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The RAF/MEK/ERK pathway is central to the control of cell physiol-
ogy, and its dysregulation is associated with many cancers. Accord-
ingly, the proteins constituting this pathway, including MEK1/2
(MEK), have been subject to intense drug discovery and development
efforts. Allosteric MEK inhibitors (MEKi) exert complex effects on RAF/
MEK/ERK pathway signaling and are employed clinically in combina-
tion with BRAF inhibitors in malignant melanoma. Although mecha-
nisms and structures of MEKi bound to MEK have been described for
many of these compounds, recent studies suggest that RAF/MEK
complexes, rather than free MEK, should be evaluated as the target
of MEKi. Here, we describe structural and biochemical studies of
eight structurally diverse, clinical-stage MEKi to better understand
their mechanism of action on BRAF/MEK complexes. We find that
all of these agents bind in the MEK allosteric site in BRAF/MEK
complexes, in which they stabilize the MEK activation loop in a
conformation that is resistant to BRAF-mediated dual phosphory-
lation required for full activation of MEK. We also show that allo-
steric MEK inhibitors act most potently on BRAF/MEK complexes
rather than on free active MEK, further supporting the notion that
a BRAF/MEK complex is the physiologically relevant pharmacologic
target for this class of compounds. Our findings provide a conceptual
and structural framework for rational development of RAF-selective
MEK inhibitors as an avenue to more effective and better-tolerated
agents targeting this pathway.

BRAF | MEK | allosteric kinase inhibitor | MEK inhibitor | X-ray
crystallography

he RAS/RAF/MEK/ERK pathway mediates response to sig-

naling from receptor tyrosine kinases (RTKSs) and controls
many aspects of cell physiology, including proliferation and dif-
ferentiation (1-3). Activating, somatic mutations in components
of this pathway are the cause of diverse cancers. RTKs (e.g., EGFR),
RAS, and BRAF are frequently mutated in cancer, and though
rare, oncogenic mutations in MEK have also been described (4,
5). Therefore, individual components of this pathway have been
subjected to intense drug discovery and development efforts, which
have resulted in a number of clinical candidates and approved
drugs, revolutionizing cancer care (6-9). As the central kinase in
this pathway and the only known substrate of RAF, MEK is an
important cancer drug target (5). However, MEKi have found lim-
ited clinical application to date. Trametinib, cobimetinib, and bini-
metinib are approved for treatment of malignant melanoma driven
by BRAF V600E but only in combination with BRAF inhibitors
(10). MEKi selumetinib has recently been approved for treat-
ment of certain pediatric patients with neurofibromatosis type 1
who have inoperable plexiform neurofibromas (11).

In humans, there are three RAF proteins (ARAF, BRAF, and
CRAF), two MEK proteins (MEK1 and MEK?2), and two ERK
proteins (ERK1 and ERK?2); for simplicity, we refer to them col-
lectively as RAF, MEK, and ERK. Signaling through this three-
tiered kinase cascade is initiated by ligand-induced activation of
RTKs on the cell surface, which results in GTP-loading of RAS.
GTP-bound RAS binds and activates RAF, and RAF in turn ac-
tivates MEK by phosphorylating it on two serine residues in its
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activation loop (A-loop), S218 and S222. MEK then phosphor-
ylates ERK, its sole substrate. This description implies a relay-
like handoff of phosphorylation marks from upstream toward
downstream factors. In accord with this linear or “stepwise” view
of the pathway, inhibitors targeting these kinases are widely thought
of as “blockers” of a given phosphorylation step (i.e., MEK inhib-
itors inhibit phosphorylation of ERK). However, this simple model
is at odds with the complex pharmacology of MEK inhibitors.
Certain MEKi have long been known to differ in their efficacy
depending on the mechanism of pathway activation. Cobimetinib
and PD0325901 are much more potent inhibitors of proliferation
of cell lines driven by the oncogenic BRAFY*®E mutant than they
are of those driven by oncogenic KRAS mutants, while other MEK
inhibitors (GDC-0623 and CH5126766) are potent in both contexts
(12, 13). How do MEK inhibitors “distinguish” between MEK
activated by these differing upstream mutations?

Drug action on RAF/MEK complexes, rather than inhibition
of free MEK, would provide a potential resolution of this par-
adox. A given agent might then be expected to differ in potency
on a BRAFY*E/MEK complex as compared with a CRAF/
MEK complex. Because CRAF is thought to be the dominant
RAF isoform activated by oncogenic KRAS (12, 14-16), lack of
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potency on CRAF/MEK complexes could explain the lack of
efficacy of a particular MEK:i in the setting of oncogenic KRAS.
Almost all clinical stage MEKi are allosteric (5); they bind a
pocket in the inactive conformation of the kinase that is formed
in part by the regulatory C-helix, which is displaced outward, and
by an a-helix in the N-terminal portion of the kinase A-loop (17).
The A-loop helix encompasses the S218 and S222 activating
phosphorylation sites, and some MEKi have long been known to
interfere with its phosphorylation by RAF (12, 13, 18-21). Al-
losteric MEKi are also known to affect the stability of RAF/
MEK complexes, with certain inhibitors reported to either stabilize
or destabilize the complex (12, 13). Furthermore, recent structural
and biochemical studies show that MEK and RAF are maintained
in a mutually autoinhibited complex in the quiescent state (22-25).
This quiescent complex also contains a 14-3-3 dimer—a key reg-
ulatory subunit—and the integrated RAF/MEK/14-3-3 complex,
rather than RAF alone, functions as the RAS-activated switch
that initiates signaling through the pathway (24). Collectively,
these observations suggest that allosteric MEKi may act on the
RAF/MEK complex to inhibit MEK signaling or, at a minimum,
that their mechanism of action can be impacted by RAF. Indeed,
one MEKIi, CH5126766, has been described as a dual RAF/MEK
inhibitor that inhibits MEK phosphorylation and also allows
drug-bound MEK to act in a dominant negative manner by binding
to RAF, blocking its activity (12, 20).

Enzyme inhibitors can exhibit idiosyncratic mechanisms of ac-
tion beyond simple enzyme inhibition, including trapping of en-
zyme/substrate complexes or by binding primarily to the substrate
rather than the enzyme. For example, PARP inhibitors exert their
cytotoxic effect in part by trapping PARP-DNA complexes (26).
Topoisomerase I inhibitors such as topotecan stack between base
pairs in substrate DNA to trap a covalent topoisomerase | DNA
adduct (27). Despite the allosteric binding site of MEK inhibitors
and their known effects on phosphorylation of MEK itself, MEK
inhibitors are widely regarded as agents that inhibit the ability of
MEK to phosphorylate ERK. Furthermore, most structural studies
of MEK inhibitors have employed MEK alone (12, 13, 17, 28-32).
To better understand their mechanism of action on BRAF/MEK
complexes, we undertook comparative structural and biochemi-
cal studies of eight structurally diverse, clinical-stage MEK in-
hibitors (ST Appendix, Fig. S1). We describe crystal structures of
seven MEKi bound to the BRAF/MEK complex as well as an
inhibitor-free structure of the complex. We compare features of
these structures to each other and to existing structural information
on MEK inhibitor complexes. We further dissect MEKi mechanism
of action through a range of in vitro activity and binding assays.
Collectively, our studies indicate that all the allosteric MEKi studied
act on BRAF/MEK complexes to stabilize the MEK activation
segment in a native or near-native conformation that is resistant
to dual-phosphorylation by BRAF.

Results

Crystal Structures of Allosteric MEKi Bound to the BRAF/MEK1 Kinase
Module. We and others have recently described crystal structures
of a mutually autoinhibited BRAF/MEKI1 kinase domain complex
with MEKi GDC-0623 and without a MEK inhibitor (24, 25).
Although these crystal structures contain only the kinase domain
of BRAF, they reveal the same inactive conformations of both
MEKI1 and BRAF kinase domains observed in the cryogenic electron
microscopy (cryo-EM) structure of the complete BRAF/MEK1/14-3-
3 complex in the autoinhibited state (24). We now report structures
with seven additional MEKi (trametinib, selumetinib, cobimetinib,
binimetinib, pimasertib, CH5126766, and PD0325901; refer to S/
Appendix, Fig. S1 for chemical structures of the inhibitors) as well as
an additional structure of inhibitor-free BRAF/MEK complex with
an ATP analog crystallized in the same conditions as the majority of
our MEKi complexes (Materials and Methods and SI Appendix, Table
S1). All eight structures superimpose closely with each other and with
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the previously reported structures (24, 25) (RMSD ~0.2 to 0.45
A for the MEK portion of the structures). However, we do notice
a small change in the conformation of the BRAF and MEK acti-
vation segment in a subset of the structures that we attribute to
differing crystallization conditions and pH (6.5 versus 8.5) rather
than effects of inhibitor binding (SI Appendix, Fig. S2).

As previously described (24, 25), the BRAF and MEK kinase
domains bind with their active sites juxtaposed, and both kinases
exhibit characteristic inactive conformations (Fig. 14). MEK1 and
BRAF interact extensively in this complex, with contacts between
their N-lobes, activation segments, and aG helices. In the BRAF
kinase domain, an inhibitory turn in the A-loop enforces an out-
ward, inactive position of the aC-helix (Fig. 1B). Interactions among
the phosphate binding loop, inhibitory turn, and bound ATP analog
Adenosine 5'(B,y-imido)triphosphate (AMPPNP) further stabilize
this inactive state, which exhibits a very “closed” relative orien-
tation of the kinase N- and C-lobes. In MEKI1, the C-helix also
adopts an outward, inactive position where it is stabilized by the
A-loop helix (Fig. 1B). The overall MEK1 conformation, including
the N-terminal helix which aids in maintaining the inhibited state,
is closely similar to that observed for the intact MEK kinase do-
main alone (28). It is also quite similar to that in a prior structure
of a BRAF/MEK complex determined with BRAF in an active,
dimeric configuration, although the N-terminal helix was deleted
in the latter structure (22).

Comparison of the BRAF/MEKI1 structures with and without
bound MEKIi shows that the compounds bind in an elongated,
preformed pocket that runs the length of the MEK A-loop helix
(Fig. 1 C and D). Although the binding pocket is largely formed
by MEKl it is closed on one end by BRAF residues BRAF™®
BRAFY%®! and BRAFR®®?, which lie at the N terminus of its (xG
helix. Wlth the exception of cobimetinib, the bound inhibitors do
not appreciably alter the conformation of binding pocket (Fig. 1 E
and F).

All the MEKi studied here insert an aromatic group, typically
a 4-bromo-2-fluorophenyl or 4-iodo-2-fluorophenyl group, into a
lipophilic site at the back of the inhibitor-binding pocket (Fig. 2
and SI Appendix, Fig. S3). MEKi invariably position a polar or
hydrogen bond—acceptmg group to interact with the mainchain
amide of MEKS?!? in the MEK activation segment (Fig. 2). This
interaction is crucial for MEK inhibition and has been proposed
to contribute to stabilization of the helical conformation of the
activation segment, rendering it resistant to phosphorylation by
RAF (13). A subset of MEK inhibitors contain a polar arm that
forms hydrogen bonds with phosphate oxygens of the bound nu-
cleotide. Cobimetinib, trametinib, and CH5126766 lack this feature
and instead make additional hydrophobic interactions along the
activation segment helix (Fig. 2).

We also compared our results to available crystal structures of
MEKIi bound to MEK alone (12, 28, 33, 34). MEK conforma-
tions vary considerably in these prior structures. Without stabi-
lizing interactions with RAF, the MEK C-helix usually assumes a
somewhat more outward orientation, and the activation segment
conformation is quite variable (SI Appendix, Fig. S4). Despite this
variability, all MEKi adopt similar binding poses in both MEK
alone and the BRAF/MEK complex (SI Appendix, Fig. S4). In the
BRAF/MEK complexes, most of the MEKi do not directly contact
BRAF, but CH5126766 and trametinib are exceptions. CH5126766
is in van der Waals contact with BRAF™® and BRAF™*®!| and
trametinib contacts BRAFR%%2,

The structure of trametinib bound to MEK1 in complexes with
KSR1 and KSR2 has recently been described (35). Kinase sup-
pressor of RAS (KSR) proteins are regulators of RAS/RAF/MEK/
ERK pathway signaling that have a pseudokinase domain that, like
the RAF kinase domain, can bind to MEK (36, 37). A com-
parison of these structures with the trametinib complex de-
scribed here reveals a similar overall binding mode, despite the
altered conformation of MEK1 when bound to KSR1/2 versus
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Fig. 1. Overall structure of the BRAF/MEK complex and allosteric inhibitor site. (4) Ribbon diagram showing the overall structure of the mutually auto-

inhibited BRAF/MEK complex, with AMP-PNP bound in both kinase active sites and CH5126766 in the MEK allosteric site. (B) An approximate “open-book”
view of the complex, showing the relationship of the ATP site and allosteric site in MEK and of the A-loop helix (orange) and C-helix (red) in forming the
allosteric site. In both MEK and BRAF, the C-helix is in an outward, inactive position, stabilized by the A-loop helix in MEK and the inhibitory turn in BRAF. (C
and D) Surface representations of the allosteric site in the inhibitor-free crystal structure (C) and the CH5126766 complex (D). (E) Most inhibitors have little
effect on the conformation of the preformed allosteric pocket. The inhibitor-free structure is shown as a ribbon diagram, with sidechains of residues lining
the allosteric pocket shown in stick form and colored as in A above. Side chains of three representative inhibitor bound structures (CH5126766, trametinib,
and binimetinib) are superimposed and shown with carbon atoms colored white. (F) In the cobimetinib complex, the A-loop helix (orange) is rotated inward
compared with its position in the absence of inhibitor, narrowing the allosteric pocket by ~2 A toward its C terminus. The cobimetinib complex is colored as in

A, and the inhibitor-free structure is shown as a white ribbon.

BRAF (SI Appendix, Fig. S5). As with the free MEK1 structures,
the MEK1 C-helix and activation segment helix assume a more
outward position in the KSR complex, likely because KSR does
not make N-lobe contacts analogous to those of BRAF.

Collectively, our structural analysis reveals that the allosteric
MEKi studied here bind in a pocket formed primarily by MEK
but with minor direct contributions by BRAF. In addition, BRAF
shapes the MEK portion of the pocket by altering the position of
the MEK C-helix and A-loop helix. Despite the fact that inhib-
itors engage similarly regardless of whether MEK is free or bound to
BRAF, these observations show clearly that the BRAF/MEK com-
plex represents a structurally distinct target as compared with free
MEK. Likewise, the allosteric pocket in the BRAF/MEK complex
differs from that in the KSR/MEK complexes (35).

MEKi Vary Widely in Potency against Active, Phosphorylated MEK. To
examine further the mechanism of allosteric MEKi, we com-
pared the potency of these inhibitors in two assays. The first was
a cascade assay in which BRAF was used to phosphorylate unphos-
phorylated MEK (uMEK), and the inhibition was measured by
monitoring levels of ERK phosphorylation. The second was a
direct assay in which we measured inhibition of ERK phosphoryla-
tion by phosphorylated MEK (pMEK). The pMEK was preactivated
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via phosphorylation by BRAF and subsequently repurified to
remove BRAF. For both formats, we used a sensitive radiometric
assay and low concentrations of MEK (0.5 nM for both uMEK and
pMEK) to allow reasonable discrimination in the activity of these
very potent inhibitors.

As expected, all inhibitors were potent in the cascade assay
format with uMEK, with low nanomolar or subnanomolar half-
maximal inhibitory concentration (ICsy) values, comparable to
previously reported values for these agents (Table 1 and SI Ap-
pendix, Fig. S6). However, potencies for the same inhibitor differed
markedly in the direct inhibition assay with pMEK, displaying a
wide range of differences between their effect on pMEK vs. uMEK.
Trametinib was the most potent (ICsy = 11 nM) and exhibited a
shift of ~25-fold from its ICs, in the cascade assay (0.42 nM).
Conversely, CH5126766 inhibited pMEK only very weakly (ICsy >2
uM), a shift of more than 200-fold from its potency in the cascade
assay (6.6 nM). Three structurally similar compounds exhibited
the narrowest differences in potency on uMEK versus pMEK;
GDC-0623, selumetinib, and binimetinib exhibited shifts in potency
of seven-, three-, and fivefold, respectively. PD0325901, cobimetinib,
and pimasertib exhibited intermediate potencies on pMEK, with
shifts of 40- to 80-fold relative to their activity in the cascade
assay with uMEK. Overall, these experiments show that potency

PNAS | 30of8
https://doi.org/10.1073/pnas.2107207118

www.manaraa.com

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107207118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107207118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107207118/-/DCSupplemental
https://doi.org/10.1073/pnas.2107207118

Downloaded at Palestinian Territory, occupied on December 12, 2021

Pimasertib CH5126766

Cobimetinib

~ PD0325901 Binimetinib

Fig. 2. Details of MEK allosteric inhibitor binding. Inhibitors are shown in stick form with carbon atoms colored yellow. Hydrogen bonds are shown as dashed
lines. Structural elements are colored as in Fig. 1 (A-loop helix orange, aC helix red), and selected side chains that form the allosteric binding pocket are
labeled. Note that all inhibitors form a hydrogen bond with the mainchain amide of MEK®%'? in the A-loop helix. Refer also to SI Appendix, Fig. S3 for

corresponding electron density maps.

on the BRAF/MEK complex is separable from potency on free
pMEK.

MEK Inhibitors Suppress Dual $218/5222 Phosphorylation and Differentially
Modulate Single-Site Phosphorylation as Well as BRAF/MEK Complex
Affinity. Several allosteric MEKi are known to affect phosphor-
ylation of MEK by RAF, and a subset have been shown to alter
the affinity of MEK for RAF (12, 13, 18-20). Either or both of
these effects could explain their greater potency in the cascade
assay with uMEK, but to our knowledge, the effects of MEK in-
hibitors on these properties have not been systematically investigated
across diverse MEK inhibitor chemotypes. We examined the effect
of the eight allosteric MEK inhibitors and one ATP-competitive
MEK inhibitor (MAP855) on MEK phosphorylation by BRAF in
an in vitro kinase assay with purified uMEK (kinase dead mutant)
and a purified full-length active BRAF/14-3-3 complex. We used a
saturating inhibitor concentration (10 pM), which was five times the
uMEK concentration (2 pM). We measured phosphorylation in two
ways: Western blotting with a panel of five anti-pMEK antibodies
and a quantitative mass spectrometry assay calibrated with synthetic
peptides. Strikingly, all the allosteric inhibitors markedly decreased
dual pS218/pS222 phosphorylation of the MEK activation seg-
ment, with GDC-0623, selumetinib, trametinib, and pimasertib

showing the levels less than 5% of that in the absence of inhibitor
(Fig. 3, Upper). Cobimetinib, PD0325901, CH5126766, and bini-
metinib also diminished dual phosphorylation, albeit to a some-
what lesser extent. Effects on single-site phosphorylation were
far more variable. GDC-0623 and CH5126766 were unique in
decreasing single-site phosphorylation at both pS218 and pS222.
The other six allosteric inhibitors all showed increased single-site
phosphorylation on MEK??2, In all cases, the extent of sin%Ie-
site phosphorylation on MEKS?%? was less than the sum of MEK>**
and MEK3*'¥5222 phosphorylation in the absence of inhibitor. Thus,
the apparent increase in single-site MEKS?*? phosphorylation
likely stems from a decrease in MEKS?!8 hosphorylation, leading
to less doubly phosphorylated MEKS*'®5222 rather than from an
increase in MEK®**? phosphorylation. Single-site phosphoryla-
tion of MEKS?'® was also quite variable; with trametinib, it was
inhibited almost entirely, while with selumetinib, it was modestly
increased relative to the inhibitor free reaction (Fig. 3, Upper). The
ATP-competitive inhibitor MAP855 had little effect on MEK
phosphorylation in this assay.

With antibody detection, we noticed dramatic variability among
commercially available anti-pMEK antibodies (Fig. 3, Lower).
All five antibodies cleanly discriminate between uMEK and MEK that
was phosphorylated in the absence of inhibitor. However, detection

Table 1. MEK inhibitor potency (ICso) against BRAF/UuMEK versus pMEK

Inhibitor BRAF/UMEK nM Literature (ref.) nM pMEK nM pMEK/UMEK ratio
Selumetinib 9.4 14 (45) 35 3.7
Binimetinib 20.8 12 (46) 104 5.0
GDC-0623 4.8 0.13 (13) 34 71
Cobimetinib 1.4 0.92 (47) 57 40.7
Pimasertib 2.7 5-11 (48) 180 66.7
PD0325901 1.6 0.33 (49) 130 81.3
Trametinib 0.42 0.92 (50) 11.2 26.7
CH5126766 6.6 19 (20)" >2,000 >200

*In the referenced study, potency of CH5126766 was measured in an assay for inhibition of MEK phosphorylation

by BRAF.
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Fig. 3. Allosteric MEK inhibitors suppress dual phosphorylation of the MEK
A-loop. Kinase-dead MEK1 was treated with active, full-length BRAF in the
presence or absence of the indicated inhibitors at a concentration of 10 pM,
and reaction mixtures were analyzed by quantitative mass spectrometry
(Upper) and Western blotting (Lower). The control lane was left untreated;
MAPS855 is an ATP-competitive inhibitor. In the upper panel, the abundance
of each phosphorylated species is normalized to that of the doubly-
phosphorylated pS218/pS222 peptide in the sample with no inhibitor.
Western blotting was carried out with a panel of five phospho-specific anti-
MEK pS218/pS222 antibodies (9121, 9154, and 86128 are from Cell Signaling
Technologies; sc-81503 from Santa Cruz Biotechnology; and 05-747 from
Millipore-Sigma) and with an Anti-MEK1/2 antibody (9122, Cell Signaling
Technologies). Antibody type is indicated as follows: Rb, rabbit; Ms, mouse;
mAb, monoclonal antibody; and pAb, polyclonal antibody.

varied widely and sometimes in a manner that was not obviously
correlated with actual phosphorylation state as measured by mass
spectrometry, likely due to complex effects of single-site phos-
phorylation. As an aside, we note that accumulation of reactivity
with anti-pMEK antibodies is observed in cell-based experiments
with PD0325901 and certain other MEKi and has been attributed
to a block of feedback inhibition of the pathway. This effect is not
observed with CH5126766, GDC-0623, and, to some extent, tra-
metinib (12, 13), and these MEKi have been termed “feedback
busters” (5). We observe the same pattern in this in vitro experi-
ment in which feedback does not occur; rather, it is due to the
direct action of MEK inhibitors on the BRAF/MEK complex.
We also measured the effect of allosteric inhibitors on the
affinity of MEK for BRAF using biolayer interferometry (BLI).
In these experiments, the Hisq-tagged BRAF kinase domain was
immobilized on the sensor tip, and the affinity of uMEK or pMEK
was measured in the presence or absence of each of the inhibitors
at a concentration of 2 pM. Consistent with prior studies, we ob-
served high affinity binding of uMEK to BRAF (20 nM) and much
lower affinity interaction with pMEK (330 nM) (12, 13). The
association/dissociation traces for uMEK binding to BRAF re-
veal a relatively slow on, slow off kinetic behavior (SI Appendix,
Fig. S74). The pMEK traces, in contrast, show a more rapid
association phase and a much faster rate of dissociation (SI Ap-
pendix, Fig. S7B). Introducing a point mutation in the MEK aG
helix (MEK™'*F) that disrupts interaction with BRAF (13) resul-
ted in a loss of binding, confirming the specificity of the assay (SI
Appendix, Fig. STC). As shown in Table 2, inhibitors modulated the
affinity of uMEK for BRAF, with effects ranging from modestly
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increased affinity (~3 nM in the presence of PD0325901) to
severalfold-decreased affinity (96 nM in the presence of cobime-
tinib). With pMEK, all of the inhibitors tested increased affinity
for BRAF, typically only modestly (1.5- to fivefold). CH5126766
was a notable exception; in the presence of this compound we
measured an affinity of ~10 nM for pMEK to BRAF, similar to
the affinity of uMEK (Table 2 and SI Appendix, Fig. S7D). Taken
together, our results show that MEK inhibitors exert distinct effects
on BRAF-mediated uMEK phosphorylation. While all MEKi
tested suppress dual phosphorylation of MEK, they vary in their
ability to inhibit single-site phosphorylation and to modulate
BRAF/MEK complex affinity.

Discussion

In principle, allosteric MEKi could act via one or more of at least
four distinct mechanisms to block activation of RAF/MEK/ERK
signaling pathway: 1) by binding to uMEK and inducing a con-
formation that blocks its recruitment to RAF; 2) by allowing binding
of uMEK to RAF but stabilizing or inducing a phosphorylation-
resistant conformation of MEK; 3) by preventing release of pMEK
from RAF, which would likely preclude ERK phosphorylation; or
4) inhibiting free pMEK to block its ability to phosphorylate
ERK (Fig. 4). Our findings show that as a class, allosteric MEK
inhibitors act most potently on BRAF/MEK complexes to block
MEK activation, primarily by preventing dual-phosphorylation of
MEKS?2185222 by BRAF. Cocrystal structures with the BRAF/
MEK complex show that they do so by filling the large preex-
isting pocket behind the MEK A-loop, where they establish favor-
able interactions that apparently stabilize it in a phosphorylation-
resistant conformation.

While the results reported here suggest that allosteric MEKi
do not act primarily by preventing binding of uMEK to RAF, we
do observe that these agents modulate affinity of uMEK for BRAF.
Thus, it is possible that this effect may contribute in a cellular context
where MEK concentrations are more limiting. Treatment of cells
with trametinib and certain other MEK inhibitors is reported to
decrease coimmunoprecipitation of MEK with RAFs, while oth-
ers, including CH5126766 and GDC-0623 appear to stabilize
RAF/MEK complexes (12, 13, 20). However, differential phos-
phorylation of MEK is also at play in these cell-based experiments
and will lead to differences in complex stability as a secondary
effect. With respect to preventing release of pMEK from RAF, all
inhibitors tested at least modestly increased the affinity of pMEK
for BRAF at the high inhibitor concentrations tested (2 pM), and
one did so dramatically (CH5126766). However, the contribution
of this mechanism is likely to be minor because these inhibitors
also prevent MEK phosphorylation. In terms of direct pMEK
inhibition, we do observe that MEKIi inhibit free pMEK, albeit
with dramatically decreased potency in most cases. Although no
crystal structure of pMEK is currently available, based on what is
known for other kinases, phosphorylation is expected to “close”

Table 2. Effect of MEK inhibitors on affinity of uMEK and pMEK
for BRAF kinase*

Inhibitor UMEK Ky (nM) PMEK Ky (nM)
No MEKi 20 + 1.9 330+ 7.0
Selumetinib 48 + 5.9 110 + 12
Binimetinib 20 + 2.3 220 = 11
GDC0623 13+ 2.0 190 + 20
Cobimetinib 96 + 26 190 + 18
Pimasertib 77 + 9.6 65 +9.4
PD0325901 33+05 64 +5.2
Trametinib 68 + 16 120 + 6.6
CH5126766 26 + 5.5 10 + 0.6
*Measured by BLI, with immobilized BRAF kinase.
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Fig. 4. Paradigm for understanding the mechanisms of action of allosteric
MEK inhibitors. Allosteric inhibitors could in principle act on free uMEK to
interfere with its recruitment to RAF or on RAF-MEK complexes to block or
alter phosphorylation of MEK by RAF or its release from RAF once phos-
phorylated. Allosteric MEK inhibitors could also inhibit free, active pMEK.
We find that all inhibitors studied here act most potently on BRAF/MEK1
complexes in which they inhibit the dual phosphorylation of MEK that is
required for its activation. Inhibition of active pMEK was also observed but
with variable and sometimes dramatic loss of potency.

the allosteric inhibitor binding pocket, thus antagonizing allo-
steric inhibitor binding, in agreement with the loss of potency we
observe here.

Because they are most potent as inhibitors of MEK activation,
allosteric MEK inhibitors are in effect RAF inhibitors that happen
to bind primarily to the substrate in the enzyme/substrate complex,
rather than to the enzyme. Because they inhibit phosphorylation
of MEK—which normally promotes its release from RAF—MEKi
can trap RAF/MEK complexes. This effect is pronounced with
CHS5126766 and GDC-0623 (12, 13), the two MEKi that suppress
both single-site and dual phosphorylation of MEKS2'85%22 (Fig, 3).
While most of these drugs also inhibit pMEK, albeit at higher
concentrations, potency on pMEK is clearly separable from po-
tency on the RAF/MEK complex. The chemotype exemplified by
selumetinib exhibits rather narrow selectivity, while that of
CH5126766 exceeds two orders of magnitude (Table 1).

Given these observations, one can imagine rational develop-
ment of RAF-selective allosteric MEK inhibitors—for example,
an agent that would be potent at inhibiting BRAF/MEK but able
to spare CRAF/MEK and/or ARAF/MEK. Isoform selectivity or
even mutant isoform selectivity, together with a lack of potency
on active pMEK, could lead to more effective and better-tolerated
therapeutics for particular indications in which this pathway is
activated. Direct assessment of the potency of existing MEKi
against ARAF/MEK, BRAF/MEK, and CRAF/MEK complexes
is an important area for further study. Although they were not
developed to be RAF selective, some current MEKi may exhibit
a degree of isoform selectivity. Cobimetinib, for example, was
observed to be a more-potent inhibitor in cascade assays with
BRAFY®E than with CRAF (13). Furthermore, the lack of ef-
ficacy of PD0325901 in KRAS-mutant cell lines as compared
with BRAFY*E_driven cell lines has been attributed to activa-
tion of CRAF by oncogenic KRAS (12), an observation that is
consistent with more-potent inhibition of BRAFY*"/MEK

60fi8 | PNAS
https://doi.org/10.1073/pnas.2107207118

complexes by this agent. These examples and the results we de-
scribe here support the notion that each isoform-specific complex
represents a unique target for drug development. More generally,
in the context of targeting kinase-mediated signaling pathways,
considering kinase complexes as the target, rather than the kinase
in isolation, may open opportunities for drug discovery and de-
velopment, in particular with allosteric inhibitors.

Materials and Methods

Insect Cell Expression and Purification of the BRAF/MEK Kinase Complex. For
insect cell expression of the BRAF kinase domain in complex with MEK1, two
recombinant baculovirus species were employed. The first was prepared using
baculoviral transfer vector pFastBac Dual and encoded the BRAF kinase
domain (BRAF residues 445 through 723, fused to an N-terminal Hisg tag and
a C-terminal chitin-binding domain) and human chaperone CDC37. The
second baculovirus encoded full-length human MEK 15454 (S218A/S222A). For
protein production, liter-scale suspension cultures of Sf9 cells were coin-
fected with both viruses. Cells were harvested 60 to 66 h postinfection and
resuspended in lysis buffer (50 mM Tris pH 8.0, 250 mM NacCl, 5% glycerol
and 20 mM imidazole, and 1 mM Tris (2-carboxyethyl)-phosphine [TCEP])
with protease inhibitor mixture (Roche). Resuspended cells were disrupted
by sonication on wet ice, and the lysate was clarified by ultracentrifugation
at 40,000 rpm for 2 h. Clarified lysate was batch-bound to nickel-nitrilotriacetic
acid (Ni-NTA) agarose beads and washed extensively with binding buffer be-
fore elution with elution buffer (50 mM Tris pH 8.0, 250 mM Nacl, 250 mM
imidazole, and 1 mM TCEP). The elution fractions were pooled and treated
with 1:1,000 molar ratio of tobacco etch virus nuclear-inclusion-a endopepti-
dase (TEV protease) and 100 mM B-mercaptoethanesulfonic acid (MESNA)
overnight to cleave N-terminal and C-terminal tags and further purified by
size-exclusion chromatography (Superdex 200 10/300, GE Healthcare) in storage
buffer (50 mM Hepes pH 7.5, 150 mM NaCl, and 1 mM TCEP). The fractions were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and fractions corresponding to the BRAF/MEK kinase domain complex
were pooled, concentrated to 8 mg/mL, and flash-frozen. The final yield of the
BRAF/MEK protein complex was ~10 mg/6L preparation.

Expression and Purification of the BRAF Kinase Domain for Biophysical and
Kinase Assays. We employed the same BRAF baculoviral expression ap-
proach described above to obtain the isolated kinase domain but without
coinfection with the MEK-expressing virus. After initial batch-mode Ni-NTA
purification, the C-terminal chitin-binding domain was cleaved by overnight
incubation of the elution fractions with 100 mM MESNA. The N-terminal Hisg
tag was retained for use as the capture “handle” for BLI experiments. In
preparation for ion exchange chromatography (IEX), the Ni-NTA eluate was
carefully diluted 1:3 into IEX buffer A (50 mM Hepes pH 7.5, 1 mM TCEP) and
applied to a 5/50 Mono S cation exchange column. After ~50 column vol-
umes (CV) washing with 5% IEX buffer A, the BRAF kinase was eluted along
a 5 to 50% IEX buffer B (50 mM Hepes pH 7.5, 1 M NaCl, 1 mM TCEP) gra-
dient for 20 CVs. Fractions were analyzed by SDS-PAGE, relevant fractions
were pooled and concentrated to 16 pM, and 10 pL aliquots were flash-
frozen in liquid nitrogen for storage at —80 °C. The final yield from 6L Sf9
culture was 0.8 mg.

Expression and Purification of MEK1. MEK kinase (residues 62 through 393)
was engineered with an N-terminal, TEV-cleavable Hisg tag for purification
purposes and expressed in Escherichia coli strain BL21 DE3. Cells were grown
at 37 °C to an optical density of 0.5 to 0.7, and expression was induced by
addition of 0.5 mM IPTG and overnight incubation at 18 °C. Cells were
pelleted by centrifugation and resuspended in roughly 20 mL per L of cul-
ture of Bind/Wash buffer (50 mM Hepes pH 7.5, 250 mM sodium chloride,
30 mM imidazole, and 1 mM TCEP) with 1 mM phenylmethylsulfonyl fluo-
ride. Cells were disrupted by sonication, and lysate was clarified by centri-
fugation for 2 h at 17,000 rpm. After centrifugation, the cleared lysate was
filtered (0.8-um syringe filter) and applied to a pre-equilibrated 5 mL HisTrap
column. The column was washed with 50 to 80 mL Bind/Wash buffer on an
AKTA™ Explorer FPLC (fast protein liquid chromatography) until a relatively
flat ultraviolet absorbence (UV,go) reading was reached, and MEK 192393 was
eluted using a gradient from 0 to 50% Elution buffer (50 mM Hepes pH 7.5,
250 mM sodium chloride, 250 mM imidazole, and 1 mM TCEP) and collected
in 10-mL fractions. Fractions were pooled, and the Hisg tag was then cleaved
by addition of TEV protease and incubation overnight at 4 °C. The next day,
the MEK/TEV mixture was concentrated using a 30,000 molecular weight
cut-off (MWCO) Amicon spin concentrator prerinsed with Bind/wash buffer
to no more than 15 mg/mL. Concentrated protein was further purified over
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a GE Superdex 10/300 S75 column pre-equilibrated in size-exclusion chro-
matography (SEC) Buffer (50 mM Hepes pH 7.5, 250 mM sodium chloride,
and 1 mM TCEP). Elution fractions were analyzed by SDS-PAGE, and relevant
fractions were pooled and concentrated to 20 to 25 mg/mL and aliquoted
and frozen. The yield of MEK®?3% was ~10 mg per liter of culture.

BRAF/MEK1/MEKi Kinase Domain Crystallization and Structure Determination.
For crystallization, aliquots of the BRAF/MEK kinase complex were incubated
with 5 mM MgCl, and 2 mM AMPPNP in storage buffer at 4 °C overnight. Rod-
shaped crystals suitable for structure determination were obtained by vapor
diffusion in hanging drops with a reservoir solution containing 22% PEG3350,
0.1 M Tris pH 8.5, and 0.2 M Lithium Sulfate at room temperature. To obtain
complexes with binimetinib, trametinib, cobimetinib, pimasertib, selumetinib,
and CH5126766, 2-uL drops containing crystals of the AMPPNP-bound BRAF/
MEK complex were spiked with 1 uL of the reservoir solution containing 0.2 to
0.5 mM of the inhibitor of interest for 20 to 30 min prior to harvesting. For the
PD0325901 complex, the BRAF/MEK kinase complex was incubated with 5 mM
MgCl;, 2 mM AMPPNP, and 0.2 mM PD0325901 in storage buffer at 4 °C
overnight, and rod-shaped crystals suitable for structure determination were
obtained by vapor diffusion in hanging drops with a reservoir solution con-
taining 22% PEG3350, 0.1M Bis-Tris pH 6.5, and 0.2 M Ammonium Sulfate at
room temperature. For all structures, crystals were harvested and flash-frozen
in liquid nitrogen using additional 20 to 22% glycerol as a cryoprotectant.
X-ray diffraction data were collected at 100 K using NE-CAT beamline ID-24-C
at the Advanced Photon Source, Argonne National Laboratory, at a wave-
length of 0.9786 A. Data were integrated and merged using XDS (38) and
scaled using Aimless in the CCP4 suite (39) or by the Xia2 suite using the Dials
mode (40). Molecular replacement of the AMPPNP-only and all other inhibitor-
bound structures was performed using the GDC0623 structure as a search
model in PHENIX.PHASER (41, 42). Inhibitors were placed into positive density
in an initial F,-F. map and included in subsequent rounds of refinement using
PHENIX.REFINE (43). Successive manual refinement was performed using COOT
(44). The data collection and refinement statistics are presented in S/ Appen-
dix, Table S1.

BRAF/UMEK Cascade and pMEK Activity Assays. Radiometric inhibition assays
were performed in Kinase Buffer (100 mM Hepes, pH 7.5, 150 mM sodium
chloride, 5 mM magnesium chloride, and 1 mM TCEP). A total 1 uCi of y-32P
ATP (Perkin-Elmer) was diluted 1:1,200 into a 1-mM ATP stock solution,
which was further diluted 10-fold for a final ATP concentration of 100 uM.
MEK inhibitors were titrated from a starting concentration of 3 uM using
eight threefold serial dilutions. Kinase-dead ERK2 was used as a substrate at
a final concentration of 1 pM. For the coupled enzyme assays, BRAF*4>723
was used at a final concentration of 4 nM, and uMEK®2393 was used at a final
concentration of 500 pM. For inhibition assays of pMEK, 500 pM of pMEK
was used. The reaction was started by addition of the ATP stock at room
temperature (25 °C) and stopped by the 1:1 addition of 0.1 M EDTA after 1 h.
Samples were resolved by SDS-PAGE, and the gels were dried for 4 h before
exposure to a detection plate overnight. Counts were measured using a
phosphorimager, and relative activity was determined by densitometry us-
ing ImageJ software. ICsq values were determined using the GraphPad
Prism software.

BLI Binding Experiments. Experiments measuring the binding affinity of MEK1
for the BRAF kinase were performed on an Octet Red 384 Biolayer inter-
ferometer (Molecular Devices/ForteBio) at the Center for Macromolecular
Interactions at Harvard Medical School. Ni-NTA-coated biosensors (ForteBio/
Molecular Devices) were prewetted in Octet Soaking buffer (50 mM Hepes
pH 7.5, 150 mM sodium chloride, 5 mM magnesium chloride, 1 mM TCEP,
and 0.1% wt/vol bovine serum albumin) for 10 min before the start of the
experiment. The preloading baseline was determined by dipping the bio-
sensors in Octet Assay buffer 1 (50 mM Hepes pH 7.5, 150 mM sodium
chloride, 5 mM magnesium chloride, 1 mM TCEP, 0.1% wt/vol BSA, and
0.02% Tween-20) for 60 s. Hisg-tagged BRAF kinase was diluted in Octet
Assay buffer 1 to a concentration of 20 pg/mL and loaded onto the bio-
sensors over a period of 120 s. The postloading baseline was determined by
dipping the biosensors in Octet Assay buffer 2 (50 mM Hepes pH 7.5, 150 mM
sodium chloride, 5 mM magnesium chloride, 1 mM TCEP, 0.1% wt/vol BSA,
0.02% Tween-20, and either 0.5 mM ATP or 0.5 mM AMPPNP) for 120 s.

1. H. Lavoie, M. Therrien, Regulation of RAF protein kinases in ERK signalling. Nat. Rev.
Mol. Cell Biol. 16, 281-298 (2015).

20 DaiKerSimanshu D VanNissley;»FrnMcCormick;sRASsproteinszand their regulators in
human disease. Cell 170, 17-33 (2017).
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Association measurements were determined by dipping the biosensors into
seven threefold serial dilutions of MEK1 (starting concentration 1 pM) and
one no-MEK1 well for 300 s followed by a 900-s dissociation phase in the
same Octet Assay buffer 2 wells. Dimethyl sulfoxide (DMSO, 0.5% vol/vol)
was added to all buffers, and a fixed concentration of 2-uM inhibitor was
used. Double subtraction was performed using the no-MEK1 condition as a
sample blank and a full dataset collected without loading BRAF onto the
sensors. Kinetic and steady-state fits were determined using the Octet Data
Analysis HT 11.0 Suite. We report the steady-state fits in Table 2.

MEK Phosphorylation Assay. Unphosphorylated full-length MEK1 (D190N,
kinase dead) was prepared by in vitro dephosphorylation with lambda
phosphatase, and complete dephosphorylation was confirmed by mass
spectrometry and Western blotting. For the phosphorylation assay, uMEK
(KD) at a concentration of 2 uM was incubated with 5 nM active, full-length
BRAF/14-3-3 complex prepared in insect cells as previously described (16).
Reaction was carried out in presence of absence of each inhibitor at a
concentration of 10 uM for 1 h and quenched by addition of EDTA (100 mM
final concentration). Western blotting was performed with a panel of five
phospho-specific anti-MEK pS218/pS222 antibodies (9121, 9154, and 86128
from Cell Signaling Technologies; sc-81503 from Santa Cruz Biotechnology;
and 05-747 from Millipore-Sigma) and with an Anti-MEK1/2 antibody (9122,
Cell Signaling Technologies).

To quantify MEK1 S218/S222 phosphorylation by mass spectrometry,
standard stable isotope labeled peptides synthesized by New England Pep-
tide were spiked into kinase assays at 2.5-pmol peptides to 0.5-ug MEK1.
Standard peptides included the tryptic MEK1 A-loop phosphorylation sites
(LC“*MDFGVSGQLIDSMANSFVGTR) in unphosphorylated, singly, and doubly
phosphorylated states as well as two proteotypic peptides (YPIPPPDAK and
LEAFLTQK). Samples were denatured in 8 M urea and subjected to reduction
and carbamidomethylation with TCEP and iodoacetamide. Samples were
diluted to 2 M urea and digested with trypsin (1:50 ratio of trypsin:protein)
overnight at 32 °C. Digestions were brought to 1% formic acid (FA), and
peptides were dried by vacuum centrifugation and desalted over a C18
column. Peptides were resuspended in 5% acetonitrile (MeCN)/1% FA and
analyzed on an Ultimate 3000 RSLCnhano system coupled to an Orbitrap
Eclipse mass spectrometer (Thermo Fisher Scientific). Peptides were sepa-
rated across a 75-min gradient of 5 to 43% MeCN in 1% FA over a 50-cm C18
column (ES803A, Thermo Fisher Scientific) and electrosprayed (2.15 kV,
300 °C) into the mass spectrometer with an EasySpray ion source (Thermo
Fisher Scientific). Precursor ion scans (300 to 2,000 m/z) were obtained in the
orbitrap at 120,000 resolution in profile (RF lens % = 30, Max IT = 100 ms).
Fragment ion scans with a 0.7 m/z isolation window, HCD (higher-energy
C-trap dissociation) at 30% NCE (normalized collision energy), and 30,000
resolution were prioritized for a precursor inclusion list including m/z values
for native and synthetic peptides containing the A-loop sites at z = 3+ and
proteotypic peptides at z = 2+, which were previously determined to be the
most abundant charge states. Peptide sequence and phosphorylation site
localization were confirmed from fragment ion spectra and retention time,
and precursor abundances were quantified from extracted ion chromato-
grams. Ratios of native-to-standard peptides were normalized to those of
proteotypic peptides for comparison across treatments. Experiments were
conducted in triplicate.

Data Availability. Atomic coordinates and structure factors for the BRAF/MEK
crystal structures reported here have been deposited in the Protein Data Bank
and are available at https://www.rcsb.org/ with the following accession codes:
6V2W (AMPPNP), 7MOT (selumetinib complex), 7MOU (binimetinib complex),
7MOV (cobimetinib complex), 7MOW (pimasertib complex), 7M0X (PD0325901
complex), 7MOY (trametinib complex), and 7M0Z (CH5126766 complex).
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