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Abstract

Ras activates its effectors at the membrane. Active PI3Ka and its associated kinases/phosphatases
assemble at membrane regions enriched in signaling lipids. By contrast, the Raf kinase domain
extends into the cytoplasm and its assembly is away from the crowded membrane surface. Our
structural membrane-centric outlook underscores the spatiotemporal principles of membrane and
signaling lipids which helps clarify PI3Ka activation. Here we focus on mechanisms of activation
driven by PI13Ka. driver mutations, spotlighting the PI3Ka double (multiple) activating mutations.
Single mutations can be potent, but double mutations are stronger: their combination is specific, a
single strong driver cannot fully activate PI3K, and two weak drivers may or may not do so. By
contrast, two strong drivers may successfully activate PI3K, where one, e.g. H1047R, modulates
membrane interactions facilitating substrate binding at the active site (k) and the other, e.g.
E542K and E545K, reduces the transition state barrier (ka), releasing autoinhibition by nSH2.
Although mostly unidentified, weak drivers are expected to be common, so we ask here how
common double mutations are likely to be and why PI3Ka with double mutations responds
effectively to inhibitors. We provide a structural view of hotspot and weak driver mutations in
PI3Ka activation, explain their mechanisms, compare these with mechanisms of Raf activation,
and point to targeting cell-specific, chromatin-accessible, and parallel (or redundant) pathways to
thwart the expected emergence of drug resistance. Collectively, our biophysical outlook delineates
activation and highlights the challenges of drug resistance.
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The Membrane and Signaling Lipids in Ras Signaling

Signal transduction originates at the membrane (1). Kinases and phosphatases in the Ras
pathways, such as phosphatidylinositol 3-kinase a (P13Ka), Akt (also known as protein
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kinase B), 3-phosphoinositide-dependent protein kinase 1 (PDK1), and phosphatase and
tensin homologue (PTEN) receive their incoming cues at the membrane in regions enriched
by signaling lipids such as phosphatidylinositol-3,4,5-bisphosphate (P1P3) or
phosphatidylinositol-3,4-bisphosphate (PIP,) (Figure 1A). Those activated in the cytoplasm,
can receive mediated signals, as in the case of B-Raf activation of mitogen-activated protein
kinase kinase (MEK)/extracellular signal-regulated kinase (ERK), with B-Raf itself
mediated by receptor tyrosine kinase (RTK) (1) and Ras nanoclustering. Membrane
attributes include curvature (2), preferred phospholipid composition and membrane order/
disorder as key factors in anchoring and differentiating among Ras isoforms (3), and
isoforms of other Ras family GTPases (4). The cardinal role of these factors in
nanoclustering has been discussed (5,6) and recently, Ras assemblies at the membrane (7)
have also been explored from this standpoint.

Physical principles underlie signaling landscapes. Among these, (i) substrate
phosphorylation (dephosphorylation) cannot be efficiently executed by activated kinases
(phosphatases) that diffuse freely in the cytoplasm. Effective regulation requires coupling to
external cues, which necessitates membrane attachment (8). Membrane interaction can be
direct as in the case of PI3K or mediated through another molecule (9). (ii) Equilibrium
among the conformational species in the ensemble, for example between the closed
autoinhibited and the open conformations, is a key factor in activation. Relieving Raf
autoinhibition — which is driven by the high affinity binding of Ras to Raf’s Ras binding
domain (RBD) at the membrane — will increase the population of the open state versus the
autoinhibited state due to its higher stability (10). Finally, (iii) the membrane and its surface
are densely crowded. Since function involves large dynamic multimolecular assemblies,
which include large scaffolding proteins (11-13) not all can contact the membrane; activated
Ras/P13K/Akt/PDK1/PTEN proteins need to be at the membrane surface. However, that is
not the case for Raf, where only two small Raf domains, RBD and cysteine-rich domain
(CRD) must be there. The remainder of Raf is in the cytoplasm (Figure 1B). Further, there
are water layers adjacent to biological membranes (14). The water at the charged membrane
surface pushes proteins away from the crowded membrane, increasing their effective
concentrations, thus clustering in the cytoplasm. At the same time, the depletion of proteins
at the surface allows for accelerated diffusion of those proteins that contact lipid head groups
(15). Since wild type kinases typically populate the inactive state, the interactions of PI3K,
Akt and PDK1 with the membrane can be short-lived.

Below, we clarify the mechanisms of PI3Ka driver mutations, assembly and signaling at the
membrane. As we discuss below, the remarkable recent experimental observations of PI3Ka
driver mutations, single, double and multiple (16,17), can be understood within the
framework of these principles. In a clinical setting, the mutations promote a membrane-
attached, appropriately oriented and exposed active site, enabling recruitment of PIP, in the
absence of an external cue, stabilizing its binding, and reducing the kinetic barrier of
phosphorylating it to PIP3. These scenarios are contrasted by those of driver mutations in
Raf, whose activation is in the cytoplasm. Collectively, our membrane-centric outlook helps
unravel signaling by Ras’s effectors and downstream pathways in drug resistance.
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PI3Ka: Single Mutations Can Be Potent; Double Mutations Stronger

PI13Ks are a family of lipid kinases that mediate the PI3K/Akt/mTOR signaling pathway in
the cell (18-25). Class | PI3K phosphorylates PIP, to PIP3 at the membrane to deliver a cell
growth signal, a necessary component of proliferation (Figure 1A) (26). They are involved in
disease (20,27-30) and they, and their pathways, are major drug targets (26,31-39). PI13Ka,
the key member of the PI3K lipid kinase family, is one of the most highly mutated proteins
in cancer and an important drug target (40-47). PI3Ka is an obligate heterodimer,
containing the regulatory p85a and the catalytic p110a subunits (Figure 2A). It is recruited
to the membrane by Ras and the RTK, such as platelet-derived growth factor receptor
(PDGFR) (48,49) (Figure 1A). The structural basis for its activation and inhibition has been
explored (20,50-52). Recently we studied the structural features in the activation mechanism
of PI3Ka upon nSH2 release (53,54). The mechanism clarifies the structural rearrangements
that take place at the membrane upon interaction of the p85a. subunit with the
phosphorylated tyrosine (pY) motif at the C-terminal of an RTK, which release PI3Ka’s
autoinhibition by the nSH2 domain. This interaction increases the population of PI3Ka
catalytically-competent state, with the kinase domain (KD) preorganized for membrane
interaction and PIP, phosphorylation (28,55,56). The conformational changes involving the
movements of the iISH2 domain in the p85a relative to KD have also been captured in the
activated P13Ka with the E545K mutation (57). The mechanistic scenario helps to
understand how single and double PI13Ka driver mutations exert their actions and why PI3K
inhibitors can potently target them (58).

Single potent activating hotspot mutations in PI3Ka are common in tumor samples (16,59—
62). The three hotspot mutations, E542K, E545K and H1047R are in the helical domain and
KD of the p110a subunit (63-65) (Figure 2A). E542K and E545K activate PI3Ka by
substituting the effect of p85a-RTK binding, reducing the barrier height of the transition
state (k) via a reorganization of the active site; H1047R can substitute for the action of
active Ras binding on the membrane, enhancing the population time of the PIP, substrate at
the active site (k;;) (66—68). This mechanism is in line with earlier single-molecule imaging
experiments which indicate that simultaneous activation by a receptor activation loop (from
PDGFR, an RTK) and H-Ras leads to strong, synergistic activation of PI3Ka, resulting in a
large increase in net kinase activity via the membrane recruitment mechanism (69) as well as
additional experimental data on activation by membrane-localized H-Ras (70). These gain-
of-function mutations promote phosphorylation of downstream proteins, aberrant cell
growth and tumor development /in7 vivo (59).

In addition to frequent strong hotspot mutations, PI3Ka has rare and weak activating
mutations; some promote proliferation /n vivo and in vitro, but with lower oncogenicity
(63,71-81) (Figure 2A). Recently, Vasan et a/. observed double and multiple mutations on
the same allele (in ¢/s): one hotspot and one (or several) weak (16). They observed that
combinations of the weak mutations (E453K/Q, E726K, and M1043V/I) with the hotspots
(E542K, E545K, and H1047R) are frequent in breast cancer (Figure 2A). Double/multiple
mutations result in additive signaling potency in tumor proliferation and growth (16), the
outcome of the ‘double-trouble’ highlighted in Toker’s Commentary (82). The activation
mechanism suggests how the mutations work.
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During fetal development weak driver mutants arise in PI3K (CLOVES, congenital
lipomatous overgrowth, vascular malformations, and epidermal nevi syndrome) (83,84) and
in Ras family members (rasopathies). Shvartsman and his colleagues (85) reasoned that
because cancer mutations would be embryonic lethal when inherited through the germ line,
it might be expected that mutations that cause developmental disorders, but allow survival of
the carrier such as those in rasopathy, are weaker than those that cause cancer (86).

A Structural View of Hotspot and Weak Mutations in PI3Ka. Activation

The occurrence and strong transforming potential of double/multiple mutations suggest a
sum of multiple contributions. Full activation involves two events: release of the nSH2
domain of the p85a. to relieve the autoinhibition, and membrane association for catalysis
(87-89). Hotspot mutations promote PI3Ka activation by mimicking the two events. p85a
has five domains. The interaction of its nSH2 domain with p110a is responsible for PI3Ka
autoinhibition (90). RTK’s pY motif has high affinity to nSH2 (91-93). It competes with
p110a for nSH2, releasing the autoinhibition (56). Hotspot mutations E542K and E545K are
at the surface of the helical domain, where they mediate the interactions with nSH2. Their
mutations to lysine residues with opposite charges disrupt the interfacial salt bridges,
relieving the autoinhibition (59,94,95). PI3Ka is a lipid kinase. Its interaction with the
membrane is required for catalysis. Active membrane-latched Ras promotes PI3Ka.-
membrane interaction. H1047 is on the surface of the KD (94). Its mutation to arginine
(H1047R) increases the positive charge, thus promoting membrane interaction (59) (Figure
2B). Its local interactions may also enhance the stability of the catalytically competent
P13Ka-substrate interactions. Collectively, the hotspot mutations produce active catalytic
site (k) and promote the population of PIP, in the active site (k).

Most of the weak mutations are far away from both the nSH2 and the catalytic site (96). The
majority locate at p110a. C2, adaptor binding domain (ABD) and ABD-RBD linker. C2 and
ABD accommodate the p85a. iSH2 domain, implying the involvement of iSH2 in PI3Ka
activation (Figure 2A). The PIP, substrate is negatively charged. PI3Ka activation loop
contains the conserved basic boxes (XKxK and KRER), controlling the substrate specificity
(97). In the crystal structures of PI3Ka with the bound nSH2 (PDB ID: 40VV), the iSH2
interacts with the first basic box in the activation loop (Figure 2B). The conformational
changes spurred by nSH2 release explain how weak mutations in C2 and ABD can
collaborate with hotspot mutations leading (mainly via k) to more potent PI3Ka activation
(53). Upon nSH2 release, iSH2 frees the basic box in the activation loop on the KD’s surface
for catalysis and promotes membrane interactions (Figure 2C) (53). In protein Kinases, when
the activation loop is in the extended conformation, the catalytic residues are “correctly’
positioned and oriented, enhancing activation in correspondence to their &, The movements
of ABD, C2 and iSH2 are linked (57). The weak mutations in C2 (N345K, C420R, and
E453K/Q) and ABD domains (R38H/C, R88Q, R93Q, R108H, and G118/D) amplify the
single hotspot via the coupled iSH2.

In the KD, the two weak mutations that are frequently observed in PI3Ka double mutants
are E726K and M1043V/I. E726K is on the surface of the N-lobe, and M1043V/I is in the
C-lobe. E726K can promote PI3Ka membrane interaction by increasing the positive charge.
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In that sense it resembles the H1047R hotspot, and since both N- and C-lobes interact with
the membrane for catalysis, the collaboration of E726K in the N-lobe and H1047R in the C-
lobe are expected. However, unlike H1047 which provides positive charge for the less
charged surface on the C-lobe, there are several positively charged residues around E726,
making it a weaker mutation (Figure 2A). H1047 and M1043 are at the regulatory arch of
KD’s C-lobe. M1043 is buried, contributing to hydrophobic core interactions of the
regulatory arch. Its mutation to valine or isoleucine with shorter hydrophobic side chains
may alter the local hydrophobic interactions, promoting activation. Its minor effects might
suggest that it is a “latent’ driver (98), that is, a mutation which behaves as a passenger, and
does not confer a cancer hallmark. However, when coupled with other evolving mutations,
can drive cancer and drug resistance. The actions of the hotspot and weak mutations can be
coupled in PI3Ka activation, collectively leading to the enhanced substrate binding and
membrane interactions.

PI3Ka with Double Mutations Responds Effectively to Inhibitors

P13Ka with double/multiple mutations is more responsive at least to certain tested inhibitors
as compared to single hotspot mutants (16). A population of breast cancer patients with
double/multiple mutations displayed deep and prolonged clinical benefit from alpelisib,
which was recently approved by the Food and Drug Administration (FDA). GDCO0077 is
undergoing clinical evaluation for breast cancer. Both drugs documented increased PI3K
inhibition in patients.

Structurally, the inhibitors resemble ATP, thus can quench catalysis by interfering with ATP
loading (Figure 2D). The ATP pocket in KD targeted by inhibitors are conserved among
PI13K isoforms. The crystal structures (PDB ID: 4JPS) indicate the structural details of
alpelisib interacting with PI3Ka. The alpelisib, as well as many other PI3K inhibitors, are
loaded by the ATP pocket (58). Their interactions with the specificity pocket, affinity pocket
and hinge region help in defining the isoform specificity and potency. PI3Ka activation
features the structural and dynamic changes of KD in the active conformation (16,97). The
additive activation of PI3Ka by double-mutations is expected to modulate the dynamics of
ATP pockets for inhibitor response.

With the universal use of ATP in the cell, ATP-competitive drugs, especially the less specific
ones like alpelisib, can elicit multiple side-effects. Even a PI3Ka inhibitor like GDC0077 is
likely to retain certain affinity to other ATP binding sites, and concentration-dependent side-
effects may take place. Cells with multiple mutations in the PIK3CA and NOTCH1 genes
exhibit stronger dependencies on the mutated genes, enhanced downstream signaling, and
(or) greater sensitivity to inhibitory drugs than those with single mutations (17).

Why Double Mutations in PI3Ka?

If single mutations are potent, why has PI3Ka evolved double/multiple mutations as
observed in some cancer cells? Do some cells demand higher PI3Ka activity for
proliferation via double/multiple mutations as supported by single hotspots promoting tumor
growth in some systems, but failing in others (16)? In line with this, in breast cancer, PI3Ka
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mutations may co-exist with dysfunctional human epidermal growth factor receptor 2
(HERZ2) upstream and downstream proteins (99,100). Here we offer an alternative possible
explanation.

Oncogenic mutations are commonly observed to be differentially expressed in tumors. Weak
mutations in PI3Ka double/multiple mutations in breast cancer include E453K/Q, E726K,
and M1043V/I; in other cancers R88Q and R93Q (16). The patterns of Ras hot spots and
weaker mutations in lung, pancreatic, colorectal or skin cancers provide another well-known
cell-specific example, even though those are documented for single, not double/multiple
mutations (101). The preferred mutational distributions in tumors can be interpreted in the
framework of distinct pre-existing cellular networks (102), which reflect tissue (tumor)-
specific locally accessible chromatin states (103,104). Double mutations in PI3Ka comprise
one hotspot and one weak activation mutation. Significantly, Vasan et a/. did not observe
double hotspot mutations, even though in principle they may generate ~1,000-fold higher
downstream Akt phosphorylation than the single mutations (16,66). Notably, a recent more
comprehensive analysis (17) did observe some, pointing to their rarity. To date, no other
proteins were observed to carry them.

So why double (multiple) mutations and why one hotspot and the other(s) weak? And why
double strong mutations are still possible for PI3K?

The activity threshold determines the pathological consequences of oncogenic PIK3CA
(105) and single mutations cannot fully activate PI3Ka to reach the necessary threshold. In
principle, two strong hot spots can — by acting together, they can lead to higher rate of
replication. This can however result in breaks in the double-stranded DNA and cell
senescence. That is, if the extent of proliferation is too high, the balance between senescence
and proliferation can be tipped, leading to cell cycle arrest. Thus, since single hotspots
cannot fully activate PI3K, tumor development cannot rely on single mutations for growth
and proliferation. PI3K can achieve full activation through cooperation of two drivers, where
one, e.g. H1047R facilitates the substrate binding at the active site through its positive
charge interaction with the membrane (4;,;) and the other, e.g. E545K, reduces the transition
state barrier (k) by reorganizing the active site as observed recently. The arguments above
hold for co-occurring hotspot mutations in PI3Ka, and in PI3Ka and PTEN phosphatase.

A combination of additive contributions of strong and weaker drivers can enhance PI3K
activity and proliferation at a level that can be sustained. We expect weak drivers to be
common, albeit to date mostly unidentified (98). Like latent drivers, together they effectively
shift the protein ensemble from the inactive to the active state (89). They can be statistically
rare since for an observable functional change, they need to cooperate with additional
mutations, and these are not considered in the cancer-specific protein sequence analysis. In
line with this, a recent pan-cancer analysis observed multiple driver mutations to be
common, occurring more frequently than expected in the same oncogene, with
overrepresentation of functionally weak, rare mutations, which confer enhanced
oncogenicity and sensitivity to drugs in combination as compared to single mutations (17).

The next obvious question to ask is are such double (multiple) hotspot/weak mutations the
rule, or is PI3Ka an exceptiom? Autoinhibition is common. Mutations that abolish it can be
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powerful drivers (106), as indeed now shown by Vasan et a/. (16). Statistical analyses pairing
them with additional tumor-specific mutations in patient samples can uncover those
mutations (89). Nonetheless, such combinations may not be commonplace. Their occurrence
and combined actions are likely to be structure- and activation mechanism (kzand &;,)-
dependent and need to be explored on a case-by-case basis. PI3K is large and its activation
at the membrane is complex. Smaller proteins may be fully activated by a single hotspot.
Finally, in those PI3Ka cases where one hotspot is enough, cell-specific downstream
signaling protein nodes could be expressed at higher levels or mutated to compensate for the
absence of a second compensatory mutation in the same allele. The clinical correlation with
the PI3Ka double mutations testifies to their significance. All mutants enhance or retain
their interaction with the membrane. In those cases where the mutations are not at the
membrane-interacting surface, as in those cases which involve only release of the nSH2
autoinhibition, the outcome is rearrangement exposing the active site at the membrane and
enhancing the population of the PIP, at the substrate binding site. As we discuss below in
the context of Ras effectors and their assemblies, activating mutations often work by
releasing autoinhibition (89).

Taken together, cell growth depends on the PI3Ka/Akt/mTOR pathway and PTEN which
regulates it (Figure 1A). Double mutations may enhance PI3Ka activation, making its
output enough for cell growth. This also explains why double mutations have higher
response rate to PI3Ka inhibitors, such as alpelisib. We hypothesize that PI3K inhibitors
have higher efficacy in the double mutation context since cancers driven by these multiple
mutations are more specifically dependent on this particular signaling node. For a more
comprehensive description of PI3K inhibitors and their mechanisms see Zhang et a/. (58).

Assemblies of Ras Effectors: At the Membrane and Away from the
Membrane
The assembly including Ras, PI3Ka, Akt, PDK1 and PTEN is at the membrane.

PI3Ka is activated as a functional heterodimer by RTK and a monomeric Ras molecule.
Above, we discussed the role of RTK and Ras in activating it at the membrane and activating
mutations. Downstream, signaling proceeds by PIP3 acting as a cofactor recruiting Aktl
amino-terminal pleckstrin homology (PH) domain. Active Aktl is confined to membranes
enriched in either PIP3 or PIP, (3, 4), which maintain spatial and temporal control
(107,108); even though numerous Aktl phosphorylation substrates were identified (109),
only few were carefully confirmed (110), suggesting that activation and substrate
phosphorylation may be tightly coupled to membrane attachment (107). At the same time,
genetic studies in several model organisms and human cancers suggested a role for Akt in
the regulation of FOXO family transcription factors (111). Thus, while kinase intermediates
may be involved, it is unlikely that these PI3K targets are regulated at the membrane. Full
Akt activation requires phosphorylation of T308 in the activation loop by PDK1 and S473 in
the carboxy-terminus by mTORC2. Autoinhibitory intramolecular PH-KD interactions
maintain Aktl in an inactive state (112). Activation involves a conformational change that
loosens the PH—KD domain interaction. In line with this, human tumors carry driver
mutations at the PH-KD interface. In the closed PH—KD interacting state (PH-in), PDK1 is
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unable to access and phosphorylate T308; in the open PH-out state it can. In an alternative
pS473-dependent mechanism (113), Akt activation is driven by interaction between the C-
terminal tail and the PH—KD linker that relieves Akt1 autoinhibition. In another allosteric
mechanism, activating Akt1 could involve dual Ser477/Thr479 phosphorylation.

PDK1 (Figure 1A) also binds PIP3 through the PH domain, which is recruited to the
membrane via binding of phosphatidylserine at a site distinct from the phosphoinositide-
binding site (114). Binding of the PH domains of both PDK1 and Akt1 to PIP3 results in
their colocalization at the plasma membrane, where PDK1 can phosphorylate and activate
Aktl (115,116). Autoinhibitory PDK1 homodimer conformations have been proposed,
although the exact scenario is yet to be worked out (117). PTEN tumor suppressor binds the
plasma membrane and hydrolyzes PIP3 to form PIP,. Its loss-of-function mutations block
this activity. Modeling obtained its membrane-associated state consistent with experimental
results for triple mutant R161E/K163E/K164E (118). The activation mechanism is still
unclear, and neither are the mechanisms of PTEN activating mutations (119). Scaffolding
proteins such as 1Q motif containing GTPase activating protein 1 (IQGAP1) (11) and
adaptor protein such as Grb2-associated-binding protein 2 (GAB2) (120) also associate with
the PI3K/Akt assembly, albeit not interact with the membrane. Altogether, this large
dynamic multimolecular assembly is anchored at the membrane, with signaling lipids acting
either as substrates or cofactors.

The mitogen-activated protein kinase (MAPK) assembly is not at the membrane.

Different from PI3Ka.’s KD, there is no significant population of Raf’s KD interacting
neither with Ras nor with the membrane. The different environments and activation
scenarios clarify the altered patterns of signaling and activating mutations. Raf’s activation is
away from the membrane, with a long (~150 residues) intrinsically disordered linker
connecting the KD and the CRD that attaches Raf to the membrane (121) and the nearby
RBD, positioning Raf KD in the cytoplasm. As we discussed above, from the physical
standpoint, this is understandable: the surface of the plasma membrane is crowded, and
proteins act in very large complexes that include multiple kinases, scaffolding and adaptor
proteins such as galectin. Raf’s activation requires dimerization of its KD. MEK and ERK
are dimers as well. Kinase suppressor of Ras (KSR) is also in the complex (13), and 14-3-3
is attached, and critically involved in the autoinhibition and activation, as the recent cryo-
EM and crystal structures indicate (122,123). KSR and 14-3-3 are dimers as well. IQGAP1
scaffolding protein is large and binds to and regulates cell signaling also through the
Raf/MEK/ERK pathway (124) and tethers ERK to actin filaments (125). It can attach to
numerous partners (126-128), but not Ras (129). The sheer physical size and coordinated
activation, function and complexity is likely a prime reason for Raf’s KD positioning away
from the brimming membrane surface, albeit regulated by it through attachment of other
domains (e.g. CRD, RBD). Crowding, slow diffusion rates, and temporal spatial
nanoclusters (130), with epidermal growth factor receptor (EGFR, i.e. ErbB1) also directly
binding actin, and both ErbB receptors and Met interacting with integrins (1), also increase
the MAPK assembly sizes, and govern the numbers and locations of complexes (131). The
water layer at the membrane surface further contributes to protein molecules diffusing away
from the crowded membrane and assembling in the cytoplasm (15).
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Ras contributes to Raf activation by shifting Raf’s conformational ensembles, which under
physiological conditions are dominated by the closed, autoinhibited inactive states, to the
open, active state. In the inactive state, Raf’s RBD and CRD can interact with the KD at a
surface partly overlapping the dimerization interface. The assembly is further stabilized by
the 14-3-3 as the recent structures indicate (122,123) (Figure 1B). While not measured, the
stability of the KD—-RBD/CRD is likely to be higher than the dimeric KD association.
However, the affinity of the RBD-Ras interaction is in the low nanomolar range scale, much
stronger than its interaction with the KD. Taken together, this suggests the following
activation scenario (89). Raf populates three states. In the inactive state, which is the one
where Raf spends most of its time, Ras is GDP-bound and Raf mostly populates its
autoinhibited state, with minor populations in the open ‘free’ state and the Ras-bound state.
However, in the presence of active GTP-bound Ras, the equilibrium shifts; the RBD of the
open, free Raf state, binds Ras depleting the open free state population. The population of
the autoinhibited states then shifts toward this open free state, maintaining the equilibrium,
and concomitantly exposing the dimerization surface resulting in KD dimerization and
activation. Phosphorylation plays a cardinal regulatory role in the relative populations of the
states. In B-Raf, Ser446 phosphorylation weakens the autoinhibition; 14-3-3 proteins bind
to pSer259 in C-Raf (Raf-1) and pSer365 in B-Raf (132-135), stabilizing the autoinhibition.
Protein phosphatase 2A (PP2A) and protein phosphatase 1 (PP1) relieve it, with the
equilibrium trending to the free open state (136-140). 14-3-3 also binds pSer621 in C-Raf
and Ser729 in B-Raf (132,134,135). Even though the interaction of the KD with the RBD-
CRD appears weak, binding of the KD at both sites can stabilize the autoinhibited state
(133,136,141-144).

Different from PI3Ka, under physiological conditions Raf is activated by Ras dimers or
nanoclusters, where Ras monomers are in spatial proximity (5), which promote Raf KD
dimerization (Figure 1B). Hotspot mutations in the linker can relieve the autoinhibition
(3,89); if occurring in the catalytic KD they can activate monomeric Raf, without Ras
involvement as observed in drug resistance (3,145-147) in the classical case of V600E
missense mutation in 80-90% of B-Raf mutants (My Cancer Genome: https://
www.mycancergenome.org/content/alteration/braf-v600e/). To the best of our knowledge, to
date no activating hotspot mutations were identified in the RBD or CRD. Whether double
co-acting mutations are present in the same allele is unclear; again, to date none were found.
The key requirement for full Raf activation is dimerization which requires a high effective
local concentration (thus proximity) and availability of the interacting KD surface. Raf’s KD
activation was explored in atomistic detail (148). However, conformational details related to
the long-disordered linker and the recently uncovered KD—-CRD/RBD interactions
(122,123), are still missing due to high flexibility and the exact location of RBD in the
assembly is still unclear. Our on-going modeling and simulations aim to help resolve this
conundrum and obtain the full activation scenario.
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The Biological Significance of the Two Modes of Activation, At and Away
from the Membrane

Ras-mediated PI3Ka and Raf activation exemplify two different cellular modes of activation
— at the membrane and away from the membrane. They epitomize different mechanisms of
autoinhibition, patterns of driver mutations and phosphorylation. The efficient, dynamic,
cascading kinases in the MAPK pathway are all dimers, occupy massive space, are better off
away from the membrane, especially when considering also the scaffolding proteins which
are involved in their assembly (149). In contrast, in the PI3K pathway, both Ras and RTK
activators, are located at/in the membrane, and after activation the PIP3 product is in the
membrane, to be exploited for further signal transduction. The distinct autoinhibition
mechanisms adopted by PI13Ka and Raf evolved to fit their cellular location and activation
scenarios: in Raf, the CRD and RBD block access to the kinase domain dimerization
interface; in PI3Ka the p85a and p110a interdomain interfaces hinder the active site
exposure to the membrane and substrate PIP, access. Phosphorylation events tighten the
autoinhibition in both PI3Ka and Raf, but in different ways. In Raf, at the cytoplasm,
phosphorylated residues in the conserved region 2 (CR2, pS365 in B-Raf) and at the C-
terminal CR3 (pS729 in B-Raf) serve as 14-3-3 binding sites (123); in PI3K, at the
membrane, no additional protein is involved. Phosphorylated Ser608 (and Ser807) in p85a
(150) may interact with p110a at the C-lobe, with the acidic residues around it interacting
with the surrounding basic residues as well, increasing the stability of the autoinhibited state.
With respect to driver mutations (151), no drivers have been identified in the RBD or CRD
at the membrane. Instead, the vast majority of B-Raf’s 300 mutations (152) are in the
activation loop near V600E, the major mutation in melanoma, or in the GSGSFG phosphate
binding loop (P-loop) at residues 464-469 (152,153). This is not the case in PI3Ka., where
most, including p85a truncation, are involved in relieving the autoinhibition or enhancing
and stabilizing lipid substrate docking. This is critical, since the cavity is relatively small,
with part of the PIP; is still in the membrane. These two chores — shifting the ensemble
away from the autoinhibited state and increasing the population of PIP, at its pocket — are
respectively taken up by two sets of mutations. For the first, E542K and E545K in the helical
domain with charge reversal, mimicking the physiological process, as does Q546K/R.
Cys420 (C2) and Asn345 (C2) at the iISH2-C2 interface are also mutated to basic residues
(Arg or Lys), and may disrupt the iISH2-C2 interface through a repulsive force. p85a
frequent truncation mutations starting from iSH2, destroy the iSH2-C2 interface, and via a
conformational change involving iSH2 rotation promote exposure to the membrane and
activation. Several are in linkers at the ABD-kinase domain interface; others at the ABD-
RBD linker. Some involved in key contacts are mutated to uncharged amino acids (Cys or
GlIn). For the second, some, are at the surface of the kinase domain including H1047R are all
mutated into Lys or Arg in cancer, promoting PI3Ka membrane interaction. A more
complete list along with their mechanisms are described in Zhang et al. (53).

Thus, at the membrane, with limited space and the needed proximity to the small signaling
lipid PIP,, occluding the active site through the p85a regulatory subunit and membrane
attachment are critical. For Raf, at the cytoplasm with activation involving dimerization, and
the presence of a huge signalosome assembly (149), 14-3-3 is called upon to help, with
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barely any mutations away from the kinase domain to disengage autoinhibition. This huge
assembly is still dynamically anchored - to the cytoskeleton, where e.g. ERK controls
protrusion initiation and protrusion speed (that emerge via the WRC (WAVE?2 regulatory
complex, which activates the Arp2/3 actin nucleator for actin assembly (154)); migration
which is enabled by MAPK-induced cell softening via actin cytoskeleton re-organization
(155), and more (e.g. (156)). IQGAP1 scaffolding protein is one way through which the
interactions can be mediated, as it binds Raf, MEK, ERK and actin (127,128,157).

Conclusions

Lipid kinases mediate and transduce signals via lipids such as sphingolipids and
phosphoinositides (158). Their dynamic assemblies include membrane-attached protein
kinases that bind signaling lipids as cofactors, and a phosphatase that hydrolyzes the
phosphorylated lipids to keep cell growth signaling in check. This is not the case for Raf’s
KD and its assembly in the cytoplasm. Here we underscore some spatiotemporal physical
principles regulating the assemblies at, and away from, the membrane. This helps clarify the
activation mechanisms and delineates their driver mutations, with the recently identified
P13Ka double and multiple activating mutations providing an excellent example. Effective
inhibition of kinases, especially lipid kinases, still faces immense hurdles with limited
progress. Even though the so-called isoform specific PI3Ka inhibitors are becoming
available at the bedside, these ATP-competitive drugs are toxic at effective concentrations.
Drug resistance via parallel or redundant pathways is also expected. Eventually, coupling
allosteric drugs (159,160) with combinatorial drug regimens and creative new twists (161)
may forge a way forward (58).

The mechanism of activation of single and double co-occurring mutations led us to suggest
new pharmacological strategies for PI3Ka.: a combination of allosteric and orthosteric
inhibitors targeting the same molecule; and following mother nature a rescue mutation
strategy to guide drug discovery (58). In the first, the allosteric inhibitor may modulate the
active site conformation to now favorably bind an inhibitor to overcome drug resistance; in
the second, the allosteric site may be optimally located. Cancer appears to rely on the PI3K
node and signaling pathway more than on other pathways; thus, PI3Ka inhibitors may have
higher efficacy in the double and multiple mutation context. Notwithstanding, the expected
emergence of drug resistance argues for targeting cell-type specific parallel (or redundant)
chromatin-accessible proliferation pathways. The challenge in drug regimen is how to
identify the proliferation pathway likely to emerge next (162).

Here we emphasized that biological regulation is cell-context dependent. PIK3a lipid kinase
is activated at the crowded membrane surface and this is where its assembly locates; Raf
protein kinase is in the cytoplasm. Their differing physical environments underlie their
distinct modes of action, oncogenic mutations and inhibition. Future biophysical challenges
could consider their broader framework including the cytoskeleton; they could also take up
identification of their cell-specific proliferation pathways which are linked to their chromatin
accessibility(162).
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Figure 1.
Ras activates its effectors and signaling pathways at the membrane. (A) Active PI3Ka and

its associated kinases/phosphatases, Akt, PDK1, PTEN, assemble at and are confined to
membrane regions enriched in signaling lipids. The figure portrays activation of oncogenic
PI13Ka by RTK signaling and Ras where the driver mutations mimic physiological events, as
proposed in the seminal paper of Roger Williams and his co-workers (87), and the chain of
events initiating at the plasma membrane down to the nucleus via the PI3K/Akt pathway. (B)
The activation of Ras/Raf/MEK/ERK pathway mainly occurs in the cytoplasm away from
the membrane. The dimerized Raf or monomeric Raf mutant (V600E) phosphorylates the
downstream MEK and ERK for cell proliferation.
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Figure 2.
Structural insight into PI3Ka activation and inhibitors. (A) PI3Ka structure (PDB ID:

40VV) and oncogenic mutations (left panel). The top right panel illustrates the membrane
interactions of PI3Ka.. The C-lobe of the kinase domain (KD) contains fewer basic residues
on the surface than its N-lobe. The basic residues are highlighted in marine color and the
plausible membrane binding area denoted by the white dash circle (right bottom panel). The
snapshots of the (B) PI3Ka (PDBID: 40VV) and (C) PI3Ka with nSH2 released
(constructed from MD simulations) suggest the conformational changes of PI3Ka.. (D)
PI3Ka inhibitors structurally resemble ATP, competing with ATP to interact with the kinase
domain (The drug structures are from DrugBank).
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