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Abstract

Calmodulin (CaM) uniquely promotes signaling of oncogenic K-Ras; but not N-Ras or H-Ras. 

How CaM interacts with K-Ras and how this stimulates cell proliferation are among the most 

challenging questions in KRAS-driven cancers. Earlier data pointed to formation of a ternary 

complex consisting of K-Ras, PI3Kα and CaM. Recent data point to phosphorylated CaM binding 

to the SH2 domains of the p85 subunit of PI3Kα and activating it. Modeling suggests that the high 

affinity interaction between the phosphorylated CaM tyrosine motif and PI3Kα, can promote full 

PI3Kα activation by oncogenic K-Ras. Our up-to-date review discusses CaM’s role in PI3K 

signaling at the membrane in KRAS-driven cancers. This is significant since it may help 

development of K-Ras-specific pharmacology.
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The Puzzle of Calmodulin’s Critical Action in KRAS-Driven Cancers

How does calmodulin (CaM) act to promote oncogenic KRAS-driven cell proliferation? 

This question is highly significant, since CaM interacts only with K-Ras; but not with the 

other Ras isoforms, H-Ras or N-Ras [1–7]. K-Ras is among the most frequently mutated 
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oncogenes in human tumors [8–12], particularly in pancreatic (almost 100%), lung (35%), 

and colorectal (45%) cancers [13, 14]. K-Ras has two alternative splicing variants: K-Ras4A 

and the most abundant K-Ras4B. Elucidating CaM’s mode of action will enable developing 

K-Ras4B–specific medications [5, 12, 15–18]. Despite some clues [2, 6, 19, 20], this 

question has proven immensely challenging. NMR and modeling [2, 12] made it clear that 

CaM, a protein with a negatively charged interdomain linker can bind favorably to the 

hypervariable region (HVR) of K-Ras4B, and possibly also to that of K-Ras4A. Both HVRs 

are highly positively charged–unlike those of H-Ras or N-Ras [21]. Experimental data 

indicated that K-Ras4B’s farnesyl group, at the C-terminal of the HVR, can dock into a 

hydrophobic pocket in CaM [6, 19]. Additional interaction elements were also proposed 

[22]. However, obtaining the experimental structure of the complex of CaM and K-Ras4B 

has been elusive, likely due to the multiple ways through which CaM can interact with the 

catalytic domain of active K-Ras4B. This hampers structural determination.

There also exists the mechanistic enigma: how does CaM contribute to K-Ras4B 

proliferative signaling? This question is of paramount significance since proliferation is the 

first hallmark of cancer [23, 24]. Several hypotheses were proposed toward this aim. One 

posited that K-Ras binding to CaM reduces the activity of Ca2+-dependent protein kinase II 

(CaMKII) and expression of frizzled-8 precursor (Fzd8) protein. Depletion of Fzd8 in H-

RasG12V-transformed cells stimulates tumor initiation [15]; the thesis of another [5, 12] was 

that CaM is an integral component of a K-Ras4B/phosphatidylinositide-3-kinase α (PI3Kα) 

ternary complex, where CaM molecules bind the Src homology 2 (SH2) domains of the p85 

subunit of PI3Kα. Both hypotheses raise questions. As to the first hypothesis, the expected 

relative concentration of CaM in the tumor cell appears to be much higher than that of K-

Ras. Thus, the question is to what extent K-Ras/CaM binding would deplete cellular CaM, 

such that it would affect its activation of CaMKII. As to the second hypothesis, the ternary 

complex model indicated a direct interaction between CaM molecules and the SH2 domains 

of the p85 subunit of PI3Kα; CaM was Ca2+-bound; but not phosphorylated in line with 

earlier publications [25]. However, as we discuss below, newer compelling observations, as 

well as a body of data chronicling phosphorylated CaM molecules and receptor tyrosine 

kinases binding to SH2 domains, suggest that a phosphorylated tyrosine motif constitutes the 

major CaM element recognized by p85 SH2 domains.

CaM’s action is critical for KRAS-driven signaling in cell proliferation. Due to CaM’s 

specific binding to the K-Ras isoform, the community has invested an immense effort to 

identify the structure and understand how the binding affects oncogenic K-Ras activity. Here 

we point out that CaM may be phosphorylated in this action. This expectation, which is 

inspired by a recent report [26], coupled with earlier ones on CaM’s phosphorylation and 

signaling [27, 28], is supported by considerable additional literature, and as we discuss 

below, is in line with numerous CaM/SH2 mechanisms. Our thesis is that CaM acts 

primarily through full activation of the PI3K/Akt pathway by binding of its phosphorylated 

tyrosine (Tyr99) to the two SH2 domains of PI3Kα (Figure 1, Key Figure). Even though a 

non-phosphorylated CaM can also interact and activate PI3Kα [25], CaM’s high affinity 

interaction appears to be via a phosphorylated tyrosine motif. Although not always the case, 

SH2 domains tend to interact with phosphorylated substrates. Full activation of PI3Kα is 

essential for tumor proliferation because of its critical role in regulation of cell growth [24].
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CaM Interacts Directly with PI3Kα

In a seminal paper published almost two decades ago, Sacks and coauthors [25] pointed to 

CaM’s interacting directly with PI3Kα through its p85 subunit. By incubating CaM-

Sepharose with glutathione S-transferase (GST) fusion proteins containing various regions 

of p85, the authors identified the CaM-binding region of p85, observing that the carboxyl-

terminal SH2 domain (cSH2) bound to the CaM-Sepharose. Longer exposure revealed the 

binding of the N- terminal SH2 domain (nSH2) as well, suggesting that nSH2 binds with 

lower affinity than cSH2. At the time, the mode of CaM interaction was unknown; however, 

insulin has been known to activate PI3K by promoting the interaction of the SH2 domains 

with specific phosphotyrosine-containing motifs of insulin receptor substrate 1 (IRS-1) 

adapter proteins [29]. The phosphorylated motif was the pYXXM peptide (pY608, amino 

acids 605–615 of IRS-1) [30]. Sacks and his colleagues [25] noticed that only the 

phosphorylated peptide (Y608) displaced the p85 from p85/CaM-Sepharose. This pointed to 

the location in SH2 and a possible mode of CaM’s binding to the SH2 at (or near) where the 

phosphorylated YXXM motifs bind. The authors thus suggested that CaM competes with the 

pYXXM motif to bind to p85 SH2 domains and thereby it either directly activates or 

modulates PI3K’s activity. Combined with the low amount of the catalytic p110 subunit 

which was bound to CaM, these pointed to a significant enhancement of PI3K activity by 

CaM’s binding to p85. Of note, the activation of PI3K by CaM was comparable to that 

obtained by pYXXM-bound SH2 domains, indicating that CaM does indeed bind to the p85 

SH2 domains and stimulates PI3K activation, altogether leading the authors to conclude that 

increased intracellular [Ca2+] acts through CaM to modulate PI3K activation.

Additional support for CaM’s binding to PI3K comes from tuberculosis toxin blocking 

phagosome maturation which inhibited a Ca2+/CaM/PI3K human vacuolar protein sorting 

34 (hVPS34) cascade [31]; CaM/Ca2+ is required for production of phosphatidylinositol 3-

phosphate (PI3P) on liposomes in vitro and on phagosomes in vivo. CaM-PI3Kα binding is 

also supported by observations of altered CaM degradation and signaling in non-neuronal 

cells from Alzheimer’s disease (AD) patients [32]. The increased levels of CaM synergize 

with serum to overactivate PI3K/Akt in AD patient cells by direct binding of CaM to p85, 

leading the authors to suggest that failure of CaM degradation, and thus of Ca2+/CaM-

dependent signaling, may be important in the development of AD.

CaM/Ca2+ binding to PI3Kα stimulates PI3Kα/Akt/mTOR signaling, and thereby regulates 

cell proliferation and growth [28, 33]. Via CaM, increase of intracellular free Ca2+ can 

activate PI3K/Akt, localizing Akt in the plasma membrane [34–36]. CaM also modulates 

epidermal growth factor receptor (EGFR)’s tyrosine kinase activity [37] which activates Ras 

and PI3Kα and has essential roles in programmed cell death and autophagy [28].

CaM Phosphorylation at Tyr99 Regulates PI3Kα Activation

Finally, and most tellingly, recently Chaudhuri et al. [26] observed that inhibiting the 

phosphorylation of CaM at Tyr99 decreased the interaction of the p85 subunit with CaM and 

PI3K activation. This interfered with PI3K production of phosphatidylinositol (3,4,5)-

trisphosphate (PIP3), which promotes the insertion of endocellular transient receptor 
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potential cation channel subfamily C member 6 (TRPC6, which forms a receptor-activated 

calcium channel in the cell membrane) into the cell membrane, and permitted the 

translocation of endothelial cells by lysophosphatidylcholine (lysoPC). LysoPC stimulates 

protein tyrosine kinase activity. Tyrosine phosphorylation is followed by elevation of 

intracellular Ca2+ concentration. Inhibition of the tyrosine kinase with genistein decreased 

the rise in the intracellular Ca2+ [38]. Pretreatment of bovine aortic endothelial cells 

(BAECs) with an inhibitor for Src-family kinases (PP2) blocked lysoPC-induced CaM 

phosphorylation at Tyr99, supporting lysoPC-stimulated CaM phosphorylation at Tyr99 by a 

Src family kinase [26]. The authors concluded that lysoPC induces Tyr99 phosphorylation 

by a Src family kinase and, importantly, that subsequently the phosphorylated CaM/Ca2+ 

activates PI3K to produce PIP3. CaM’s phosphorylation at Tyr99 forms a motif to which the 

nSH2 and cSH2 domains of the p85 subunit bind, activating PI3K, as postulated by Joyal et 
al. [25]. The conformational change induced by binding of a phosphorylated substrate can 

activate PI3K [39] by releasing the p110 catalytic subunit from the inhibitory effects of the 

nSH2, and allosterically promote p110’s catalytic activity through the cSH2 binding [5, 12]. 

This is further in line with Joyal et al.’s outcompeted CaM/SH2 interaction by the pYXXM 

peptide.

CaM Phosphorylation

CaM is phosphorylated by multiple protein serine/threonine kinases, and by receptor and 

non-receptor protein tyrosine kinases [40]. However, among the over fifty members in the 

superfamily of receptors with tyrosine kinase activity, the only ones shown to phosphorylate 

CaM are the insulin receptor (InsR) [41–43] and the EGFR [44–46]. Among the non-

receptor protein-tyrosine kinases known to phosphorylate CaM are some members of the Src 

family kinases [27], Janus kinase 2 (JAK2), and p38Syk, and protein tyrosine kinase-III (c-

Fyn and c-Fgr). All phosphorylate CaM at Tyr99 [40, 47] and to a lesser extent at Tyr138 

[40]. Early on [48, 49] it was already observed that a highly basic peptide corresponding to 

the HVR of K-Ras stimulates the phosphorylation of CaM by the insulin receptor, which led 

to the suggestion that the HVR of K-Ras, but not of N-Ras, may stimulate the 

phosphorylation of CaM. This was later proposed to relate to CaM’s interaction with K-Ras, 

but not with N-Ras or H-Ras as observed by Villalonga et al. [1], although CaM was not 

phosphorylated in those experiments. Nonetheless, this raised the possibility of the coupling 

of the two events–CaM’s phosphorylation and binding to K-Ras at the membrane–however, 

it has been unclear how [40]. The phosphorylation of CaM by the InsR is sensitive to Ca2+; 

lower Ca2+ concentration stimulates phosphorylation whereas higher (above 1–10 μM) 

gradually inhibits it [48, 50–54]. Experiments using CaM-(Y99D/Y138D) and CaM-(Y99E/

Y138E), where the negative charges of aspartic and glutamic acids mimic the phosphates 

[27], suggest that diphospho-CaM with pTyr99/pTyr138 can interact with Src, as can non-

phosphorylated CaM, but not monophospho-CaM with pTyr138. CaM with pTyr138 also 

does not co-immunoprecipitate with Src [55], confirming pTyr99-CaM as a key player. In 

line with these observations, Chaudhuri et al. [26] found that CaM’s activity and the peptide 

binding affinity are altered by CaM’s phosphorylation state and bound Ca2+, and that Ca2+ 

can regulate the phosphorylation of CaM.
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Finally, the inhibition of the interaction of calmodulin with Src-SH2 domain was also 

proposed to be an attractive strategy to inhibit cell proliferation of pancreatic cancer. 

Screening of compound libraries identified some initial leads that targeted the calmodulin-

binding region on the SH2 domain and inhibited proliferation in in vitro assays [56].

How Ca2+/CaM Can Help K-Ras to Fully Activate PI3Kα

PI3Kα is regulated through its membrane binding ability and the population of effective 

phosphate transfer transition complexes [57–59]. These events are structurally coupled, as 

reflected in the Km, the PIP2 concentration at which PI3Kα is at half of its maximal catalytic 

rate (ka). The kinetic efficiency (ka/Km) of the Michaelis-Menten model is a direct 

measurement of enzyme activity. PI3Kα is recruited to the signaling complexes at the 

membrane by activated phosphorylated receptor tyrosine kinases (RTKs), which bind p85 

SH2 domains. RTK-activated Ras binds p110; together with RTK’s (such as EGFR) 

phosphorylated C-terminal motif, Ras acts to fully activate PI3Kα (Figure 1). Although 

oncogenic K-Ras is active independently of the RTK signal, in the absence of RTK’s 

phosphorylation motifs, PI3Kα is not fully activated. There are two distinct mechanisms, 

through which the activated RTK pYXXM motif (or an associated protein, e.g. IRS-1 [30]) 

can activate PI3Kα [60–63]. In the first [64], the activated RTK pYXXM motif binds to the 

nSH2 domain [65] (Figure 2A). This releases the autoinhibition of p110α by nSH2, since 

the binding of nSH2 to p110α and to the pYXXM peptide cannot take place simultaneously 

[66]. The ‘hot spot’ mutations E542K and E454K–with the same charge repulsion instead of 

favorable salt-bridges–release the nSH2 autoinhibition of the p110 [67]. In the second 

mechanism, binding of the phosphorylated RTK motif to the cSH2 domain (Figure 2B) 

allosterically activates p110. In addition to the RTK pYXXM motif, PI3Kα activity is 

further stimulated allosterically by binding of the p110 Ras binding domain (RBD) to Ras-

GTP [68, 69]. Ras appears to act similarly to the PI3Kα ‘hot spot’ (H1047R) mutation in 

p110 [63], with both inducing conformational changes in the p110 C-lobe at the membrane 

interface [67]. Both may enhance membrane binding which would promote accessibility to 

phosphatidylinositol (4,5)-bisphosphate (PIP2) on the membrane surface, making the 

oncogenic H1047R PI3Kα mutant independent of Ras-GTP [63]. The release of nSH2-p85α 
domain from p110α, which permits the effective formation of phosphate transfer transition 

complex, may correspond to an increase of ka. Experimental data indicate that both 

membrane binding capability and effective formation of the phosphate transfer transition 

complex are required for a fully active PI3Kα.

CaM can bind the n/cSH2 domains and substitute for the missing RTK signal (Figure 1). 

Genetically-engineered mouse models indicate that even without an RTK signal, oncogenic 

K-Ras can induce senescence (oncogene induced senescence, OIS) or proliferation and 

differentiation [70]; but not full PI3Kα activation. To get insight into the structural activation 

mechanism [60, 71], we constructed a structural model of the PI3Kα heterodimer by 

superimposing common features in six available PI3K crystal structures [5, 12]. The model 

includes the p110α catalytic subunit and the three p85α n/cSH2 domains as well as the 

GNP-bound H-Ras interacting with the PI3K’s RBD, ATP in the p110 cleft between the N- 

and C- lobes, and two RTK-derived phosphorylated peptides interacting with nSH2 and 
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cSH2 (see Figure 4 in ref. [12]). The PIP2 lipid substrate head is at the mouth of the active 

site of the catalytic domain.

Modeling the Phosphorylated CaM Interaction and Ternary Complex

The model that we constructed represented one possible organization of the K-Ras4B/CaM/

PI3Kα ternary complex (see Figure 3 in ref. [12]). In that model CaM is not phosphorylated. 

However, recent data pointing to Tyr99 phosphorylation and its interaction with SH2, and 

subsequent PI3K activation, suggest an additional, likely higher affinity binding mode. Two 

crystal structures are available for the SH2 domain complexed with an RTK phosphorylated 

peptide, with shorter and longer peptides (Figure 2A,B), raising the question of whether 

phosphorylated CaM at Tyr99 can bind an SH2 domain following these modes of 

interactions (Figure 2C–G). If so, a conformational change in CaM is likely to take place. 

Alternatively, the phosphorylated CaM can bind at the same site as the non-phosphorylated 

site. It has already been observed that phosphorylated and non-phosphorylated CaM share 

the same binding site (645RRRHIVRKRTLRRLLQ660) at the cytosolic juxtamembrane 

region of the EGFR [72].

To date the experimental data available for K-Ras/CaM interaction comes from NMR [2, 6] 

as well as fluorescence, imaging and biochemical data [22]. However, piecing together 

available structures and exploiting overlapped components, we are able to model a ternary 

complex composed of K-Ras4B-GTP, phosphorylated CaM at Tyr99, and PI3Kα (Figure 3). 

CaM with pTyr99 interacts with both K-Ras4B-GTP and cSH2 domain at the same time. A 

second CaM molecule with pTyr99 can interact with the nSH2 domain, which would relieve 

nSH2’s autoinhibitory action on the p110 catalytic domain. The ternary model that we 

constructed suggests that two Ca2+/CaM molecules with pTyr99 can bind both nSH2 and 

cSH2 to activate the PI3Kα/Akt pathway in KRAS-driven adenocarcinoma.

Regulation at the Membrane: K-Ras4B Phosphorylation and CaM 

Interaction

The interaction of K-Ras with the plasma membrane is mediated by farnesylation and a 

polybasic region, both at the C-terminal HVR. Phosphorylation of Ser181 within the 

polybasic region by protein kinase C (PKC) promotes rapid dissociation of K-Ras from the 

plasma membrane [73]. The polybasic region associates with the phospholipid anionic heads 

at the inner plasma leaflet and the hydrophobic farnesyl inserts into it, transiently anchoring 

K-Ras at the membrane. The phosphorylated K-Ras appears to remain at the plasma 

membrane [74], however, at microdomains different than those of non-phosphorylated K-

Ras [75, 76]. Phosphorylation of the HVR modifies the affinity of K-Ras to acidic plasma 

membranes favored by its positively charged HVR, with the phosphoryl - lipid head groups 

charge repulsion preventing the K-Ras association [75, 76]. CaM’s direct interactions with 

the positively charged HVR and the farnesyl (Figure 3) similarly prevent the Ras-membrane 

association [77]. CaM’s binding also inhibits K-Ras phosphorylation, as its interaction 

sterically blocks the PKC phosphorylation site. Attachment to the membrane is typically by 

GTP-bound K-Ras; however, active state-like GDP-bound K-Ras, a certain population of 

which is present in the GDP-bound ensemble, can also bind [78]. The equilibrium between 
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the attached and free state shifts in the presence of PKC and CaM. Whether PKC binds and 

phosphorylates K-Ras or CaM binds depends on the environment. Increase in Ca2+ and CaM 

concentration at the plasma membrane would shift the equilibrium toward a K-Ras/CaM 

bound state, which prevents K-Ras phosphorylation.

K-Ras4A May Also Interact with phosphorylated CaM

Above we focused on the highly abundant oncogenic K-Ras4B. However, oncogenic K-

Ras4A may act similarly to K-Ras4B [10, 21]. This KRAS splice isoform has been observed 

particularly in K-Ras4B and N-Ras cancers [79]. Its HVR is also positively charged 

although not to the same extent as K-Ras4B. Like N-Ras, K-Ras4A HVR is farnesylated and 

palmitoylated; K-Ras4B is only farnesylated. However, palmitoylation is reversible, 

suggesting that K-Ras4A can exist in two states; K-Ras4B-like and N-Ras-like [21]. 

Although the initial results demonstrated that CaM specifically binds K-Ras4B [1], it is 

possible that depalmitoylated K-Ras4A may also bind CaM, albeit with lower affinity, and 

cooperate with CaM to stimulate PI3Kα activation and signaling. This argues that 

medications designed to block K-Ras4B proliferative signaling by targeting phosphorylated 

CaM’s binding and full activation of PI3Kα in the ternary complex of CaM, PI3Kα and K-

Ras4B, may also be effective against K-Ras4A driven adenocarcinomas. Adenocarcinomas 

are predominantly KRAS-driven cancers.

Concluding Remarks

A major aim of the community is to obtain medications to target Ras-driven cancers [80]. 

The pharmacological landscape to curtail Ras cancers is formidable, and to date with little 

success. Major questions exist (see Outstanding Questions), and despite some promising 

leads, none reached the clinic. Targeting K-Ras4B cancers, the most abundant oncogenic 

Ras isoform, has been a particularly coveted goal. To realize this therapeutic challenge, the 

scientific community has been focusing on structural and mechanistic features that 

differentiate K-Ras from other isoforms, N-Ras and H-Ras. Efforts largely centered on those 

molecules that bind uniquely to K-Ras - but not to the other isoforms - and are key to its 

signaling, as well as K-Ras association with the membrane [18] and nanocluster formation 

[81]. Two K-Ras interactions are believed to be specific to this isoform: CaM and PDEδ, the 

chaperon that helps transport K-Ras4B from the endoplasmic reticulum (ER) to the plasma 

membrane. However, it is still unclear to what extent designing drugs to inhibit the 

interaction of K-Ras4B with PDEδ would accomplish this goal. The recent structure [82] 

coupled with earlier observations [83] and modeling suggest that PDEδ may be able to bind 

other depalmitoylated isoforms, and geranyl-geranylated K-Ras is also a PDEδ substrate; 

not only farnesylated K-Ras. CaM’s interaction with K-Ras4B and its role in KRAS-driven 

cancers have long been considered an option [5]. However, for decades the structure of the 

CaM with K-Ras and the mechanism of how CaM acts eluded the community. This Review 

suggests that combining literature reports with modeling reveal that the clue may rest with 

PI3Kα, a kinase involved in signaling pathways established to be key in cancer [84, 85].
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Outstanding Questions Box

• The sequence of the hypervariable region of K-Ras and its lipid post-

translational modifications differ from those of other Ras isoforms. 

Calmodulin binds only to K-Ras. A key question is how does calmodulin 

bind? After years of attempts, still no crystal or NMR structures, likely due to 

the multiple states through which calmodulin can interact with the K-Ras 

catalytic domain.

• Calmodulin binding to K-Ras promotes cancers, particularly in the pancreas, 

lungs and colorectal. Why are these cancers particularly prone to K-Ras is a 

significant and still unresolved question.

• How does calmodulin contribute to K-Ras driven tumor proliferation? This 

question is of paramount importance since proliferation is the first hallmark of 

cancer.

• The mutational spectrum are not uniform across the different isoforms and 

cancers, and the clinical consequences differ. In K-Ras, some mutations result 

in worse patient outcome than others. How to understand these differential 

behaviors of single point mutations? Does it relate to more exposed effector 

binding site or effector specificity at the membrane?

• How to drug Ras has been a daunting question. Ras has a flat surface, devoid 

of druggable pockets. Within this framework, an isoform-specific drug would 

reduce toxicity thus be favored. Drugging K-Ras is a particularly significant 

aim, due to its relative abundance in adenocarcinomas. A ternary complex of 

calmodulin/K-Ras4B/PI3Kα could constitute a K-Ras specific target; an 

important question is where should it be designed to bind? Should it be 

allosteric drug?

Experimental data pointed to the interaction of CaM with p85 SH2 domains [25]; it also 

pointed to the formation of a ternary complex involving K-Ras, CaM and PI3K [86]. 

Substantial data exist that Src family tyrosine kinases phosphorylate CaM at Tyr99 [27, 40, 

56] and that SH2 domains commonly bind to tyrosine-phosphorylated substrates. Finally, 

there exist the recent telling observations: blocking phosphorylation of CaM at Tyr99 

reduced the association of CaM with the p85 subunit and activation of PI3Kα [26]. Earlier, 

we proposed a ternary complex, and based on existing crystal structures and additional 

biophysical data and built a possible model [5, 12]. In this model, CaM was 

unphosphorylated. However, the weight of the accumulated data, capped by the direct recent 

finding, makes us believe that there are at least two possible ways of formation of ternary 

complexes: low affinity where the CaM interacts with the SH2 in an unphosphorylated state 

as attested by the Joyal et al. data [25], and a high affinity state where CaM is 

phosphorylated at Tyr99 (Figure 2F,G). We believe that this is the major state.

CaM is established to bind to only K-Ras; but not to N-Ras or H-Ras [1]. Key questions 

have thus been how does CaM bind to K-Ras–particularly K-Ras4B which to date appears 
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the major splicing isoform in adenocarcinomas–and what is its exact role in KRAS-driven 

cell proliferation. The ternary complex model is important in providing plausible clues to 

both. In the model, the abundant Ca2+/CaM molecules can bind to both the nSH2 and cSH2 

p85 domains of PI3Kα, as observed by Sacks and his colleagues [25]. This would 

respectively release the catalytic kinase domain autoinhibition and allosterically lead to full 

PI3Kα activation, in agreement with phosphorylated RTK actions [64–67], while binding to 

the K-Ras farnesylated HVR [68, 69]. Most importantly, it can also explain how oncogenic 

K-Ras–with CaM’s help–can fully activate PI3K in the absence of a signal from RTKs 

(Figure 1). Forward looking, due to the fundamental importance of CaM in KRAS-driven 

adenocarcinomas in drug discovery, efforts center on elucidating the K-Ras/CaM structure. 

The ternary complex concept [5, 12], which is based on available literature reports, crystal 

structure data, NMR and modeling, opens new avenues in studies of signaling and KRAS-

specific drug discovery. It also provides clues into how CaM stimulates cell proliferation in 

cancer [87]. Nonetheless, the ambitious and arduous road toward obtaining beneficial drugs 

that work in the clinic to abolish CaM’s action still lies ahead. We note that recently, 

ophiobolin A was established to work by targeting K-Ras signaling in a stemness context by 

blocking CaM [88], which can be viewed as a step toward this aim.
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Trends Box

• K-Ras, the most abundant oncogenic isoforms, differs from other Ras 

isoforms. This leads to altered interactions with the cell membrane, mode of 

translocation through the cytoplasm and signaling. Revealing K-Ras specific 

interactions with its partners is important to understand its biology and design 

therapeutics.

• Downstream signaling stimulated by mitogenic cues through activated K-Ras 

differs from oncogenic mutant K-Ras. Uncovering the signaling alterations 

between physiological and oncogenic K-Ras is significant since it can be 

translated to K-Ras specific therapeutics.

• Revealing how the relatively locally-abundant calcium-bound calmodulin acts 

to promote oncogenic K-Ras driven cancers is significant since it would 

clarify how mutant K-Ras signals efficiently in cancer.

• Structural studies of Ras, its mutants and interactions may reveal new 

pharmacological opportunities.
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Figure 1. Key Figure. 
The role of calmodulin (CaM) with phosphorylated tyrosine 99 (pTyr99) in KRAS-driven 

adenocarcinoma. In physiological cell growth, receptor tyrosine kinase (RTK) signal 

activates phosphatidylinositol 3-kinase (PI3K) through binding of the RTK’s pYXXM motif 

to the n/cSH2 domains of the p85 subunit of PI3Kα. In KRAS-driven adenocarcinomas, 

CaM with pTyr99 acts by fully activating PI3Kα through binding of the pTyr99 to the two 

SH2 domains of PI3Kα. The CaM’s pTyr99 binding site acts as the RTK’s pYXXM motif, 

substituting the missing RTK signal, thus stimulating the PI3Kα/Akt/mTOR pathway.
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Figure 2. 
The binding mode of the receptor tyrosine kinase (RTK)’s pYXXM motif to SH2 domains 

of the p85 subunit of phosphatidylinositol 3-kinase (PI3K). Crystal structures of (A) nSH2 

(PDB code: 2IUI) and (B) cSH2 (PDB code: 1H9O) domains of PI3K interacting with 

RTK’s pYXXM peptides. The phosphotyrosyl peptides with pYVPM (the pYXXM motif) 

sequence were derived from the platelet-derived growth factor receptor (PDGFR) residues 

751–754. SH2 domains are shown as surface (left) and cartoon (right) representations. The 

phosphotyrosyl peptides are shown as stick representation. In the surface representation, 

gray, green, red, and blue denote hydrophobic, polar, acidic, and basic sidechains of the SH2 

residues, respectively. Model structures of phosphorylated calmodulin (CaM) at Tyr99 

interacting with SH2 domains of the p85 subunit of phosphatidylinositol 3-kinase (PI3K). 

(C) Sequence comparison of phosphorylated CaM (residues 96–106) with PDGFR (residues 

748–758) containing the pYXXM motif. In the sequence, black, green, red, and blue letters 

denote hydrophobic, polar, acidic, and basic residues, respectively. 73% of the residues are 

similar. (D) Modeling nSH2 with CaM’s phosphotyrosyl peptide (GNGpYISAAELR) by 

converting sequences from the RTK’s pYXXM peptide (PDB code: 2IUI). (E) Modeling 

cSH2 with CaM’s phosphotyrosyl peptide (pYISAA) by converting sequences from the 

RTK’s pYXXM peptide (PDB code: 1H9O). Two crystal CaMs with stretched linker (PDB 

code: 1CLL) and collapsed linker (PDB code: 1CDL) were phosphorylated at Tyr99 and 

aligned with the CaM’s phosphotyrosyl peptide, generating (F) CaM/nSH2 and (G) CaM/

cSH2 complexes. Thick tubes in CaM’s cartoons represent the aligned portions, and pTyr99 

sidechains are shown as sticks.
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Figure 3. 
A predicted ternary complex model constructed by K-Ras4B-GTP, phosphorylated 

calmodulin (CaM) at Tyr99, and phosphatidylinositol 3-kinase α (PI3Kα). The ternary 

complex was reconstituted by replacing pTyr99 CaM with unphosphorylated CaM in our 

previous model constructions [5, 12]. Full-length K-Ras4B-GTP with the post-translational 

modification (PTM) was modeled from the crystal structure of K-Ras4B catalytic domain 

(PDB code: 3GFT). CaM with the flexible linker (PDB code: 1CDL) was used to model the 

interactions of CaM with the hypervariable region (HVR) and farnesyl group of K-Ras4B-

GTP and with cSH2 domain. CaM with the stretched linker (PDB code: 1CLL) was used in 

the interaction of nSH2 domain. The PI3Kα structure was derived from the crystal structures 

of p110 and p85 subunits (PDB code: 4OVV).
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