188) consisting of both the 
G-domain and the HVR region can further associate and 
form tetramers in the absence of a membrane. For reasons 
not yet clear, the solution dimers could only be observed 
when GTP-γ-S but not GppNHp is used as the GTP analog.  

 In parallel, significant efforts have been ongoing to 
define the existence and biological functions of Ras dimers 
in normal and diseased cells [51, 75]. To this end, in 2013 
we have developed a quantitative superresolution imaging 
approach [69] based on the recent photoactivated localization 
microscopy (PALM) [48, 50] for mapping biomolecules in 
intact cells with nanometer spatial resolution and single 
molecule counting precision. As a major breakthrough in 
biological imaging, PALM and the closely related stochastic 
optical reconstruction microscopy (STORM) [49, 76] break 
the resolution limit in conventional light microscopy through 

subdiffractive localization of single fluorescent molecules 
that are stochastically switched on and off. When using 
appropriate fluorescent probes such as PAmCherry1 [77] 
that switch on only once during the image acquisition 
process, these techniques allow simultaneous localization 
and counting of the tagged molecules [69]. For example, we 
and others have recently demonstrated that it is possible to 
directly visualize protein multimer formation in cells using 
quantitative PALM [69, 78-81].  

 With quantitative PALM, we were able to directly 
visualize KRas-GTP dimers and multimers in cells, as first 
alluded to in a report in 2013 [ref. 75] and then reported in 
full in 2015 [ref. 51]. PALM imaging of PAmCherry1 
tagged KRas revealed that both GDP- and GTP-bound KRas 
molecules aggregate to form dimers and occasional higher 
order multimers at physiologically relevant expression levels 
(Fig. 4). At this expression level, KRasG12D, an activated 
mutant that constitutively binds GTP, but not wild type  
KRas (GDP bound), activates the Raf-MAPK pathway. 
Overexpression of KRas leads to formation of higher order 
Ras multimers (clusters); this is similar to that previously 
observed with immuno-EM, which also implies that the 5-8 
membered Ras nanoclusters discussed in literature probably 
resulted from protein overexpression. At lower expression 
levels, KRas appears monomeric on the membrane and 
KRasG12D cannot activate Raf-MAPK signaling unless forced 
into dimers (e.g. by using an artificial dimerization system). 
The quantitative nature of PALM also allowed us to 
determine that a density of ~6 Ras-GTP dimers per µm2 – 
that is, a total of ~2,000 dimers per cell if assuming a total 
membrane area of 300 µm2 for a typical mammalian cell – is 
already sufficient to activate Raf-MAPK signaling. Together, 
these observations demonstrate the existence of Ras dimers 
in cells and establish a direct link between Ras-GTP dimer 
formation and Raf-MAPK pathway activation [51]. 

4. RAS FUNCTIONING AS A DIMER: A NEW 
PARADIGM FOR RAS BIOLOGY 
 Ras is the last component known to function as a dimer 
in the canonical Receptor-Ras-Raf-Mek-Erk (Ras-MAPK) 
signaling cascade. Receptor tyrosine kinases (RTKs) such as 
the ErbB family receptors EGFR, HER2, HER3, and HER4 
are classical examples of dimerization-dependent signal 
transducers, where both homo- and heterodimers are involved 
in receptor trans activation [82]. Downstream of Ras, the 
Raf kinase also functions as a dimer in activating Mek, again 
both as a heterodimer (for example that between B- and 
CRaf) and as a homodimer (for example BRaf:BRaf or 
CRaf:CRaf) [57, 83-85]. This dimerization-dependent signaling 
mechanism of Ras is involved in physiological as well as 
pharmacological activation of the MAPK pathway [57, 86, 
87]. Further downstream, Mek [88, 89] and Erk [90, 91] 
have similarly been shown to form dimers, although in these 
cases the exact configuration of those dimers (e.g. hetero- 
versus homodimers) and the roles of dimerization in signaling 
are not as well defined.  

 Based on the existing findings described above, it is 
reasonable to believe that Ras-GTP dimers may be the basic 
signaling units of Ras, as illustrated in the model shown in 
(Fig. 5). In this model, Ras-GTP monomers can each bind an
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Fig. (4). Single-molecule superresolution imaging of Ras dimers in cells. BHK21 cells stably expressing PAmCherry1-KRas G12D (an 
activated mutant of KRas that constitutively binds GTP) under doxycycline (Dox) regulation was treated with 1 or 2 ng/mL Dox for 48-72 
hours before being fixed and imaged with photoactivated localization microscopy (PALM). Images were acquired under total internal 
reflection (TIR) illumination conditions to limit the excitation volume to the basal membrane of the cells. Each dot in the PALM images 
represents one putative PAmCherry1-KRas G12D molecule. (a) At 1 ng/mL Dox, PAmCherry1-KRas G12D is expressed at a level much 
lower than that of endogenous KRas and appears monomeric, when the level of phosphorylated Erk (ppErk) is also low as shown in the inset, 
indicating little activation of the Raf-MAPK signaling pathway; (b) At 2 ng/mL Dox, PAmCherry1-KRas G12D is expressed at a level 
similar to that of endogenous KRas, and dimers (and occasional higher order multimers) of PAmCherry1-KRas G12D could now be 
observed. Image on the right is the zoomed view of the boxed area in the image on the left. White arrows indicate putative KRas dimers. 
Under this condition, ppErk level is significantly higher, indicative of an activated Raf-MAPK pathway. Scale bars, 250 nm in (a) and (b, 
left), and 100 nm in the zoomed view (b, right). 
 

 
 
Fig. (5). A dimer model for Ras-mediated effector activation. (Left) GTP-loaded Ras can each recruit an effector molecule onto the 
membrane, but the event alone does not activate the effector. The effector is activated when two Ras-GTP molecules form a dimer to also 
bring two effector molecules into a dimer, which in turn initiates oncogenic signaling. Multiple factors, including membrane binding through 
the lipid-modified HVR, scaffold proteins, and direct G-domain contacts, could contribute to the dimer formation and hence oncogenic 
activity of Ras; (Right) Mechanisms that disrupt Ras dimer formation would also inhibit Ras-mediated oncogenesis and therefore could be 
exploited for anti-cancer therapy. 
 
effector but cannot fully activate the latter until two Ras-
GTP molecules form a dimer and cause the two bound 
effector molecules to also dimerize. This model is a 
generalized version of the one that we presented recently 
[51], where only Raf was depicted as the effector. Our 

unpublished data suggest that Ras dimers may also activate 
PI3K-Akt, another important effector of Ras. Moreover, 
crystal structures of Ras in complex with RalGDS (for 
example, PDB entry 1LFD) apparently show a Ras dimer 
with a RalGDS dimer [92, 93]. Together, these data and 
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analyses strongly support the hypothesis that Ras dimers 
may be generally implicated in Ras-mediated effector 
activation. Hence, the biological activity of Ras is not only 
regulated by GTP-loading and membrane localization, but 
also by protein dimerization. 

 To date, the best validation for the Ras dimer signaling 
model is with the Raf kinase. As discussed earlier, it has now 
been well established that Raf kinases form dimers in cell 
signaling processes [57, 84, 85]. Reports on Raf forming 
both heterodimers and homodimers in the presence of active 
Ras have brought up speculations that Ras may itself 
dimerize [83-85]. More recently, biochemical, structural, and 
imaging studies have further defined Raf dimers; the dimer 
interface between two Raf promoters within a dimer has 
been identified [57], and it has become clear that the two Raf 
molecules in a dimer do not need to both possess kinase 
activity to make an active dimer [94]. Interestingly, when 
Raf is activated in cells by mutant Ras, dimers as well as 
occasional higher order multimers (trimers and tetramers) 
were observed, likely because the multimer formation of Raf 
is driven by the clustering (multimer formation) of Ras  
[69]. Lastly, by combining bimolecular fluorescence 
complementation with quantitative PALM imaging (BiFC-
PALM), we demonstrated that Ras-Raf RBD complexes can 
further dimerize to yield a tetrameric Ras-Raf RBD complex 
with two copies of Ras and two copies of Raf (RBD), which 
presumably is the intermediate protein complex during Ras-
mediated Raf activation [70]. These observations provided 
further evidence that Ras-Raf signaling involves dimerization 
of both proteins. Biochemical tools derived from these 
studies, such as dimerization-deficient Raf mutants, have 
also become useful in deciphering the mechanisms that 
regulate Ras dimer formation in vitro and in cells. 

 While more validations of the Ras dimer signaling model 
are underway, it is already interesting to consider the basic 
and translational implications of this model. Above all, the 
recent findings call to revise the current monomer model of 
Ras signaling found in biology textbooks and in literature; 
that the whole Receptor-Ras-Raf-Mek-Erk pathway depends 
on dimer formation also advocates the concept of protein 
dimerization as a general regulation mechanism of cellular 
processes [95-97]. The model also calls to revisit the theory 
that active Ras is a 5-8 membered nanoclusters on the 
membrane. Although Ras can form higher order ‘clusters’ 
when overexpressed, at physiological expression levels the 
predominant form is dimers and dimers are sufficient to 
activate effectors. Hence, the smallest ‘cluster’, i.e., a dimer, 
may be all that is needed. It remains to be seen whether it is 
the same cellular mechnaisms that regulate Ras dimers and 
nanoclusters formation. Some speculated that Ras dimer 
formation may promote formation of Ras nanoclusters [71]; 
it is also possible that the processes that drive the formation 
of Ras nanoclusters – for example, partitioning of Ras 
monomers into lipid domains with restricted dimensions – 
could facilitate Ras-Ras interactions and hence Ras dimer 
formation. 

 But why dimers? The answer could be manifold, and 
findings from prior research on the clustering properties of 
other signaling molecules may be applicable here [95-98]. 
Among others, clustering of signaling molecules has been 

known to improve resistance to noise due to spontaneous 
fluctuations in the input signal, as also previously discussed 
in the context of Ras nanoclusters [46, 99]. If two Ras-GTP 
molecules are needed to make an active signaling dimer, 
then spontaneous GTP-loading of Ras will mostly give rise 
to inactive Ras-GTP:Ras-GDP heterodimers, and hence no 
actual signaling activity will be propagated downstream. 
Conversely, when there is actual upstream signal that causes 
Ras to be loaded with GTP, it can be expected that the Ras 
pathway activity will rise more quickly to maximum when 
Ras signals as a dimer or a multimer than when Ras signals 
as a monomer; dimer or multimer formation thus helps yield 
a switch-like response, a feature that would otherwise be 
missing if Ras were to act as a monomer [99]. 

 The requirement of two Ras-GTP molecules to make an 
active Ras dimer may also help explain a long-standing 
observation in vivo that wild type Ras can act as a tumor 
suppressor in cells with heterozygous Ras mutations [32, 
101-103]. Cells often do not become transformed when they 
acquire an activating mutation in just one endogenous Ras 
allele but instead do so until they acquire an activating 
mutation in or lose the second, wild type Ras allele [104, 
105]. This is in accordance with observations that, despite 
the high incidence of cells harboring KRas mutations in 
healthy individuals, only a very small fraction actually 
develops into cancers, thus suggesting that only cells with 
KRas-GTP levels above a certain threshold (to make 
sufficient Ras-GTP dimers) could initiate oncogenesis [106]. 
Mechanisms underlying these observations have been 
unclear but may now be explained by the Ras dimer model. 
That said, the interactions between wild type and mutant Ras 
in cells is likely more complicated than merely dimer and/or 
multimer formation, as demonstrated in a recent study [107]. 

 The translational implications of the Ras dimer signaling 
model are also evident and stimulating. Ras is the top most 
mutated genes in human cancers, but historically it has been 
difficult to inhibit mutant Ras activity for cancer therapy 
[23-25]. Despite the more recent progresses [108, 109], 
drugging Ras has remained a major challenge in current 
cancer medicine. Pharmacological targeting of downstream 
effectors such as Raf and PI3K has also had limited success, 
in part due to activation of altemative Ras effector pathways 
upon release of feedback loops by the targeted inhibition 
[110, 111]. If Ras-GTP dimers were required for the 
activation of Raf, PI3K, and potentially other Ras effectors 
that are central to mutant-Ras mediated tumorigenesis, then 
disruption of Ras dimers could inhibit these effector 
pathways in tumor cells all at once, potentially offering a 
more effective therapeutic strategy than what is currently 
available (Fig. 5).  

 Additionally, mutant Ras has been linked to tumor 
resistance to existing cancer therapies. In such cases, 
disruption of Ras dimers may also prove beneficial to 
improving the efficacy of those therapies, provided that the 
resistance is mediated through Ras dimers. For example, 
melanoma tumor cells harboring mutant Ras would not 
respond to Raf inhibitors such as Vemurafenib (PLX-4032). 
Instead, treatment with PLX-4032 (or many other Raf 
inhibitors) results in paradoxical activation of Raf-MAPK 
and accelerates tumor growth through Ras-dependent Raf 
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dimer formation [39, 86, 87]. In our recent work, we showed 
that cells expressing low levels of mutant KRas could be 
efficiently killed by serum starvation or MeK inhibition, but 
co-incubation of the cells with a small molecule that forces 
KRas-GTP into dimers rescued the cells [51]. These 
observations suggest that at least under some conditions, 
resistance of Ras-mutant tumor cells to MAPK pathway 
blockade is mediated by Ras dimers, thus demonstrating the 
value of disrupting Ras dimer formation in cancer therapy. 

5. POTENTIAL MECHANISMS REGULATING RAS 
DIMER FORMATION AND SIGNALING 

 Therapeutic targeting of mutant Ras in cancers through 
disruption of Ras dimers requires a clear understanding of 
the mechanisms that regulate Ras dimer formation and 
signaling. To date, little is known in this respect since Ras 
dimers have rarely been addressed in literature. Nevertheless, 
previous biochemical, structural, and imaging studies have 
provided hints to understanding Ras-Ras interactions, for 
example in the context of Ras nanoclusters formation [65, 
67]. Existing crystal structures of Ras may also shed some 
light on the potential orientations of Ras molecules within a 
dimer or multimer. Based on existing data and analysis, we 
propose that at least three potential mechanisms exist for 
regulating Ras-Ras dimer formation: the HVR that mediates 
Ras-Ras and Ras-membrane interactions, scaffold proteins, 
and G-domain contacts; these are depicted in (Fig. 6). 

 In our recent study, we have shown that Ras dimer 
formation in cells appears to be mainly mediated by the 
HVR [51]. The HVR of Ras comprises the last ~20 amino 
acids at the C-terminus, which includes the CAAX motif 
required for initiating post-translational modifications and 
hence correct localization of Ras to the plasma membrane [5, 
6, 113]. In the case of KRas (4B), membrane targeting is also 
facilitated by the positively charged lysine residues in the 
HVR [5]. By comparing the dimer formation properties of 
PAmCherry1 tagged full length KRas wild type, the G12D 
mutant, and the HVR only, we found that the HVR alone is 
sufficient to cause dimer formation, whereas the G-domain 
appears to be dispensable. We note that this observation only 
suggests a dominant role of the HVR in promoting Ras 
dimerization and does not rule out the potential (albeit 
secondary) contributions of the G-domain. 

 At present, it is unclear how the HVR can mediate Ras 
dimerization, but the increased effective concentration of 
molecules after localization to the membrane may be in part 
responsible. A recent study shows that whilst GTP-bound 
catalytic domain (without the HVR) of KRas can form stable 
dimers in solution, the Kd is only on the order of 1 µM [52]; 
to turn this relatively weak interaction into effective dimer 
formation, it would require ~106 Ras molecules if they were 
in the cytosol, assuming that the cell volume is approximately 1 
picoliter. Using quantitative PALM in combination with 
western blotting, we have measured that there are on the 

 
 
Fig. (6). Potential mechanisms regulating Ras dimer formation and signaling. (a) Lipid anchors (175KKKKKKSKTKC(Far)OMe) of two 
KRas C-terminal HVR’s placed in a lipid bilayer. The C-terminal amino acid residues are rendered in sticks and colored by residue number. 
The farnesyl group is in cyan (Far). The lipid bilayer head groups are shown in lines, with lipid tailed colored in gray and lipid head groups 
colored using the “atomic name” scheme; (b) Scaffold proteins such as galectins and integrins may facilitate Ras dimer formation. For 
example galectins may interact with Ras either directly (left) or through integrin (right) to cause Ras to dimerize or cluster. Relative positions 
of the proteins are putative and may not reflect the actual spatial arrangement; (c) Predicted G-domain interfaces for NRas-GDP (left) and 
KRas-GTP (middle and right). Figures were reproduced based on information in references (53; left) and (52; middle and right), respectively. 
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order of 104 KRas molecules per cell (in the case of BHK21 
or HEK 293 cell lines), a similar result to a previous 
measurement using a different approach [114]. As such, 
confinement of Ras to a two-dimensional membrane would 
seem necessary and effective to enhance dimer formation.  

 Moreover, as alluded to earlier, partitioning of Ras 
molecules to nanoscopic membrane domains may further 
increase the local concentration of Ras molecules [65] to 
compensate for the 2 orders of difference between the actual 
and the required Ras concentrations for effective Ras-Ras 
interactions. Physical partitioning of Ras on the membrane is 
in part through interactions between the lipid-modified HVR 
and the membrane lipid bilayer [66, 68], which can be 
modulated by local lipid and protein compositions. Of note, 
different Ras isoforms have different lipid modifications and 
accordingly, segregate into different membrane nano-
domains. For example, while KRas preferentially localize to 
liquid disordered domains of the membrane, HRas resides in 
cholesterol-rich, ordered domains, and NRas lives at the 
boundary [45, 65]. As a result, Ras may exhibit isoform-
specific dimerization properties on the membrane (and/or in 
the cytosol), although dimers are likely needed in all cases,  
as well as different potencies in activating Raf, PI3K and 
other effectors despite their homologous G-domains.  

 A recent molecular dynamics (MD) simulation suggested 
an alternative mechanism through which Ras may interact 
through their HVRs [100]. Specifically, the positively 
charged HVR of KRas does not insert into ordered lipid 
domains and instead folds into a specific conformation to 
directly interact with the HVR of another KRas to form a 
dimer in the aqueous phase (albeit still attached to the 
membrane). Direct interactions between the HVRs of KRas 
may also be responsible for the observed tetramers of full 
length KRas in solution in the absence of lipids [52]. At 
present it seems difficult to verify whether this direct HVR-
HVR interaction at the membrane is strong enough to cause 
KRas dimer formation in cells. Our MD simulations have 
revealed a weak association between lipid-modified KRas 
HVRs and suggested that the HVRs can in fact insert into 
ordered lipid domain where they aggregate with each other 
as a result of ordered-disordered phase segregation (Fig. 6a; 
unpublished data). It is also worth noting that in all the MD 
simulations, the HVRs of KRas do not appear to repulse 
each other to prevent dimer formation as some believed 
[115], despite the positive charges carried by the poly-lysine 
string, likely due to the screening effects from the 
neighboring phospholipid head groups (negatively charged) 
and water molecules (polarizable).  

 Second, scaffold proteins may also regulate Ras dimer 
formation and signaling output (Fig. 6b). Many signaling 
processes involve scaffold proteins, such as KSR in 
Raf/Mek/Erk signaling [116]. Previous studies on Ras 
nanoclusters have implicated several classes of proteins, 
including galectins [117, 118] and integrins [41], in 
modulating the spatial organization and signaling activity of 
Ras on the cell membrane. In particular, galectin-3 interacts 
with GTP-bound KRas and promotes KRas-mediated cell 
transformation through the MAPK and PI3K signaling 

pathways [118, 119]. Expression of non-oncogenic galectin-
3 in the human breast cancer cell line BT-549 inhibits cell 
transformation as judged by foci formation. Similarly, 
galectin-1 was shown to interact specifically with GTP-
bound HRas, which stabilizes HRas-GTP nanocluster and 
prolongs the duration of Ras-mediated Erk activation [44, 
117, 120]. Galectin-1 knock down by siRNA inhibits HRas 
G12V (an activating mutant, GTP-bound) mediated cell 
transformation, demonstrating a critical role of galectin-1 in 
HRas-GTP signaling [117].  

 While these results have been interpreted in the context 
of Ras nanoclusters, it is possible that the bi- and multivalent 
galectins can also promote Ras signaling by enhancing the 
dimerization of GTP-bound Ras. In particular, galectin-1 
exists as a dimer in solution and in crystal [121], and 
coincidentally our unpublished results show that HRas also 
likely functions as a dimer, suggesting that the role of 
galectin-1 may be to help HRas-GTP to dimerize (Fig. 6b, 
left). Interestingly, galectin-3 is a multivalent lectin that 
tends to form oligomers [121, 122], although KRas has been 
shown to form dimers. Nevertheless, a more recent study 
suggests that interactions between galectins-3 and KRas may 
be indirect and mediated through integrins (Fig. 6b, right) 
[41]. A more thorough search with functional siRNA/ 
shRNA screens or other approaches will help identity more 
scaffold proteins for Ras dimer formation and signaling. 

 Aside from regulating Ras dimer formation and hence 
Ras signaling intensity and duration, scaffold proteins may 
also modulate the signaling specificity of Ras dimers. For 
example, expression of galectin-1 promotes HRas signaling 
to Raf but not PI3K, suggesting that dimers of the HRas: 
Galectin-1 complex may be either located in membrane 
partitions more easily accessible to Raf than PI3K, or 
residing in a conformation that favors binding to Raf over 
PI3K [123]. In BT-549 breast tumor cells, galectin-3 
expression upregulated activities of both Raf and PI3K but 
surprisingly resulted in lower activation of Erk (MAPK) 
[118]. While mechanisms of how scaffold proteins alter the 
signaling specificity of Ras are unclear, we anticipate that 
other scaffold proteins for Ras dimers, should there be any, 
could act through similar mechanisms to direct Ras dimer 
signaling to various downstream effectors and in so doing 
achieve versatile and context-specific signaling outcomes.  

 Third, direct protein-protein contacts in the G-domain 
can also contribute to Ras dimer formation (Fig. 6c), as 
suggested by a few recent studies [52, 53, 100]. Although 
Ras has been viewed as a monomeric GTPase, a large 
number of structures deposited in the PDB database actually 
reveal Ras multimers [53]. However, at present no accurate 
dimer conformation pertinent to effector activation could be 
directly inferred from these structures. According to one 
study, the modeled NRas dimer structure on POPC based on 
NMR, FRET, and ATR-FTIR measurements suggests that 
residues D47, E49, R135, R161, and R164 participate in 
dimerization (Fig. 6c, left) [53]. These G-domain residues 
are located at allosteric sites opposite to the GTP-binding 
and effector binding regions. Among these, D47 and E49 are 
at the turn between β2 and β3, R135 at α4, and R161 and 
R164 at α5. Consistent with these hypotheses, a paper by 
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Solman et al. has just been published demonstrating that 
mutations at residues D47, E49, R128, and R135 in H-, N-, 
and KRas can modulate Ras signaling activity, potentially by 
altering Ras multimer formation [124]. 

 Interestingly, formation of HRas dimers on artificial 
membranes appears to be dependent or coupled to residue 
Y64 instead, which is located within the switch II region and 
responsible for binding to SOS and PI3K. Since dimers were 
the only multimers observed and the mutation Y64A 
eliminated HRas dimers completely, the experiments would 
suggest that there are no secondary dimer interfaces with 
comparable strength [54]. Intriguingly, however, the Y64A 
mutation did not seem to affect KRas dimer formation or 
signaling in cells despite the fact that Y64 is conserved 
between all major Ras isoforms [51], potentially highlighting 
the influence of cellular and molecular context on Ras dimer 
configuration and function. 

 In a more recent study, two different dimer structures of 
KRas G-domain, namely α- and β-dimers, were predicted 
using a template-based protein-protein complex structure 
prediction algorithm (PRISM) [52]. In the α-dimer, the 
dimer interface is between the α3 and α4 helices, where the 
α3 of one Ras protomer is in close contact with the α4 of the 
other (Fig. 6c, middle). The more populated β-dimer has a 
dimer interface along β2 and overlaps extensively with the 
switch I and II regions (Fig. 6c, right). Since the switch 
regions are responsible for effector binding, the β-dimer is 
presumably inhibitory to Raf or PI3K activation. Existence 
of the two dimer interfaces was partially verified with NMR, 
but their biological relevance in a cellular setting is still to be 
determined. 

 Apparently, while the three studies predicted and in some 
cases, partially verified the G-domain interface, there has not 
been a consensus as to where the G-domain interface lies. 
The discrepancies may in part arise from the different 
experimental setups such as the inclusion or omission of a 
lipid bilayer and the use of synthetic tethers to anchor Ras to 
the membrane. Another important factor to consider is the 
impact of effector binding on the overall conformation of 
Ras; although crystal structures of Ras-effector seem to 
suggest that the overall conformation of Ras remains similar 
after effector binding, the binding may still significantly alter 
the exposed surface of Ras (and the effector itself), 
potentially resulting in different Ras dimer conformation 
than that predicted based on a ‘free’ Ras protein in solution 
or one tethered to artificial membranes.  

 Aside from the three mechanisms discussed above, other 
mechanisms may exist to regulate Ras dimer formation 
and/or modulate its signaling outcome. Regulating Ras 
dimerization offers an alternative strategy for modulating 
Ras signaling intensity and/or duration without having to 
change the expression level of mutant Ras or the amount of 
Ras-GTP. Depending on the cellular context and the 
interacting partners of Ras, different mechanisms may 
dominate to yield a different Ras dimer and generate a 
context-specific signaling outcome. For example, expression 
of galectins-3 redirects breast cancer cells from using NRas 
to using KRas for oncogenic signaling, perhaps by 
promoting KRas but not NRas dimer formation [125]. In 

tumors, certain signals (such as cytokines) or factors (such as 
the extracellular matrix components and the integrins) from 
the microenvironment may also promote oncogenic signaling 
of Ras by enhancing Ras dimerization.  

6. CONCLUDING REMARKS 

 Historical and recent studies have provided strong 
evidence for the existence and physiological relevance of 
Ras dimers, a previously unappreciated aspect of Ras 
biology. While further investigations are needed to fully 
establish Ras dimers as the functional unit of Ras signaling 
in cells, the Ras dimer signaling model offers a new 
framework for understanding how Ras organizes spatially 
and interacts with effectors on the membrane and how such 
interactions may be regulated to generate specific output 
with versatility. Some unresolved issues, such as the role of 
wild type Ras as a tumor suppressor in cells co-expressing 
mutant Ras, could potentially be explained by the Ras dimer 
model. Future studies will need to further define the role of 
Ras dimers in activating other effectors (such as PI3K and 
RalGDS) and more generally in mediating oncogenesis and 
therapeutic resistance, the existence and physiological 
relevance of the dimers of other Ras family members (such 
as H- and NRas), and the mechanisms that regulate Ras 
dimer formation and interaction with effectors. Facilitated by 
emerging research tools, these investigations will likely 
reveal many more interesting aspects of Ras dimer biology 
and help to identify ‘hot spots’ within the Ras signaling 
complexes that are potentially actionable. For the promising 
prospect of Ras dimers in basic biology and translational 
medicine, we anticipate a boom of research activities on this 
topic in the years to come. 
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