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eLife Assessment

This paper's biochemical studies of the mechanisms underlying paradoxical activation of
RAF family kinases by small-molecule inhibitors have uncovered some important new
features of this process by establishing a role for the N-terminal acidic (NtA) motif and
showing that CRAF and ARAF can also exhibit paradoxical activation. However, there are
substantial criticisms that can be made regarding the data analysis and the evidence for
the authors' new model that paradoxical activation does not rely on negative allostery is
considered incomplete.

https://doi.org/10.7554/eLife.110344.1.sa4

Abstract

RAF kinases are central regulators of the RAS/MAP kinase pathway and important targets in
cancer therapy. Paradoxically, RAF inhibitors can activate wild-type RAF signaling. Negative
allostery is a central feature of the prevailing model for this phenomenon, wherein inhibitors
induce RAF dimers in which inhibitor binding to one protomer promotes an active but inhibitor-
resistant conformation in the other protomer. Here we systematically examined paradoxical
activation of ARAF, BRAF, and CRAF using biochemical assays with isolated RAF/MEK kinase
domain complexes. We found that type I and type II inhibitors induce paradoxical activation of all
three isoforms, and that phosphomimetic mutation of the N-terminal acidic motif of ARAF and
CRAF dramatically sensitized these isoforms to activation by type II inhibitors. The inhibition
phase of paradoxical activation curves for type II inhibitors was suggestive of positive
cooperativity, a finding in conflict with the prevailing model which implies negative cooperativity.
In contrast to the kinase domain RAF/MEK preparations, full-length autoinhibited RAF/MEK/14-3-3
complexes were refractory to activation. Mass photometry confirmed that paradoxical activators
promote BRAF dimerization. These findings support a revised model that does not rely on negative
allostery. Inhibitors act on the RAS-engaged "open monomer" state to induce dimerization and
activation. The open monomer and active dimer are structurally distinct species with differing
affinities for inhibitor and ATP, creating a concentration window in which paradoxical activation
occurs.
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Introduction

RAF family kinases (ARAF, BRAF, and CRAF) are a crucial link in the RAS/MAP kinase signaling
pathway, which controls fundamental aspects of cell physiology including growth, proliferation,
differentiation, and survival (1-3). RAFs are the first kinase in the three-tiered MAP kinase
cascade; they phosphorylate their sole substrate MEK1/2 which in turn phosphorylates and
activates ERK1/2. Mutations in BRAF are a common cause of diverse cancers, and though rare,
recurrent oncogenic mutations have also been identified in ARAF and CRAF (4-6). Many inhibitors
targeting BRAF and other RAF family members have been developed and several are now FDA
approved for BRAF-driven cancers, in particular for malignant melanoma driven by BRAFV600E 4,
7).

RAF inhibitors have long been known to induce activation of the MAP kinase pathway, leading to
increased phosphorylation of ERK (8). This phenomenon, known as paradoxical activation, has
important clinical ramifications. RAF inhibitors vemurafenib, dabrafenib, and encorafenib are
potent and mutant-selective inhibitors of BRAFV600E but they paradoxically activate wild-type
RAFs, resulting in drug-induced secondary skin tumors including squamous cell carcinomas and
keratoacanthomas (9, 10). To blunt this effect, these drugs are administered together with a MEK
inhibitor (cobimetinib, trametinib and binimetinib, respectively) to treat BRAF-mutant melanoma

Vemurafenib and other BRAFV600E_selective RAF inhibitors are classified as type 1.5 kinase
inhibitors, meaning that they bind in the kinase ATP-site but extend into an allosteric pocket that
requires an inactive, C-helix-out conformation of the kinase (13, 14). This binding mode affords
selectivity for BRAFVY600E hecause this mutant is active as a monomer, whereas RAS-activated RAFs
are dimeric. Dimerization promotes the active, C-helix-in conformation of the kinase and indeed
can confer resistance to type 1.5 RAF inhibitors, which are also known as RAF monomer inhibitors
(14). Type I and type II RAF inhibitors also bind in the ATP-site, but are active against RAF dimers.
Type I compounds bind the active conformation of the kinase, while type II inhibitors bind a
specific, “DFG-out” inactive conformation of the kinase (13). The DFG motif is a three-residue
sequence (Asp-Phe-Gly) in the activation segment of the kinase, and type II inhibitors bind or
induce an altered conformation of this segment that is not compatible with ATP-binding or
catalysis. Paradoxical activation occurs with all three types of RAF inhibitor, but is most
pronounced with type 1.5 inhibitors such as vemurafenib and dabrafenib (14). Paradox-breaking

inhibitor PLX8394 is also a type L5 inhibitor, but is thought to avoid paradoxical activation
because it binds with sufficient potency to the C-helix-out conformation to break RAF dimers (15).

Paradoxical activation has been extensively studied. Key insights into the mechanism came with
the discovery that ATP-competitive RAF inhibitors can inhibit mutant BRAFV600E, but at the same
time enhance ERK signaling via inhibitor-induced transactivation of wild-type RAF dimers (16-18).
This activation was found to require inhibitor binding at the RAF ATP site and was also dependent
on a RAS-on state (16-18). RAFs are activated by RAS-driven recruitment to the membrane, which

promotes catalytic activation by inducing dimerization or heterodimerization of their kinase
domains (19-23). Further studies of paradoxical activation showed that certain inhibitors can

EM and crystal structures of BRAF in the autoinhibited state revealed a key role for ATP in
stabilizing the inactive, monomeric conformation of the kinase domain, providing an
understanding of how diverse ATP-competitive inhibitors can promote activation by displacing
ATP. These and other findings have been interpreted in support of the prevailing model for
paradoxical activation, which posits that inhibitor binding induces RAF dimers in which inhibitor
binding to one protomer in the dimer promotes an active but inhibitor-resistant conformation in
the other protomer (17, 18).

This model is seductive in that it provides a simple, unified explanation for both catalytic
activation by paradoxical activators and their subsequent failure to inhibit the dimers they have
induced. However, a weakness of this model is that it conflates these two distinct processes,
induced dimer formation on the one hand and ineffective inhibition of these dimers on the other.
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While it is well-established that RAF inhibitors induce dimers by binding in the ATP-site (17, 24), it
is not clear that the resulting paradoxical activity arises from half-occupied dimers or that the two
protomers in a dimer differ in their affinity for drug. Type 1.5 inhibitors are ineffective dimer
inhibitors due to their C-helix-out binding mode, but type I and type II inhibitors also induce
paradoxical activation, even though they are potent dimer inhibitors. The prevailing model
implies negative cooperativity of inhibitor binding; higher affinity binding to the first site in a
dimer that to the second, but type II RAF inhibitors appear to inhibit RAF dimers with positive,
rather than negative, cooperativity (25, 26).

To our knowledge, paradoxical activation of individual RAF isoforms has not been previously
explored at a biochemical level. Here we systematically probe the effect of structurally diverse
RAF inhibitors in biochemical assays with inactive-state, monomeric preparations of ARAF, BRAF
and CRAF. These kinase domain-only RAF/MEK complexes consist of their respective kinase
domains bound to MEK1 and they adopt the inactive conformation observed in full-length,
autoinhibited RAF complexes with MEK1 and 14-3-3. We find that type I and type II inhibitors
induce paradoxical activation of all three RAF family members, and that paradoxical activation of
ARAF and CRAF is primed by activating mutations in their N-terminal acidic (NtA) motifs, putative
sites of tyrosine phosphorylation just N-terminal to their kinase domains. Using an in vitro MAP
kinase pathway reconstitution, we observe that small paradoxical increases in BRAF activity can
be amplified to yield substantial increases in ERK activation. Full-length autoinhibited BRAF and
CRAF complexes with MEK1 and 14-3-3 are not paradoxically activated, which implies that
paradoxical activation requires release of the inhibitory restraints of the 14-3-3 and RAS-binding
and cysteine-rich domains (RBD/CRD). Experiments with BRAF show that, as expected, the type I
and type Il inhibitors studied here directly promote dimerization.

Results

Type I and type II RAF inhibitors paradoxically activate RAF
monomers

We prepared wild-type ARAF, BRAF, and CRAF kinase domains in complex with a non-
phosphorylatable variant of MEK1 (S218A/S222A, MEK15454) and tested the effect of diverse type I,
type L5 and type II RAF inhibitors on their activity in a TR-FRET based kinase assay. Co-expression
of the RAF kinase domains with MEK1 allows their isolation in a monomeric state in which they
adopt an inactive conformation that is essentially the same as that observed in the context of the
full-length autoinhibited BRAF and CRAF complexes with MEK1 and a 14-3-3 dimer (Fig ure1AI'_4’)
We refer to these RAF/MEK heterodimers as monomers or RAF monomer complexes because they
contain a single RAF kinase domain, and unless discussing RAF/MEK binding specifically or
describing new RAF preparations, refer to these samples as ARAF, BRAF, CRAF, etc. going forward,
in the interest of clarity. Concentration-response curves for selected inhibitors are presented in
Figure 1B and a@ complete set of curves is provided in Supplementary Figure 1.

Titration of wild-type ARAF, BRAF and CRAF monomers with type I inhibitor GDC0879 results in
bell-shaped activity profiles characteristic of paradoxical activation for all three RAF isoforms
these RAF monomers exhibit little (BRAF) or no (ARAF and CRAF) catalytic activity in the absence
of inhibitor. ARAF and CRAF were activated to 1.65-fold and 2.5-fold above background signal,
respectively, at low GDC0879 concentrations but were then inhibited at higher inhibitor
concentrations (above ~10 uM). BRAF was activated to over 150% of its basal activity at low
GDCO0879 concentrations and was fully inhibited at higher concentrations. We observed a similar
pattern with type I inhibitor SB590885 against ARAF and CRAF, but SB590885 was less activating,
elevating FRET signal to 1.2-fold above background for ARAF and 2-fold above background for

IC5, was shifted markedly as compared with our previous measurement of its potency against 14-
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Figure 1. Effect of type I and type II RAF inhibitors on RAF monomer complex activity.

A, Domain schematic of full-length RAF proteins, with the N-terminal acidic (NtA) motif shaded purple. Conserved 14-3-3
binding sites are indicated, with residue numbers corresponding to human BRAF. Co-expression of the RAF kinase domains
with MEK1 allows for purification of the RAF/MEK1 monomer complex depicted schematically on the right and referred to as
ARAF, BRAF, or CRAF in B. B, Representative concentration-response curves for the indicated type I, type L.5, and type II
inhibitors with ARAF, BRAF, and CRAF monomer complexes are plotted as mean + SD from one independent experiment

performed in triplicate (n>3).
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may be a result of the superimposed effects of activation and inhibition within this concentration-
response curve.

We fit the concentration-response data for these and other inhibitors with a 7-parameter bell-
shaped model using GraphPad Prism to obtain activation (ACsy) and inhibition (IC5p) constants, as
well as corresponding activation and inhibition Hill slopes (nH). These values are presented in
Table 1@ for the type I and type II inhibitors studied here.

Supplementary Figure 1 (2). This is not unexpected, considering that they require a C-helix-out
binding mode that disfavors dimerization (13, 28). Type 1.5 compounds vemurafenib and
dabrafenib are known to induce paradoxical activation in cells, where the effects of RAS and
membrane engagement together with 14-3-3 binding can act in concert with inhibitor binding to
promote dimerization and activation (14, 17, 18, 29). These features are absent in our biochemical
assay and thus we do not observe RAF catalytic activation or dimerization (see below) in the
presence of these compounds.

With type II inhibitors, we observed a unique behavior. All six type II inhibitors tested induced
marked activation of BRAF and CRAF, but not ARAF (Figure 1B(%, Supplementary Figure 1 @).
Activation of BRAF was particularly pronounced, with maximal activation of approximately 200%
of basal activity. For each of the six inhibitors tested, the activation phase was followed by a steep
inhibition phase. Hill constants for the inhibition phase obtained with the curve fitting approach
outlined above ranged from -1.6 to -3.5 for naporafenib and belvarafenib, respectively, reflective
of strong positive cooperativity as we have previously observed for inhibition of 14-3-3 bound RAF
dimers by type II inhibitors (25, 26). Activation of CRAF was somewhat less pronounced and
inhibition was less steep, with Hill constants indicative of little to no positive cooperativity (Figure
1B, Table 1@).

Inhibitor-induced paradoxical activation is amplified in pathway
reconstitutions

We next examined paradoxical activation by selected inhibitors in a biochemical reconstitution of
the MAP kinase pathway. This cascade assay contains the BRAF monomer complex described
above, along with wild-type MEK1 and ERK2 and uses TR-FRET to measure the increase in ERK2
phosphorylation. MEK phosphorylation was measured in parallel reactions with the TR-FRET
assay employed in Figure 12, As in the assay above, type I inhibitor GDC0879 and type II
inhibitors naporafenib and AZ628 induced paradoxical activation, while type 1.5 inhibitors
vemurafenib and PLX8394 did not (Figure 2A,B(2). The concentration ranges over which each
inhibitor induced activation were essentially the same both in both pMEK and pERK assay systems
and, as might be expected in a cascade assay where signaling is amplified down the pathway, the
magnitude of the increase in ERK phosphorylation was greater than that observed for MEK. For
example, naporafenib induced a ~1.5 fold increase in pMEK, but more than a 3-fold increase in

PERK.

Full-length autoinhibited RAF/MEK/14-3-3 complexes are not
paradoxically activated

We also tested the ability of selected inhibitors to paradoxically activate full-length autoinhibited
BRAF/MEK1/14-3-3 and CRAF/MEK1/14-3-3 complexes (30, 31). In the intact autoinhibited
complexes, the conformation of the RAF/MEK kinase domain region is essentially the same as in
the isolated monomer complexes above, but the RAF kinase domains are protected from
dimerization by interactions with the 14-3-3 dimer and the N-terminal regulatory domains of the
kinase (the RAS-binding and cysteine-rich domains, RBD/CRD, Supplemental Figure 2A 2). Unlike
the isolated kinase domain complexes, the full-length BRAF and CRAF complexes were not
activated by any of the inhibitors tested (Supplemental Figure 2B,C2). Thus while type I and type

II inhibitors paradoxically activate isolated RAF monomer complexes, which lack the protective
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Activation Inhibition
Class Inhibitor ACso (nM) nH ICs0 (M) nH
GDCO0879 286+ 168 | 1.20 +0.55 >10000 -2.00 £ 0.71 :>U
Type | %
SB590885 11.7+£14.3 | 0.28+£0.14 >10000 -1.11 £ 0.31
GDC0879 8401489 | 1.31+£0.46 >10000 -0.75+0.10
Rl SB590885 1915+ 889 | -0.59 £0.19
Tovorafenib 0.75+0.20 | 1.02+0.11 209 + 101 -1.63+0.10
Naporafenib 0.76 £0.24 | 1.15+0.23 148 +26.2 | -1.68+0.35 w
Ponatinib 1.51£0.92 | 0.97 £0.21 303 + 131 -1.81 £ 0.60 $
it AZ628 0.41+0.15 | 1.30+0.27 | 31.6+6.74 | -2.97 +1.46
Belvarafenib 0.94+066 | 1.45+0.50 | 43.0+3.94 | -3.49+1.68
LY3009120 0.44+0.15 | 1.17+£0.14 | 35.7+2.71 | -2.81£0.94
GDC0879 399 + 96.1 1.49+0.11 >10000 -1.50 £ 0.29
ReS SB590885 242 +19.5 | 1.32+0.24 >10000 -1.40 £ 0.11
Tovorafenib 0.583+0.09 | 1.41+049 | 26.0+4.77 | -1.63+0.33
Naporafenib 3.06+£1.56 | 0.88+0.15 | 285+67.8 | -2.05+0.51 o
Ponatinib 1.63+£055 | 228+0.88 | 81.9+194 | -1.33+£0.12 2
Lt AZ628 0.27+0.10 | 1.42+043 | 23.4+4.58 | -2.16 £ 0.57
Belvarafenib 1.31£0.68 | 221 +£1.66 | 17.9+6.82 | -1.76 £ 0.36
LY3009120 0.32+0.10 | 1.23+£0.37 | 25.0+3.62 | -2.14+0.09

Cancer Biology

*Data are reported as mean + SD of at least three independent experiments, each of which was
performed in triplicate (n=3).

Table 1. ACsg, IC5q, and Hill slopes (nH) for inhibitor titrations of ARAF, BRAF, and CRAF.*
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Figure 2. Effect of type I and type II inhibitors in an in vitro MAP kinase pathway reconstitution with BRAF,

MEK1 and ERK2.

A, Paradoxical activation of BRAF as measured by changes in ERK phosphorylation. B, Paradoxical activation of BRAF as

measured by changes in MEK phosphorylation. Phospho-MEK and Phospho-ERK were measured in parallel reactions. Data

are plotted as mean + SD from one of three independent experiments performed in triplicate (n=3).
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interactions with the RBD/CRD and 14-3-3 dimer, they do not activate the fully autoinhibited
RAF/MEK/14-3-3 complexes. This biochemical finding is consistent with studies of paradoxical
activation in a cellular context, where a RAS-on state is required for the effect. RAS-driven
membrane recruitment of RAFs is expected to induce “opening” of the autoinhibited complex,
removing the steric restraints of the CRD and 14-3-3 dimer to allow dimerization.

Mutation of the NtA motif primes ARAF and CRAF for paradoxical
activation

RAFs contain a sequence at the N-terminus of the kinase domain known as the N-terminal acidic
(NtA) motif. In BRAF, this motif has the sequence “SSDD” but in ARAF and CRAF the aspartic acid
residues are replaced by tyrosine (with NtA sequences SGYY and SSYY in ARAF and CRAF,
respectively). ARAF and CRAF are thought to require phosphorylation of the second tyrosine in
this motif for full activity, and mutation of this region to match the SSDD sequence of BRAF has
been previously shown to increase their activity, presumably by obviating the need for tyrosine
phosphorylation of their native NtA motifs (32-34). For this reason, we also prepared and tested
ARAF and CRAF monomer complexes with their respective NtA motifs mutated to SSDD similarly
to wild-type ARAF and CRAF (see Materials and Methods). The basal activity of both ARAFSSPP and

CRAFSSPD was modestly increased as compared with their wild-type counterparts (Figure 3A ).

The paradoxical activation effect for both type I and type II inhibitor titrations was more striking
on these SSDD variants, in particular for type II inhibitors (Figure 3A,B (2 ). While wild type ARAF
was not activated by type II inhibitors, ARAFSSPP exhibited prominent bell-shaped concentration-
response curves similar to those observed with BRAF (Figure 3B(%, Table 2 (%, Supplemental Figure

3A ). For both type I and type II inhibitors, activation of CRAFSSPD was much more prominent

Supplemental Figure 3B (). For type II inhibitors in general, Hill slopes for the inhibition portion
of the curves were steeper, indicative of positive cooperativity as we have observed for inhibition
of 14-3-3-bound CRAF dimers by these compounds (Figure 3B, Table 2 2, Supplemental Figure

ATP concentration modulates activation by type I inhibitors

Considering the central role of ATP in maintaining RAF autoinhibition and its displacement in
paradoxical activation (35), we were interested in directly assessing the effect of ATP
concentration on paradoxical activation. We titrated the BRAF monomer complex with type I and
type II inhibitors at ATP concentrations of 10 uM, 100 pM, and 1000 uM and measured the
resulting MEK phosphorylation. With type I inhibitors GDC0879 and SB590885, the apparent
magnitude of the paradoxical activation effect was increased at higher ATP concentrations and
peak activity was shifted to higher inhibitor concentrations, as is most clearly seen in the
normalized concentration-response curves (Figure 4A,B(Z). We attribute the more marked
activation at higher ATP concentrations to tighter autoinhibition (lower activity) of the monomer
complex under these conditions. In addition, the inhibition phases of the concentration-response
curves were markedly right shifted, as expected for ATP-competitive inhibition (Fic

Supplemental Table 1 ). The shift in IC5, values was dramatic, roughly 10-fold for eac
increase in ATP concentration. We note that this is as expected from the Cheng-Prusoff relation

With type II inhibitors, ATP concentration had surprisingly little effect on the observed
concentration-response profiles (Figure 4C,D (). For tovorafenib and LY3009120, concentrations at
which peak activity was observed were essentially unchanged, as were ACs, and IC5, values
(Supplemental Table 1 ). These compounds are clearly ATP-competitive in that they bind in the
ATP-site, but they induce a DFG-out conformation of the kinase that is not compatible with ATP-
binding, giving rise to this apparent non-competitive behavior. While this is not a universal
feature of type II kinase inhibition, it was evident it in our recent studies of inhibition of 14-3-3-
bound RAF dimers with these compounds (25). We obtained comparable results with type II

inhibitors ponatinib, AZ628, and belvarafenib (Supplemental Figure 42, Supplemental Table 1®).
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Figure 3. Phosphomimetic mutations of the NtA motif prime ARAF and CRAF monomer complexes for
paradoxical activation.

A, Concentration-response curves for titration of ARAFSSPD/MEKT (ARAFSSPD) and CRAFSSPD/MEK1 (CRAFSSPD) with type I

inhibitor GDC0879. B, Concentration-response curves for titration of ARAFS3PD and CRAFSSPP with type Il inhibitors
tovorafenib and LY3009120. Data for the wild-type ARAF and CRAF are reproduced from Figure 1 to facilitate comparison

and are plotted in gray. Curves for additional type I and type II inhibitors are shown in Supplemental Figure 32 . Data are

plotted as mean + SD from one independent experiment performed in triplicate.
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Activation Inhibition
Class Inhibitor | ACso (nM) nH ICs0 (NM) nH
Type | GDC0879 | 129+90.3 | 0.79+0.24 >10000 -1.84 + 0.93
SB590885 | 7.62+2.83 | 1.16 £0.03 >10000 -1.11 £+ 0.63
Type ll Tovorafenib | 1.33 +0.35 | 1.40+0.55 154 £ 147 | -1.85+1.53
Naporafenib | 13.3+5.15 | 1.71+£1.04 | 673 +488 | -1.26+0.58 E
Ponatinib | 52.2+9.18 | 0.87+£0.50 | 517 +99.8 | -1.13+£0.39 -ng
AZ628 | 1.72+1.24 | 1.23+0.53 | 44.4+17.6 | -1.43+0.12 .
Belvarafenib | 1.59+0.50 | 1.44+0.48 | 94.6 £6.70 | -1.79 + 0.07
LY3009120 | 0.48+0.13 | 1.38+0.26 | 28.3+3.73 | -2.21 £ 0.44
Type | GDC0879 | 20.1 £9.53 | 0.84 +0.17 >10000 -1.11 £ 0.33
SB590885 | 3.46+1.49 | 1.06 +0.22 >10000 -0.87 + 0.06
Type ll Tovorafenib | 0.13+0.10 | 0.70+0.32 | 23.2+7.93 | -1.81 £0.17
Naporafenib | 0.06 £ 0.04 | 0.84+0.79 | 79.2+24.1 | -1.48+0.65 %
Ponatinib | 0.08 £0.07 | 0.75+£0.78 | 70.4+25.5 | -1.93 £ 0.68 T'g
AZ628 | 0.02+0.03 | 0.60+0.39 | 27.5+4.76 | -3.25+0.77 .
Belvarafenib | 0.07 £0.06 | 0.46+0.13 | 34.6+5.15 | -2.39 £+ 0.36
LY3009120 | 0.11+£0.10 | 0.67 £0.17 | 26.3+12.7 | -2.26 £ 0.30

*Data are reported as mean + standard deviation of at least three independent experiments,
each of which was performed in triplicate (n=3), except for the belvarafenib experiment with

CRAFSSPD which was performed twice in triplicate (n=2).

Table 2. ACsq, ICsq, and Hill slopes (nH) for inhibitor titrations of ARAFSSPP and CRAFSSPD.

Tkacik et al., 2026 eLife 15:RP110344. https://doi.org/10.7554/eLife.110344.1

10 of 44


https://doi.org/10.7554/eLife.110344.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/biochemistry-chemical-biology
https://elifesciences.org/subjects/cancer-biology

°Fe 'f Biochemistry and Chemical Biology | Cancer Biology
wvelLife

A Raw FRET Ratio Normalized Activit
GDC0879 GDC0879
5000
P 111 %iiﬁh{- g 10 UM ATP
0 F 3000k % = it it 3 2
Q 2
S Ezooo [ P 2 100 uM ATP
(I i_.I. £ 1000 uUMATP
(D 1000 LA @
§
T o
102 101 10° 10! 102 10° 10% 10° 10° %5 10" 10° 10" 102 10° 10* 10° 10°
[INH] ni1 h [INH] nM
B SB590885 SB590885
5000 200
[To) 4000 i -
© 111 -
® Ll "t 1%£‘£f g 150 10 UM ATP
IS RE S Rk & £ 2
QB2 B og o« §1°° 100 uM ATP
w
g 1000 Topeshs £ 50 1000 uUMATP
@
S —— s o
102 107 10° 10" 102 10% 10* 10° 10° o 10" 10° 10" 102 10° 10* 10% 10°
[INH] i 50 [INH] nM
Tovorafenib Tovorafenib
6000
250
o] i &
200
& § som i;;g %z; §150 fg*g e 10uMATP
EE Q i% § i;: ii%; * 100 UM ATP
o & x 100
8 & 2000 ’ ; “ i * 1000 uUMATP
i) seo g F} 4
Ot —rre e @ o T S
102 101 10° 10! 102 10% 10* 10% J 101 10° 10" 102 10% 10* 10°
[INH] nM -50 [INH] nM
D LY3009120 LY3009120
6000
200
Q [E] -
S gawo ptf g w0 10 UM ATP
D % £
S & salE g 100 100 UM ATP
[
g & 2000 sin :té 5 1000 uUMATP
7] sde g
LN B Beai aeai e pebi abi e 9 0
102 10 10° 10" 102 10 10* 10° 10° s 10" 10° 10" 102 103 10* 10% 10°
[INH] nM -50 [INH] nM

Figure 4. Effect of ATP concentration on paradoxical activation of BRAF by type I and type II inhibitors.

A-D, Concentration-response curves measuring MEK phosphorylation upon treatment of the BRAF monomer complex with
increasing concentrations of the indicated inhibitor at ATP concentrations of 10 uM (blue), 100 pM (red), and 1000 pM (green).
MEK phosphorylation activity is plotted as the raw FRET ratio in the panels on the left, and is replotted on the right as percent
activity, normalized to the activity in the absence of inhibitor at each ATP concentration. Data are plotted as mean + SD from
one independent experiment performed in triplicate (n=3).
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Measuring BRAF dimerization with single molecule mass
photometry

We employed mass photometry (MP) to directly measure BRAF dimerization and association with
MEK in the presence and absence of inhibitors. MP detects individual macromolecules or
complexes as they bind and unbind to a glass coverslip mounted atop an inverted video
microscope. Binding events to the cover slip result in changes in light scattering that are directly
proportional to the size of the incident macromolecule. MP can thus reveal the proportions of
various BRAF:MEK complexes present in the solution examined. In addition to our BRAF monomer
complex (the BRAF:MEK kinase heterodimer, 80 kDa) and individual BRAF and MEK monomers
(~35 kDa and ~45 kDa, respectively), we can also expect to observe MEK:BRAF:BRAF:MEK
heterotetramers (~160 kDa) and MEK:BRAF:BRAF complexes lacking one MEK (~115 kDa), both of
which we have been observed in structural studies of BRAF/MEK complexes (30). Owing to their
similar size, MP cannot discriminate between BRAF:MEK and BRAF:BRAF dimers, nor between
BRAF and MEK monomers. Our analysis takes these ambiguities into account, as described in
detail in Materials and Methods.

A histogram showing the distribution of masses present in a BRAF:MEK sample in the absence of
inhibitor at 32 nM BRAF with 10 uM ATPyS is shown in Figure 5A%. Under these conditions, most
counts fall within the 45 kDa and 80 kDa mass distribution ranges, while smaller proportions lie in
the ~115 kDa and ~160 kDa ranges representing BRAF dimers. Given the masses of the
component species, this distribution can be fit to obtain the relative abundance of each (Figure

SA ). This information, together with knowledge of total protein concentration, allows

the limitations of this approach as noted above, the K4 values obtained are consistent with prior
studies of RAF homodimerization and RAF:MEK heterodimerization (24, 27, 28, 37).

Having established the utility of this approach, we applied it to measure the effect of inhibitors on
the oligomeric state of BRAF and MEK1. We recorded MP data at a broad range of concentrations

ATP analog ATPyS (10 uM) in these inhibitor titrations. As with the inhibitor-free data, we fit the
resulting mass distributions to obtain the concentrations of each BRAF:MEK species and in turn
the relevant dissociation constants in the presence of each inhibitor. The resulting K4 values for
the inhibitor-free and 10 uM inhibitor concentrations (where shifts in Ky generally plateaued) are
shown in Table 3%, and complete data across all inhibitor concentrations is provided in

markedly decreased dissociation constants for BRAF dimers (reflecting higher affinity
dimerization), irrespective of MEK association, and had little effect on dissociation constants for
MEK. The relative fractions of RAF monomers and dimers as a function of inhibitor concentration
is plotted in Figure 5F and G (2, respectively, and are also provided in Supplementary Table 3.
For GDC0879 and naporafenib, the fraction of BRAF dimers (including both the 115 kDa and 160
kDa species) increases markedly at higher inhibitor concentrations, accompanied by a
corresponding decrease in the fraction of BRAF monomers (the 80 kDa species). By contrast,
vemurafenib had little effect on the monomer/dimer equilibrium and the resulting dissociation
constants reflected a modest increase in Ky for BRAF dimerization, albeit with large errors due the
vanishingly low concentration of dimers observed in the presence of this type L5 inhibitor (Figure
5F,G% and Table 3(2).

Discussion

In this study, we show that paradoxical activation can be recapitulated in vitro for all three RAF
isoforms for both type I and type II RAF inhibitors. In systematically examining paradoxical
activation with isolated RAF kinase domain monomers, we found that type I and type II inhibitors
induce paradoxical activation of all three RAF isoforms, though ARAF requires priming by of the
NtA motif for activation by type II inhibitors and the magnitude and inhibitor-class effects differed
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Figure 5. Mass photometry analysis of the oligomeric state of BRAF and MEK1.

Cancer Biology

A, MP mass distributions of the BRAF/MEK1 complex (32 nM) in the presence 10 uM ATPyS and without addition of inhibitor.
B, “Single-shot” binding affinities of BRAF and MEK1 interactions in the absence of inhibitor, calculated as mean + SD from

five independent MP experiments (n = 5). A representative experiment is shown in panel A. C, Mass distributions of the

BRAF/MEK1 complex (32 nM) in ATPyS (10 pM) at increasing concentrations of inhibitor GDC0879. D, Mass distributions of the
BRAF/MEK1 complex (32 nM) in ATPyS (10 pM) at increasing concentrations of inhibitor vemurafenib. £, Mass distributions of
the BRAF/MEK1 complex (32 nM) in ATPyS (10 pM) at increasing concentrations of inhibitor naporafenib. For experiments in

C, D, and E, inhibitor concentrations from 1072 nM to 10° nM were tested in three independent experiments (n=3) per

inhibitor concentration, but only representative experiments from 10% nM to 10% nM are illustrated here. See also

Supplemental Tables 2 and 3. F, BRAF monomer depletion plotted across inhibitor concentrations, as determined by
relative distributions of counts from C, D, and E. G, BRAF dimer formation plotted across inhibitor concentrations, as
determined by relative distributions of counts from C, D, and E. In F and G, the 45 kDa and 80 kDa peaks are summed to

obtain the percent BRAF monomer, and the 115 kDa and 160 kDa peaks are summed to obtain percent BRAF dimer.

Tkacik et al., 2026 eLife 15:RP110344. https://doi.org/10.7554/eLife.110344.1

13 of 44


https://doi.org/10.7554/eLife.110344.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/biochemistry-chemical-biology
https://elifesciences.org/subjects/cancer-biology

9 eLife

Biochemistry and Chemical Biology |

Cancer Biology

Kd (I'IM)
R-M RM-R MRR-M RM-RM
GDCO0879 55+15 21+6 22+3 95
Vemurafenib 138 169 £ 76 179 £ 18 >2000
Naporafenib 61 =38 19 + 11 58 + 37 20+ 14
No inhibitor 20 =29 79 £ 47 44 + 20 297 = 151

*Interactions correspond to the scheme shown in Fig. 5B. K4 values are calculated as mean +
SD from at least three independent experiment (n>3). Values obtained in the absence of
inhibitor from Fig, 5B are provided for reference.

Table 3. MP analysis of BRAF (R) and MEK1 (M) interactions at 10 pM inhibitor.*
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among isoforms. Wild-type BRAF was activated by both type I and type II inhibitors, with type II
compounds producing particularly pronounced effects. Wild-type CRAF showed moderate
activation by both inhibitor classes, while ARAF was activated only by type I inhibitors. Mutation
of the NtA motif of ARAF and CRAF to the “phosphomimetic” SSDD sequence dramatically
sensitized them to paradoxical activation by type II inhibitors, implicating this regulatory element
as a key determinant of this effect. Type 1.5 inhibitors produced no activation in these biochemical
assays, consistent with their C-helix-out binding mode that disfavors dimerization. Full-length
autoinhibited RAF/MEK/14-3-3 complexes were not susceptible to paradoxical activation,
demonstrating that release from autoinhibitory interactions is required for the phenomenon.
Mass photometry experiments confirmed that type I and type II, but not type 1.5, inhibitors
promote BRAF dimerization, and pathway reconstitution assays revealed that modest increases in
RAF activity can be amplified downstream to yield substantial increases in ERK phosphorylation.

Early studies of ERK-pathway activation by RAF inhibitors established inhibitor-induced RAF
dimerization as a fundamental mechanism underlying paradoxical activation (17, 18), with the

Taken in isolation, this mechanism appears to pose a conundrum — why is an inhibitor-induced
dimer active? The second component of the prevailing model for paradoxical activation — that
inhibitor binding to one protomer of the dimer promotes an active but inhibitor resistant
conformation in the other — provides an appealing resolution to the apparent puzzle. This
negative-cooperativity or “negative allostery” model has its roots in an elegant chemical-genetic
experiment. By introducing a cysteine mutation in CRAF which rendered it sensitive to an
irreversible inhibitor and co-expressing it with wild type CRAF or BRAF, Poulikakos et al. showed
that the covalent inhibitor (JAB34, a covalent EGFR inhibitor that does not inhibit WT

RAF) could induce dimerization and transactivation of the wild-type dimerization partner by
binding to the sensitized (cysteine-containing) subunit of a CRAF homodimer or CRAF/BRAF

RAF dimers, it is important to recognize that the differential inhibitor sensitivity of the two
subunits in this experiment is artificial - it is engineered rather than induced by inhibitor binding
as the negative allostery model proposes.

Our results suggest that negative allostery (or negative cooperativity) is not a requisite feature of
paradoxical activation. The type I and type II inhibitors studied here induce RAF dimers and
exhibit paradoxical activation but do so without evidence of negative cooperativity, nor do they
appear to inhibit intentionally engineered RAF dimers with negative cooperativity (25). Indeed,
type II inhibitors exhibit apparent positive cooperativity while type I inhibitors are non-
cooperative inhibitors of RAF dimers (25). On the other hand, type 1.5 inhibitors may inhibit RAF
with negative cooperativity, although in our view this is far from clear. Evidence cited in support
of the negative allostery model includes crystal structures that show vemurafenib or other type 1.5
RAF inhibitors bound to only one protomer of a RAF dimer with an inactive C-helix-out
conformation, with the opposite protomer adopting an active, inhibitor-free conformation (38). In
inhibitor studies with 14-3-3-stabilized RAF dimers, concentration response curves for selected
type L5 inhibitors including vemurafenib are well-fit with Hill coefficients consistent with
negative cooperativity (25). Finally, simple thermodynamic modeling confirms that negative

allostery can give rise to paradoxical activation, with paradoxical activity arising from half-
occupied RAF dimers, so long as inhibitor binding promotes RAF dimerization (39-41).

We find this evidence suggestive, but not conclusive. Other RAF crystal structures with type L.5
inhibitors reveal symmetric dimers, with inhibitor occupying both active sites (PDB ID: 5csw) (42).
Also, differences in inhibitor occupancy can arise due to interactions in the crystal lattice.
Considering that the conformation required for binding of type 1.5 inhibitors destabilizes RAF
dimers, it is unclear how an inhibitor binding to one protomer would be able to transmit an
allosteric change to the opposite protomer, if that inhibitor’s binding causes the existing dimer to
dissociate. Furthermore, the complex effects of type 1.5 inhibitors on dimer stability and the clear
resistance of active RAF dimers to these inhibitors complicates interpretation of inhibition data —
weak or incomplete inhibition of an enzyme can be difficult to discern from true negative
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alone sufficient to explain their ineffective inhibition during paradoxical activation, without
invoking negative allostery.

For the most part, our biochemical findings parallel observations in previous cellular studies. Type
I and type II inhibitors are well known to induce paradoxical ERK pathway activation (17, 18, 24,
39, 44), and ARAF and CRAF as well as BRAF have been shown to be direct targets for paradoxical
activation in cellular contexts (17, 45, 46). The phenomenon has been shown to require a RAS-on
state (16-18), which promotes recruitment of RAF to the plasma membrane (2, 23, 47). Membrane
recruitment is thought to promote release of autoinhibitory interactions, leading to an “open
monomer” state that is an intermediate in the activation pathway (29). Consistent with cellular
studies, we find that the isolated RAF/MEK kinase monomer complex, which is a proxy for the
open monomer, is susceptible to paradoxical activation whereas the full-length autoinhibited
RAF/MEK/14-3-3 complex is not. RAS-driven membrane recruitment is thought to be required for
phosphorylation of the NtA motif (48-50), and there is evidence that the NtA motif is
phosphorylated in an inhibitor-dependent fashion (18). Interestingly, we find that activating
mutations in this motif enhance paradoxical activation of ARAF and CRAF. In prior studies, we
found that pre-formed 14-3-3- stabilized RAF dimers are not further activated by inhibitors (25),
further pointing to the open monomer as the relevant target in paradoxical activation. One
obvious disconnect in our findings as compared with cellular studies is the lack of paradoxical
activation by type L.5 inhibitors in our biochemical system. As we noted above, this is likely due to

the lack of 14-3-3 binding and membrane association in our simplified biochemical system.

Our findings here, in light of structural studies of RAF complexes and prior cellular investigations
of paradoxical activation, lead us to a model for paradoxical activation that does not rely on
negative allostery and is consistent with activation by diverse inhibitor classes. In this model, the
Binding of ATP to the RAF active site stabilizes the inactive conformation of the open monomer,
which disfavors dimerization. Displacement of ATP by an ATP-competitive inhibitor, irrespective
of class, alters the relative N- and C-lobe orientations of the kinase to promote dimerization (30,

35). Once dimerized, inhibitor dissociation from one or both sides of the dimer would allow

phosphorylation and activation of MEK.

How does this model address the “conundrum” of how an inhibitor-induced dimer can
nevertheless be active? Inhibitor-induced activation and inhibition act on distinct species —
activation on the open monomer and inhibition on the 14-3-3-stabilized dimer. Each of these have
their own affinities for ATP and competing drug. Provided that an inhibitor is more potent at
displacing ATP from the open monomer than from the active dimer, there will be a concentration
window in which paradoxical activation can be observed. It is important to note that this model
presumes a lack of microscopic reversibility in this system, otherwise it would violate
thermodynamic detailed balance relationships (41). Dimerization involves not only a change in
oligomeric state but also a change in subunit stoichiometry — one 14-3-3 dimer per RAF dimer
versus one 14-3-3 dimer per RAF monomer in the open monomer state — and it also involves
changes in phosphorylation state, including dephosphorylation of the inhibitory S365 site (5259 in
expected to impede rapid reversibility of dimerization. We recognize that these cellular effects are
not at play in the simplified biochemical systems we employ here, where we nevertheless observe
paradoxical activation across inhibitor chemotypes. In this regard, we note that we are studying
inhibitor-induced paradoxical activation in end-point enzyme inhibition assays, and not under
equilibrium conditions where microscopic reversibility applies.

To summarize, our findings reveal that each RAF isoform is differentially susceptible to
paradoxical activation, both in the intensity of activation observed, and in the inhibitors that are
able to induce this activation, with BRAF being both the most susceptible in magnitude and
number of inhibitors. We find that mutation of the ARAF or CRAF NtA motif to match the SSDD
sequence in BRAF increases the sensitivity of these isoforms to paradoxical activation, cementing
this regulatory sequence as a key modulator of this effect. For type II inhibitors, the steep slope of
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Figure 6. A general model for inhibitor-induced paradoxical activation of RAF signaling.
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In the resting state, autoinhibitory interactions between the RAS binding domain (RBD), cysteine-rich domain (CRD), and RAF
kinase domain (KD) maintain RAF/MEK/14-3-3 complexes as a monomer in the cytosol. We find that this species is resistant to
inhibitor-induced activation. RAS-driven recruitment to the membrane promotes opening of this complex, forming an “open”
monomer that is not yet dimerized and active, but, unlike the autoinhibited monomer is susceptible to paradoxical activation

(PA). Inhibitor binding to this open monomer causes paradoxical activation by displacing ATP to promote RAF dimerization,
leading to the formation of signaling competent dimers. Dissociation of inhibitor from one or both sides of the dimer, or
formation of a dimer with an inhibitor-free RAF, allows phosphorylation and activation of MEK. In this model, the open
monomer is the target for activation, while the 14-3-3-bound dimer is the target for inhibition. Differing affinities of these
distinct species for drug and for ATP can be expected to leave a window in which paradoxical activation is observed for any

inhibitor that is more potent at displacing ATP from the open monomer than from the active dimer.
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the inhibition phase of the paradoxical activation curves indicates positive cooperativity, while
type I inhibitors appear to be non-cooperative. Using mass photometry, we confirmed that
inhibitors that exhibit paradoxical activation of BRAF in vitro also induce BRAF dimerization in
vitro. Finally, we see that while RAF monomers are susceptible to paradoxical activation,
RAF/MEK/14-3-3 autoinhibited complexes are not paradoxically activated under analogous
conditions. Considering these findings and prior studies of the phenomenon, we outline a general
model for paradoxical activation that applies across inhibitor chemotypes and does not rely on
negative allostery.

Materials and Methods

Protein expression and purification

All the proteins used in both the TR-FRET kinase assay as well as for collecting single molecule
FRET measurements were expressed and purified as described in previously (25). Briefly,
truncated RAF kinase domain constructs, lacking 14-3-3 binding motifs, were co-expressed and
purified in insect cells, eluting from gel filtration as RAF/MEK heterodimers with low levels of
innate kinase activity. We refer to these RAF/MEK heterodimers as RAF monomers because RAF is

in its inactive monomeric state. For full details, please refer to Tkacik et al (25).

BRAF monomers were obtained by co-expressing hisG—BRAF445'723—intein (BRAF) and full length
MEK15218A/5222A (\[EK15ASA) constructs in SF9 insect cells, purifiying by Ni-NTA, then incubating
with 50 mM MESNA overnight. Cleaved protein was applied to Chitin beads, and the flowthrough
was concentrated to 1 ml and injected onto a Superdex 200 10/300 (GE Healthcare Life Sciences)
sizing column. ARAF and CRAF monomers were purified by co-expressing the MEK15454 construct
with hiSG-ARAFZSZ'579 (ARAF) or StrepH-CRAFgZ‘L'618 (CRAF), respectively, in insect cells. The ARAF
complex was purified by Ni-NTA followed by gel filtration with a Superdex 200 10/300. The CRAF
complex was purified by Ni-NTA, the bound and eluted from StreptactinMacroprep beads, then
finished by gel filtration over a Superdex 200 10/300. ARAFSSPP and CRAFSSPD were both prepared
by co-expressing MEK15A5A with either hisg-MBP-TEV-ARAF274-606, G300S, Y301/302D (ARAFSSDD) or
his6-MBP-TEV-CRAF314-618, Y340/341D (cRAFSSPD) 1 hoth cases, samples were purified by Ni-NTA,
cleaved with TEV protease overnight to remove the MBP tag and re-applied to Ni-NTA beads. This
flowthrough was concentrated to 1 ml and injected onto a Superdex 200 10/300 gel filtration
column.

Full-length BRAF was co-expressed with MEK15454 in SF9 insect cells and co-purified with
endogenous 14-3-3 proteins. Protein expression and purification proceeded as was standard for
the dimeric complexes, harvesting cells 72 hours post infection, and lysing via sonication in Ni-
binding buffer (pH 8.0, 50 mM Tris, 150 mM NaCl, 5 mM MgCl,, 1 mM TCEP, and 1 pM AMP-PNP).
The lysate was ultracentrifuged at 40000 rpm for 1 hour. This lysate was purified by application
and elution from Ni-NTA beads and a 5 ml StrepTrap column, eluting with binding buffer
supplemented with 300 mM imidazole and 5 mM desthiobiotin, respectively. Purification finished
with size exclusion chromatography on a Superose 6 or a Superdex 200 Increase column. Fractions
were analyzed by SDS-page, and appropriate fractions were pooled and used for assays.

PMEK TR-FRET kinase assays

Inhibition assays were performed using the TR-FRET setup established previously (25, 26). MEK
phosphorylation is detected by phospho-MEK antibody binding, and leads to an increase in FRET
signal. Inhibitors were again dispensed by HP300e into black 384-well round bottom plates and
normalized to 1% DMSO. MEK-B and detection reagent concentrations were maintained at the
levels used previously (250 nM MEK-B, 0.5 nM antibody, and 62.5 nM XL665) but due to the lower
activities of the monomeric RAF complexes, assays were done using 25 nM enzyme concentration,
unless otherwise specified for a particular experiment. Additionally, ATP concentration was kept
at a constant 200 uM, again unless otherwise specified for a specific experiment. Reactions were
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incubated with inhibitor for 40 minutes, allowed to react upon ATP addition for 30 minutes, then
incubated with detection reagents for 40 minutes before reading out FRET signal ratio using a
PHERAstar microplate reader.

“Standard” dose responses were fit in GraphPad Prism with three or four parameter curves.
Inhibitors that produce paradoxical activation were also processed in GraphPad Prism, using the
Bell-Shaped Curve Fit to determine ICg,, AC5, and Hill slope values for each. Bell-shaped curves
are somewhat more challenging for Prism to fit well, if this is attempted using the default fit
settings. We found the most consistent way to produce reasonable looking fits, without applying
unnecessarily stringent constraints, is to manually assign roughly accurate initial values for the
ACs, IC5(, both plateaus (no inhibitor and fully inhibited FRET signal), and the “dip” (peak FRET
achieved by activation). Assays were performed in triplicate three independent times, unless
specifically mentioned otherwise.

PERK TR-FRET kinase assays

Inhibition assays were conducted using a modified cell-based HTRF phospho-ERK kinase assay kit
(Revivty). ERK phosphorylation is detected by concurrent binding of a D2 ERK antibody and a
Europium conjugated phospho-ERK antibody, and leads to an increase in FRET signal (665/620).
Inhibitors were again dispensed by HP300e into black 384-well round bottom plates and
normalized to 1% DMSO. Assays were performed using 6.25 nM BRAF monomer, 250 nM MEK, 500
nM ERK, and 200 pM ATP. Reaction solutions, containing inhibitor, BRAF, MEK, and ERK, were
incubated with inhibitor for 40 minutes, allowed to react upon ATP addition for 30 minutes, then
incubated with detection reagents at an 80:1 detection buffer to antibody ratio overnight, before
measuring FRET signal ratio using a PHERAstar microplate reader.

Mass photometry

The BRAF used for mass photometry (MP) measurements was expressed and purified as described
in previously (25). Before collecting mass photometry videos, BRAF aliquots were thawed from -80
and centrifuged at high speed (13200 rpm). MP buffer (25 mM HEPES pH 7.0, 2 mM MgCl,, 100 mM
NaCl, 10 uM ATPyS) was filtered using a 0.1 um filter before usage. Initial concentration of BRAF
was determined by Bradford assay.

Mass photometry measurements were taken of the BRAF:MEK15454 complex using the Refeyn

TwoMP mass photometer with an Accurion vibration-isolation bench. For data acquisition, pre-
cleaned Refeyn Sample Carrier Slides were assembled with reusable six-well silicone gasket
cassettes, allowing for collection of six measurements before switching to a new coverslip and
fresh gasket. Before taking a reading, the well formed by the gasket and coverslip was filled with
16 pl of room temperature MP buffer (25 mM HEPES, 2 mM MgCl,, 100 mM NaCl, 10 uM ATPyS), to
allow for microscope focusing on the glass. Once focused, with no evidence of air bubbles or
debris in the field of view, 2 ul of 580 nM BRAF:MEK1%A54 were added to the 16 pl of buffer in the
well, and this 18 pl was pipetted up and down four times with a P20 pipette to ensure mixing of
macromolecules within the droplet. Measurements were started immediately and recorded for 60
seconds. For measurements taken in presence of inhibitor, all reactions were incubated with the
given concentration of inhibitor for 40 minutes at room temperature, with DMSO concentrations
manually normalized to 1% for each reaction, regardless of inhibitor concentration. These
reactions were set up manually in standard Eppendorf tubes, incubation in 396 well plates of
several varieties was not compatible with collection of MP measurements, resulting in erratic
readings with high proportions of unbinding events. Contrast values of experimentally observed
counts were converted to kDa molecular weights via mass calibrations. Two mass calibration
mixes were used in this capacity, providing consistent results with each other: 3 yM Thyroglobulin
and 10 uM BSA, or 3 uM Thyroglobulin and 10 uM B-amylase (Sigma B-amylase from sweet potato
(A8781), Sigma Bovine Thyroglobulin (609310), and Thermofisher Bovine Serum Albumin
Standard (23209)).
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In the resulting molecular weight versus counts histograms, a maximum of four discrete peaks
were observed (45 kDa, 80 kDa, 115 kDa, 160 kDa), made up of the following complexes:
MEK/BRAF/BRAF/MEK (160 kDa), BRAF/BRAF/MEK (115 kDa), BRAF/MEK (80 kDa), BRAF/BRAF (70
kDa), MEK (45 kDa), and BRAF (35 kDa). The counts within each peak were obtained by binning all
counts within 15 kDa above and below each peak center (45 + 15, 80 + 15,115 + 15, 160 + 15). The
80, 115, and 160 kDa counts were converted into numbers of specific protein molecules based on
the stoichiometry of the BRAF:MEK complexes within each population, using equations 1% -6 (2.

versus free MEK protomers was determined by assuming a given total BRAF:MEK stoichiometry in
the sample, and calculating the numbers of each that must be in the 45 kDa population to meet the
assumed stoichiometry, as shown in equations 72 - 9% and 10a, 11a (1:1 stoichiometry) or

10b,11b (1:1.5 stoichiometry). Once the number of species corresponding to each count was
calculated, the percents of 115 kDa BRAF, 160 kDa BRAF and dimeric BRAF were calculated using

numbers of BRAF and MEK protomers were informed by SDS-PAGE analysis of the BRAF:MEK
sample used for MP experiments. The molar concentration of the sample (conc.BRAF) used in
equations 18 7 — 21 4 was determined by Bradford assay. In the text, all percents and Ky values
referred to were calculated based on a 1:1 BRAF:MEK stoichiometry.

Mass Photometry Equations:

1) #80KDa RAFs = 80 KDa Counts
2) #115KDaRAFs
3) #160KDa RAFs = 160 KDa Counts x 2
4) #80KDa MEKs = 80 KDa Counts

115 KDa Counts x 2

5) #115 KDa MEKs = 115 KDa Counts

6) #160KDa MEKs = 160 KDa Counts X 2

#non 45 KDa RAFs = 80 KDa RAFs + 115 KDa RAFs + 160 KDa RAFs

8) #mnon45KDa MEKs =80 KDa MEKs + 115 KDa MEKs + 160 KDa MEKs

A

9) remaining 45 KDa Counts = 45 KDa Counts — (non 45 KDa RAFs — non 45 KDa MEKs)
10a) 1:1ratio: # 45 KDa RAFs = remaining 45 KDa Counts -+ 2

10b) 1:1.5ratio: # 45 KDa RAFs = (remaining 45 KDa Counts — (0.5 x
non 45 KDa RAFs)) + 2.5

11a) 1:1ratio:# 45 KDa MEKs = 45 KDa Counts — 45 KDa RAFs

11b) 1:1.5 ratio: # 45 KDa MEKs = 1.5 X 45 KDa RAFs + (1.5 x non 45 KDa RAFs) —
non 45 KDa MEKs

12) # total RAFs = 45 KDa RAFs + 80 KDa RAFs + 115 KDa RAFs + 160 KDa RAF's
13) # total MEKs = 45 KDa MEKs + 80 KDa MEKs + 115 KDa MEKs + 160 KDa MEKs
14) % monomer RAF = 100 x (45 KDa RAFs + 80 KDa RAFs) =+ total RAFs

15) % 115 KDa RAF = 100 x 115 KDa RAFs =+ total RAFs

16) % 160 KDa RAF = 100 x 160 KDa RAFs =+ total RAFs

17) % Dimer RAF = % 115 KDa RAF + % 160 KDa RAF

18) Kd RAF/MEK = (

(45 KDa RAFs x 45 KDa MEKS)) conc.BRAF

80 KDa Counts total counts

19) Kd RAF: MEK/RAF — ((45 KDa RAFs x 80 KDa Counts)) conc.BRAF

115 KDa Counts total counts
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. . _ ({115 KDa Counts x 45 KDa MEKS) conc.BRAF
20) Kd MEK:RAF:RAF/MEK = ( 160 KDa Counts ) total counts

; 1 __ ((80 KDa Counts x 80 KDa Counts) conc.BRAF
21) kd RAF:MEK/RAF: MEK = ( 160 KDa Counts ) total counts

Data availability

All data are included in the manuscript and supplemental materials.
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Reviewer #1 (Public review):

Summary:

Tkacik et al describe their efforts to reconstitute and biochemically characterize ARAF, BRAF,
and CRAF proteins and measure their ability to be paradoxically activated by current clinical
and preclinical RAF inhibitors. Paradoxical activation of MAPK signaling is a major clinical
problem plaguing current RAF inhibitors, and the mechanisms are complex and relatively
poorly understood. The authors utilize their preparations of purified ARAF, BRAF, and CRAF
kinase domains to measure paradoxical activation by type I and type II inhibitors, utilizing
MEK protein as the substrate, and show that CRAF is activated in a similar fashion to BRAF,
whereas ARAF appears resistant to activation. These data are analyzed using a simple
cooperativity model with the goal of testing whether paradoxical activation involves negative
cooperativity between RAF dimer binding sites, as has been previously reported. The authors
conclude that it does not. They also test activation of B- and CRAF isoforms prepared in their
full-length autoinhibited states and show that under the conditions of their assays, activation
by inhibitors is not observed. In a particularly noteworthy part of the paper, the authors
show that mutation of the N-terminal acidic (NtA) motif of ARAF and CRAF to match that of
BRAF enhances paradoxical activation of CRAF and dramatically restores paradoxical
activation of ARAF, which is not activated at all in its WT form, indicating a clear role for the
NtA motif in the paradoxical activation mechanism. Additional experiments use mass
photometry to measure BRAF dimer induction by inhibitors. The mass photometry
measurements are a relatively novel way of achieving this, and the results are qualitatively
consistent with previous studies that tracked BRAF dimerization in response to inhibitors
using other methods. Overall, the paper establishes that WT CRAF is paradoxically activated
by the same inhibitors that activate BRAF, and that ARAF contains the latent potential for
activation that appears to be controlled by its NtA motif. The biochemical activation data for
BRAF are qualitatively consistent with previous work.

Strengths:

While previous studies have put forward detailed molecular mechanisms for paradoxical
activation of BRAF, comparatively little is known about the degree to which ARAF and CRAF
are prone to this problem, and relatively little biochemical data of any sort are available for
ARAF. Seen in this light, the current work should be considered of substantial potential
significance for the RAF signaling field and for efforts to understand paradoxical activation
and design new inhibitors that avoid it.

Weaknesses:

There are, unfortunately, some significant flaws in the data analysis and fitting of the RAF
activation data that render the primary conclusion of the paper about the detailed activation
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mechanism, namely that it does not involve negative cooperativity between active sites,
unjustified. This claim is made repeatedly throughout the manuscript, including in the title.
Unfortunately, their data analysis approach is overly simplistic and does not probe this
question thoroughly. This is the primary weakness of the study and should be addressed. A
full biochemical modeling approach that accurately captures what is happening in the
experiment needs to be applied in order for detailed inferences to be drawn about the
mechanism beyond just the observation of activation.

The authors' analysis of their RAF:MEK "monomer" paradoxical activation data (Figures 1, 3,
and Tables 1, 2) suffers from two fundamental flaws that render the resulting AC50/IC50 and
cooperativity (Hill) parameters essentially uninterpretable. Without explaining or justifying
their choice, the authors use a two-phase cooperative binding model from GraphPad Prism to
fit their activation/inhibition data. This model is intended to describe cooperative ligand
binding to multiple coupled sites within a preformed receptor assembly, and does not provide
an adequate description of what is happening in this complicated experiment. Specifically, it
has two fundamental flaws when applied to the analysis in question:

(a) It does not account for ligand depletion effects that occur with high-affinity drugs, and
that profoundly affect the shapes of the dose-response curves, which are what are being fit

The chosen model is one of a class of ligand-binding models that are derived by assuming
that the free ligand concentration is effectively equal to the total ligand concentration. Under
these conditions, binding curves have a characteristic steepness, and the presence of
cooperativity can be inferred from changes in this steepness as described by a Hill coefficient.
However, many RAF inhibitors, including most of the type II inhibitors in this study, bind to
the dimerized forms of at least one of the RAF isoforms with ultra-high affinity in the
picomolar range (particularly apparent in Figure 1 with LY inhibiting BRAF). Under these
conditions, the model assumption is not valid. Instead, binding occurs in the high-affinity
regime in which the drug titrates the receptor and effectively all the added drug molecules
bind, so there is hardly any free ligand (see e.g. Jarmoskaite and Herschlag eLife 2020 for a
full description of this "titration" regime). The shapes of the curves under these conditions
reflect the total amount of RAF protein (and to some extent drug affinity), rather than the
presence of cooperativity. Fitting dose response curves with the chosen model under these
conditions will result in conflating binding affinity and protein concentration with
cooperativity.

(b) It does not model the RAF monomer-dimer equilibrium, which is dramatically modulated
by drug binding, rendering the results RAF-concentration dependent in a manner not
accounted for by the analysis.

The chosen analysis model also fails to consider the monomer-dimer equilibrium of RAF. This
has two ramifications. Since drug binding is coupled to dimerization to a very strong degree,
the observed apparent affinities of drug binding (reflected in AC50 and IC50 values) are
functions of the concentration of RAF molecules used in the experiment. Since dimerization
affinities are likely different for ARAF, BRAF, and CRAF, the measured AC50 values also
cannot be compared between isoforms. This concentration dependence is not addressed by
the authors. A related issue is that the model assumes drug binding occurs to two coupled
sites on preformed dimers, not to a mixture of monomers and dimers. "Cooperativity"
parameters determined in this manner will reflect the shifting monomer-dimer equilibrium
rather than the cooperativity within dimers. Additionally, the inhibition side of the
activation/inhibition curves is driven by binding of the drug to the single remaining site on
the dimer, not to two coupled sites, and so one cannot determine cooperativity values for this
process in this manner.

As a result of both of these issues, the parameters reported in the tables do not correctly
reflect cooperativity and cannot be used to infer the presence or absence of negative
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cooperativity between RAF dimer subunits. To address these major issues, the authors would
need to apply a data analysis/fitting procedure that correctly models the biochemical
interactions occurring in the sample, including both the monomer-dimer equilibrium and
how this equilibrium is coupled to drug binding, such as that developed in e.g., Kholodenko
Cell Reports 2015. Alternatively, the authors should remove the statements claiming a lack of
negative cooperativity from the manuscript and alter the title to reflect this.

Some other points to consider

(1) The observation that ARAF is not activated by type II inhibitors is interesting. A detailed
comparison of the activation magnitudes between inhibitors and between A-, B-, and CRAF is
hampered by the arbitrary baseline signal in the assay, which arises from a non-zero FRET
ratio in the absence of any RAF activity. The authors might consider background correcting
their data using a calibration curve constructed using MEK samples of known degrees of
phosphorylation, so that they can calculate turnover numbers and fold activation values
rather than an increase over baseline. This will likely reveal that the activation effects are
more substantial than they appear against the high background signal.

(2) The authors note that full-length autoinhibited 14-3-3-bound RAF monomers are not
activated by type I and II inhibitors. However, since this process involves the formation of a
RAF dimer from two monomers, the process would also be expected to be concentration
dependent, and the authors have only investigated this at a single protein concentration.
Since disassembly of the autoinhibited state must also occur before dimerization, it might be
expected to be kinetically disfavored as well. Have the authors tested this?

(3) ATP concentration modulates activation. While this is an interesting observation, some of
this analysis suffers from the same issue discussed above, of not considering high-affinity
binding effects. For instance, LY is not affected by ATP concentration in their data (Figure 4D),
but this is easily explained as being due to its very tight binding affinity, resulting in titration
of the receptor and the shape of the inhibition curve reflecting the amount of RAF kinase in
the experiment and not the effective Kd or IC50 value.

https://doi.org/10.7554/eLife.110344.1.sa3

Reviewer #2 (Public review):

This manuscript by Tkacik et al. uses in vitro reconstituted systems to examine paradoxical
activation across RAF isoforms and inhibitor classes. The authors conclude that paradoxical
activation can be explained without invoking negative allostery and propose a general model
in which ATP displacement from an "open monomer" promotes dimerization and activation.
The biochemical work is technically sound, and the systematic comparison across RAF
paralogs (along with mutational/functional analysis) across inhibitor classes is a strength.

However, the central mechanistic conclusions are overgeneralized relative to the
experimental systems, and several key claims, particularly the dismissal of negative allostery
and the proposed unifying model in Figure 6, are not directly supported by the data
presented. Most importantly, the absence of RAS, membranes, and relevant regulatory
context fundamentally limits the physiological relevance of several conclusions, especially
regarding the current clinical type 1.5 RAF inhibitors and paradoxical activation.

Overall, this is a potentially valuable biochemical study, but the manuscript would benefit
from more restrained interpretation, clearer framing of scope, and revisions to the model
and title to better reflect what is actually tested.

(1) A central issue is that the biochemical system lacks RAS, membranes, 14-3-3 and
endogenous regulatory factors that are known to be required for paradoxical RAF and MAPK
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activation in cells. As previous work has repeatedly shown and the authors also acknowledge,
paradoxical activation by RAF inhibitors is RAS-dependent in cells, and this dependence
presumably explains why full-length autoinhibited RAF complexes are refractory to
activation in the authors' assays.

Importantly, the absence of paradoxical activation by type 1.5 inhibitors in this system is
therefore not mechanistically informative. Type 1.5 inhibitors (e.g., vemurafenib, dabrafenib,
encorafenib), but not Paradox Breakers (e.g., plixorafenib), robustly induce paradoxical
activation in cells because binding of the inhibitor to inactive cytosolic RAF monomer
promotes a conformational change that drives RAF recruitment to RAS in the membrane,
promoting dimerization. The inability of the type 1.5 inhibitor to suppress the newly formed
dimers is the basis of the pronounced paradoxical activation in cells. In the absence of RAS
and membrane recruitment, failure to observe paradoxical activation in vitro does not
distinguish between competing mechanistic models.

As a result, conclusions regarding inhibitor class differences, and especially the generality of
the proposed model, should be substantially tempered.

(2) The authors argue that their data argue against negative allostery as a central feature of
paradoxical activation. However, the presented data do not directly test negative allostery,
nor do they exclude it. The biochemical assays do not recreate the cellular context in which
negative allostery has been inferred. Further, structural data showing asymmetric inhibitor
occupancy in RAF dimers cannot be dismissed on the basis of alternative symmetric
structures alone, particularly given the dynamic nature of RAF dimers in cells.

Most importantly, negative allostery was proposed to explain paradoxical activation by Type
1.5 RAF inhibitors, yet these inhibitors do not paradoxically activate in the assays presented
here. The absence of paradoxical activation in this system, therefore, cannot be used to argue
against a mechanism that is specifically invoked to explain cellular behavior not
recapitulated by the assay.

(3) The model presented in Figure 6 is conceptually possible but remains speculative. Key
elements of the model, including RAS engagement, membrane recruitment, 14-3-3
rearrangements, and the involvement of cellular kinases and phosphatases, are explicitly
absent from the experimental system. Accordingly, the model is not tested by the data
presented and should not be framed as a validated or general mechanism. The figure and
accompanying text should be clearly labeled as a working or conceptual model rather than a
mechanistically supported conclusion.

(4) The manuscript states that type 1.5 inhibitors do not induce paradoxical activation in the
biochemical assay because their C-helix-out binding mode disfavors dimerization. While this
is true in isolation, it overlooks the well-established fact that type 1.5 inhibitors (with the
exception of paradox breakers) clearly promote RAS-dependent RAF dimerization in cells.
This distinction is critical and should be explicitly acknowledged when interpreting the in
vitro findings.

(5) The title suggests a general mechanism for paradoxical activation across RAF isoforms
and inhibitor classes, whereas the data primarily address type I and type II inhibitors acting
on isolated kinase-domain monomers. A more accurate framing would avoid the term
"general” and confine the conclusions to C-helix-in (type I/II) RAF inhibitors in a reduced
biochemical context.

https://doi.org/10.7554/eLife.110344.1.sa2
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Reviewer #3 (Public review):

Summary:

Tkacik et al. systematically characterized all three RAF kinase isoforms in vitro with all three
types of RAF inhibitors (Type I, I1/2, and II) to investigate the mechanism underlying
paradoxical activation.

In this study, the authors reconstituted heterodimers of A-, B-, and C-RAF kinase domains
bound to non-phosphorylable MEK1 (SASA), mimicking the monomeric auto-inhibited state of
RAF. These "RAF monomers" were tested for MEK phosphorylation with an increasing
concentration of all three types of RAF inhibitors (Type I, I1/2, and II). This study is
reminiscent of a previous study of the same team measuring RAF kinase activity in the
presence of all three types of inhibitors in the context of dimeric RAF isoforms stabilized by
14-3-3 proteins (Tkacik et al 2025 JBC). RAF monomers had little to no activity at low
concentrations of inhibitors (consistent with their "monomeric state"). Addition of type 11/2
inhibitor did not induce paradoxical activation as, in this context, they do not induce RAF
dimerization required for activation, as observed by MP. Addition of type I and type II
inhibitors led to paradoxical activation consistent with the RAF dimerization induced by
these inhibitors, as observed by MP. Interestingly, type II inhibitors induced activation only
for B- and C-RAF and not A-RAF.

At high concentrations of type II inhibitors, kinase activity is inhibited with a strong or weak
positive cooperativity for BRAF and CRAF, respectively. This observation is very similar to
what the authors previously observed with their dimeric RAF system. Interestingly, when the
NtA motif is modified by phosphomimetic mutations in A- and C-Raf, basal kinase activity is
stronger, but most importantly, inhibitor-induced paradoxical activation is much stronger
with both type I and II inhibitors. This demonstrates that mutation of the NtA motif of ARAF
and CRAF sensitized them to paradoxical activation by type II inhibitors.

The authors also tested the effect of ATP in the paradoxical activation observed in their RAF
"monomer" system. As previously published in their assay with 14-3-3 stabilized dimeric RAF,
the authors observed an expected shift of the IC50 with Type I inhibitors, while Type II
inhibitors seem to behave as a non-competitive inhibitor. The authors next reconstituted the
MAP kinase pathway (with RAF monomers at the top of the phosphorylation cascade) to test
paradoxical activation amplification. Again, Type I1/2 inhibitors did not induce paradoxical
activation, while Type I and II inhibitors did. The authors tested the inhibitors with FL auto-
inhibited RAF/MEK/14-3-3 complexes, where, contrary to the "RAF monomers" experiments,
FL B- and C-RAF were not paradoxically activated but were inhibited by all three types of
inhibitors.

Overall, Tkacik et al. tackle an important question in the field for which definitive
experiments and thorough biochemical investigation to understand the molecular
mechanisms for the inhibitor-induced paradoxical activation are still missing, and of high
importance for future drug development.

Strengths:

The biochemical experiments here are rigorously executed, and the results obtained are
highly informative in the field to decipher the intricate mechanisms of RAF activation and
inhibitor-induced paradoxical activation.

Weaknesses:

The interpretation of the results in the context of the current state of the art is ambiguous
and raises questions about the relevance of introducing a new model for inhibitor-induced
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paradoxical activation, particularly since the findings presented here do not clearly
contradict established paradigms. I believe some clarification and precision are required.

Main comments:
(1) Figure 2:

The authors comment on the expected greater increase (for a cascade assay) in the magnitude
of ERK phosphorylation compared to what was observed for MEK phosphorylation. However,
this observation might be reflective of the stoichiometries used in the assay, with 40 times
more MEK compared to RAF concentration (250nm vs 6nM), which might favour pERK vs
PMEK.

- The authors should clarify their rationale for the protein concentration used in this assay
and explain how protein stoichiometry was taken into account for the interpretation of their
results.

- In addition, the authors should justify comparing pMEK and pERK TR-FRET values when
different anti-phospho antibodies were used. Antibodies may have distinct binding affinities
for their epitopes. Could this not lead to differences in FRET signal amplitudes that
complicate direct comparison?

(2) Supplementary Figure 2:

The author mentioned that the inhibitors did not activate the FL auto-inhibited RAF
complexes; however, they did inhibit the TR-FRET signal.

- Can the authors comment on the origin of the observed basal activity? Would the authors
expect self-release of the RAF kinase protein from the auto-inhibited state in the absence of
RAS, leading to dimerization and activation? Alternatively, do the inhibitors at low-
concentration relieve the auto-inhibited state, thereby driving dimerization and activation?

- Did the author test the addition of RAS protein in their in vitro system to determine whether
"soluble" RAS is sufficient to release the protective interactions with RBD/CRD/14-3-3 and lead
to inhibitor-induced paradoxical activation of FL. RAF?

(3) Figure 5B:

The authors said that the Kd values obtained from their MP assay are consistent with prior
studies of RAF homodimerization and RAF:MEK heterodimerization. While this is true from
the previous studies of RAF:MEK interaction by BLI (performed from the same team), the Kd
of isolated RAF kinase homodimerization has been measured around ~30uM by AUC in the
cited ref (24,27 & 37).

- The authors should discuss the discrepancy between their Kd of homodimerization and the
reported Kd values in the literature. At the concentration used for MP, it is surprising to
observe RAF dimerization while the Kd of homodimerization has been measured at ~30uM
(in the absence of MEK).

- Would the authors expect the presence of MEK to influence the homodimerization affinity
for the isolated KD?

(4) Conclusions:

Several times in the introduction and the conclusion, the authors suggest that the negative
allostery model (where "inhibitor binding to one protomer of the dimer promotes an active
but inhibitor-resistant conformation in the other") is a model that applies to all types of RAF
inhibitors (I, 11/2, and II).

Tkacik et al., 2026 eLife 15:RP110344. https://doi.org/10.7554/eLife.110344.1 30 of 44


https://doi.org/10.7554/eLife.110344.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/biochemistry-chemical-biology
https://elifesciences.org/subjects/cancer-biology

°Pe . Biochemistry and Chemical Biology | Cancer Biology
wieLife

However, from my understanding and all the references cited by the authors, this model only
applies to type I1/2 inhibitors, where indeed the aC IN conformation in the second (inhibitor-
free) protomer of the RAF dimer might be incompatible with the type I1/2 inhibitors inducing
aC OUT conformation. The type I and type II inhibitors are aC IN inhibitors and are expected
to bind both protomers from RAF dimers with similar affinities. Therefore, the negative
allostery model does not apply to the type I and type II inhibitors. The difference in the
mechanism of action of inhibitors is even used to explain the difference in the concentration
range in which inhibitor-induced activation is observed in cells. The description of the state
of the art in this study is confusing and does not help to properly understand their
argumentation to revise the established model for paradoxical RAF activation.

- Can the authors clarify their analysis of the state of the art on the different mechanisms of
action for the paradoxical activation of RAF by the different types of RAF inhibitors?

1. Conclusions:

"Our results suggest that negative allostery (or negative cooperativity) is not a requisite
feature of paradoxical activation. The type I and type II inhibitors studied here induce RAF
dimers and exhibit paradoxical activation but do so without evidence of negative
cooperativity, nor do they appear to inhibit intentionally engineered RAF dimers with
negative cooperativity (25). Indeed, type II inhibitors exhibit apparent positive cooperativity
while type I inhibitors are non-cooperative inhibitors of RAF dimers (25)."

- Can the authors explain how results on the paradoxical activation induced by type I and
type II inhibitors inform or challenge a model that specifically applies to type I1/2 inhibitors?

The authors often refer to their previous study (reference 25), where they tested the
inhibition of all three types of inhibitors with engineered RAF dimers. While I agree with the
authors that in reference 25 the Type I and type II inhibitors inhibit RAF dimers without
exhibiting negative cooperativity (as expected from the literature and the current model), the
authors did observe some negative cooperativity for Type I1/2 inhibitors in their study most
particularly for the type I1/2 PB (with hill slope ranging from -0.4 to -0.9, indicative of
negative cooperativity).

While the observations that type II inhibitors display positive cooperativity is both novel and
very interesting, from what I understand the results from thakick et al 2025 and the current
study appear more in line with the current paradigm in the field (which describe paradoxical
activation with negative cooperativity for type I1/2 inhibitors and no negative cooperativity
for the Type I and II inhibitors) rather than disapproving of the current model and
supporting for a new model.

- In this context, can the authors clarify how their results challenge the current model for
paradoxical activation?

(6) Conclusions:

The authors describe the JAB34 experiment from Poulikakos et al. 2010 to conclude that
"While this experiment cleanly demonstrates inhibitor-induced transactivation of RAF
dimers, it is important to recognize that the differential inhibitor sensitivity of the two
subunits in this experiment is artificial - it is engineered rather than induced by inhibitor
binding as the negative allostery model proposes."

Indeed, the JAB34 experiment demonstrated the inhibitor-induced transactivation, but the
Poulikakos et al. 2010 study does not discuss differential inhibitor sensitivity. The negative
allostery model was proposed later by poulikakos team in other papers (Yao et al 2015 and
Karoulia et al, 2016), in which JAB34 was not used.
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- Can the authors clarify how the JAB34 experiments question differential inhibitor
sensitivity?

(7) Conclusions:

"Considering that the conformation required for binding of type 1.5 inhibitors destabilizes
RAF dimers, it is unclear how an inhibitor binding to one protomer would be able to transmit
an allosteric change to the opposite protomer, if that inhibitor's binding causes the existing
dimer to dissociate.”

- The authors should comment on whether 14-3-3 proteins might overcome negative
regulation by type I1/2 inhibitors, similar to what has been shown for ATP, which acts as a
dimer breaker like type I1/2 inhibitors.

(8) Conclusions:

"Furthermore, the complex effects of type 1.5 inhibitors on dimer stability and the clear
resistance of active RAF dimers to these inhibitors complicates interpretation of inhibition
data - weak or incomplete inhibition of an enzyme can be difficult to discern from true
negative cooperativity (43). As we discuss below, the clear resistance of RAF dimers to type 1.5
inhibitors is alone sufficient to explain their ineffective inhibition during paradoxical
activation, without invoking negative allostery."

- The authors should explain how they reconcile this statement and their proposal of a new
model that does not rely on negative allostery with their previous findings showing negative
cooperativity for RAF dimer inhibition with type I1/2 inhibitors.

(9) Conclusions:

Here, the authors propose a new universal model to explain paradoxical activation of RAF by
all types of RAF inhibitors:

" Our findings here, in light of structural studies of RAF complexes and prior cellular
investigations of paradoxical activation, lead us to a model for paradoxical activation that
does not rely on negative allostery and is consistent with activation by diverse inhibitor
classes. In this model, the open monomer complex is the target of inhibitor-induced
paradoxical activation (Figure 6). Binding of ATP to the RAF active site stabilizes the inactive
conformation of the open monomer, which disfavors dimerization. Displacement of ATP by
an ATP-competitive inhibitor, irrespective of class, alters the relative N- and C-lobe
orientations of the kinase to promote dimerization (30, 35). Once dimerized, inhibitor
dissociation from one or both sides of the dimer would allow phosphorylation and activation
of MEK."

From my understanding, the novelty of this new model is twofold: a) the open monomer is
the target of the inhibitor-induced paradoxical activation and b) once dimerized, inhibitor
dissociation from one or both sides of the dimer would allow phosphorylation and activation
of MEK.

Novelty a) implies, as the authors stated, that "Inhibitor-induced activation and inhibition act
on distinct species - activation on the open monomer and inhibition on the 14-3-3-stabilized
dimer". The authors should explain what they mean by "activation of the open monomer",
while only RAF dimers are catalytically active (except for BRAF V600E mutant)?

For novelty b), the authors should explain more clearly what experimental results support
this new model.

https://doi.org/10.7554/eLife.110344.1.sa1
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Author Response:

The following is the authors’ response to the original reviews.
Public Reviews:

Reviewer #1 (Public review):

Summary:

Tkacik et al describe their efforts to reconstitute and biochemically characterize ARAF,
BRAF, and CRAF proteins and measure their ability to be paradoxically activated by
current clinical and preclinical RAF inhibitors. Paradoxical activation of MAPK signaling is
a major clinical problem plaguing current RAF inhibitors, and the mechanisms are
complex and relatively poorly understood. The authors utilize their preparations of
purified ARAF, BRAF, and CRAF kinase domains to measure paradoxical activation by type
I and type II inhibitors, utilizing MEK protein as the substrate, and show that CRAF is
activated in a similar fashion to BRAF, whereas ARAF appears resistant to activation.
These data are analyzed using a simple cooperativity model with the goal of testing
whether paradoxical activation involves negative cooperativity between RAF dimer
binding sites, as has been previously reported. The authors conclude that it does not.
They also test activation of B- and CRAF isoforms prepared in their full-length
autoinhibited states and show that under the conditions of their assays, activation by
inhibitors is not observed. In a particularly noteworthy part of the paper, the authors
show that mutation of the N-terminal acidic (NtA) motif of ARAF and CRAF to match that
of BRAF enhances paradoxical activation of CRAF and dramatically restores paradoxical
activation of ARAF, which is not activated at all in its WT form, indicating a clear role for
the NtA motif in the paradoxical activation mechanism. Additional experiments use mass
photometry to measure BRAF dimer induction by inhibitors. The mass photometry
measurements are a relatively novel way of achieving this, and the results are
qualitatively consistent with previous studies that tracked BRAF dimerization in response
to inhibitors using other methods. Overall, the paper establishes that WT CRAF is
paradoxically activated by the same inhibitors that activate BRAF, and that ARAF contains
the latent potential for activation that appears to be controlled by its NtA motif. The
biochemical activation data for BRAF are qualitatively consistent with previous work.

Strengths:

While previous studies have put forward detailed molecular mechanisms for paradoxical
activation of BRAF, comparatively little is known about the degree to which ARAF and
CRAF are prone to this problem, and relatively little biochemical data of any sort are
available for ARAF. Seen in this light, the current work should be considered of
substantial potential significance for the RAF signaling field and for efforts to understand
paradoxical activation and design new inhibitors that avoid it.

Weaknesses:

There are, unfortunately, some significant flaws in the data analysis and fitting of the
RAF activation data that render the primary conclusion of the paper about the detailed
activation mechanism, namely that it does not involve negative cooperativity between
active sites, unjustified. This claim is made repeatedly throughout the manuscript,
including in the title. Unfortunately, their data analysis approach is overly simplistic and
does not probe this question thoroughly. This is the primary weakness of the study and
should be addressed. A full biochemical modeling approach that accurately captures
what is happening in the experiment needs to be applied in order for detailed inferences
to be drawn about the mechanism beyond just the observation of activation.
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The authors' analysis of their RAF:MEK "monomer" paradoxical activation data (Figures 1,
3, and Tables 1, 2) suffers from two fundamental flaws that render the resulting
AC50/IC50 and cooperativity (Hill) parameters essentially uninterpretable. Without
explaining or justifying their choice, the authors use a two-phase cooperative binding
model from GraphPad Prism to fit their activation/inhibition data. This model is intended
to describe cooperative ligand binding to multiple coupled sites within a preformed
receptor assembly, and does not provide an adequate description of what is happening
in this complicated experiment. Specifically, it has two fundamental flaws when applied
to the analysis in question:

(a) It does not account for ligand depletion effects that occur with high-affinity drugs,
and that profoundly affect the shapes of the dose-response curves, which are what are
being fit

The chosen model is one of a class of ligand-binding models that are derived by
assuming that the free ligand concentration is effectively equal to the total ligand
concentration. Under these conditions, binding curves have a characteristic steepness,
and the presence of cooperativity can be inferred from changes in this steepness as
described by a Hill coefficient. However, many RAF inhibitors, including most of the type II
inhibitors in this study, bind to the dimerized forms of at least one of the RAF isoforms
with ultra-high affinity in the picomolar range (particularly apparent in Figure 1 with LY
inhibiting BRAF). Under these conditions, the model assumption is not valid. Instead,
binding occurs in the high-affinity regime in which the drug titrates the receptor and
effectively all the added drug molecules bind, so there is hardly any free ligand (see e.g.
Jarmoskaite and Herschlag elLife 2020 for a full description of this "titration"” regime). The
shapes of the curves under these conditions reflect the total amount of RAF protein (and
to some extent drug affinity), rather than the presence of cooperativity. Fitting dose
response curves with the chosen model under these conditions will result in conflating
binding affinity and protein concentration with cooperativity.

(b) It does not model the RAF monomer-dimer equilibrium, which is dramatically
modulated by drug binding, rendering the results RAF-concentration dependent in a
manner not accounted for by the analysis.

The chosen analysis model also fails to consider the monomer-dimer equilibrium of RAF.
This has two ramifications. Since drug binding is coupled to dimerization to a very strong
degree, the observed apparent affinities of drug binding (reflected in AC50 and IC50
values) are functions of the concentration of RAF molecules used in the experiment. Since
dimerization affinities are likely different for ARAF, BRAF, and CRAF, the measured AC50
values also cannot be compared between isoforms. This concentration dependence is not
addressed by the authors. A related issue is that the model assumes drug binding occurs
to two coupled sites on preformed dimers, not to a mixture of monomers and dimers.
"Cooperativity" parameters determined in this manner will reflect the shifting monomer-
dimer equilibrium rather than the cooperativity within dimers. Additionally, the inhibition
side of the activation/inhibition curves is driven by binding of the drug to the single
remaining site on the dimer, not to two coupled sites, and so one cannot determine
cooperativity values for this process in this manner.

As a result of both of these issues, the parameters reported in the tables do not correctly
reflect cooperativity and cannot be used to infer the presence or absence of negative
cooperativity between RAF dimer subunits. To address these major issues, the authors
would need to apply a data analysis/fitting procedure that correctly models the
biochemical interactions occurring in the sample, including both the monomer-dimer
equilibrium and how this equilibrium is coupled to drug binding, such as that developed
in e.g., Kholodenko Cell Reports 2015. Alternatively, the authors should remove the
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statements claiming a lack of negative cooperativity from the manuscript and alter the
title to reflect this.

The bell-shaped dose response model that we employed models the sum of two dose-response
curves - one that activates and one that inhibits. That is a simple way of capturing the
essence of paradoxical activation -- the superposition of drug-induced activation at low
inhibitor concentrations with inhibition at higher concentrations. That said, we agree
completely with the reviewer that the model does not capture the complexity of what is
happening in the experiment. We worked extensively with the Kholodenko model (which we
implemented in Kintek Explorer), which accounts for the effect of drug on the
monomer/dimer equilibrium and for the affinity of drug for each protomer of a dimer (and
can therefore model positive or negative cooperativity as well as non-cooperative binding).
We could obtain excellent fits with this model with positive cooperativity — perhaps not
surprising considering that this is a 12 parameter model — with reasonable Kd values for drug
binding and monomer/dimer equilibrium. However, we ultimately chose not to include this
analysis when we realized that the fits were not at steady-state. The underlying Kon and Koff
rates for the reasonable Kd’s for monomer/dimer formation were unreasonably slow. We
could also obtain superficially reasonable fits with negative or non-cooperative binding, but
close inspection revealed that they did not accurately fit the steepness of the inhibition phase
of the dose-response curves for type II inhibitors. Even the Kholodenko model does not
capture all the key aspects of our experiment. Perhaps most notably competition with ATP,
the effect of ATP on the monomer dimer equilibrium, and the divergent conformations of the
kinase required for binding ATP vs a type II inhibitor. We put some effort into explicitly
including ATP in the model, but quickly decided that it was beyond our modeling expertise
(and it also was not feasible to implement in Kintek explorer). In the end, we settled on the
bell-shaped dose-response model because it was the simplest model that fit the data. We
expect to include a supplemental figure/note in the revised manuscript to discuss our work
with the Kholodenko model. We will also acknowledge the limitations of the bell-shaped dose
response model.

This reviewer is also concerned that the steepness of the inhibition phase of the curves may
be the result of enzyme-titration with these tight-binding inhibitors, rather than a result of
positive cooperativity. We are reasonably sure that this is not the case. The shape of these
curves and the IC50/AC50 values obtained is relatively insensitive to enzyme concentration,
and we will include additional data in our revision to demonstrate this. Also, the steep hill
slopes are unique to the type II inhibitors, which require a distinct inactive conformation of
the kinase. Type I inhibitor SB590885 is similarly potent to the type II inhibitors, but does not
exhibit this effect. If we were simply titrating enzyme, we would expect to see this with
SB590885 as well.

Also, we will clarify in the revised manuscript that our interpretation of positive
cooperativity of inhibition by type II inhibitors is also supported by our prior work with 14-3-
3-bound RAF dimers (Tkacik et al, JBC 2025). This is a much simpler experiment, as dimers
are pre-formed. We have now done a thorough study of the effect of enzyme concentration
on the IC5 and apparent cooperativity in dimer inhibition, which we will include in our
revised manuscript. These experiments confirm that we are not in a regime where we are
titrating enzyme.

As an aside, with respect to models that incorporate free inhibitor concentration, we did try
to fit our 14-3-3-bound dimer inhibition data (in Tkacik et al, JBC 2025) with the Morrison
equation for tight-binding inhibitors, which does take into account free ligand concentration.
The fits were not reasonable with type II inhibitors, at least in part due to the non-ATP-
competitive behavior of the type II drugs. Also the Morrison equation does not model
cooperativity.
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Some other points to consider

(1) The observation that ARAF is not activated by type II inhibitors is interesting. A
detailed comparison of the activation magnitudes between inhibitors and between A-, B-,
and CRAF is hampered by the arbitrary baseline signal in the assay, which arises from a
non-zero FRET ratio in the absence of any RAF activity. The authors might consider
background correcting their data using a calibration curve constructed using MEK
samples of known degrees of phosphorylation, so that they can calculate turnover
numbers and fold activation values rather than an increase over baseline. This will likely
reveal that the activation effects are more substantial than they appear against the high
background signal.

We will explore this for our revision.

(2) The authors note that full-length autoinhibited 14-3-3-bound RAF monomers are not
activated by type I and II inhibitors. However, since this process involves the formation of
a RAF dimer from two monomers, the process would also be expected to be
concentration dependent, and the authors have only investigated this at a single protein
concentration. Since disassembly of the autoinhibited state must also occur before
dimerization, it might be expected to be kinetically disfavored as well. Have the authors
tested this?

Good points. We have carried out this experiment at more than one enzyme concentration
and differing reaction times, and also failed to see activation. However, we have not
systematically explored either variable.

(3) ATP concentration modulates activation. While this is an interesting observation,
some of this analysis suffers from the same issue discussed above, of not considering
high-affinity binding effects. For instance, LY is not affected by ATP concentration in their
data (Figure 4D), but this is easily explained as being due to its very tight binding affinity,
resulting in titration of the receptor and the shape of the inhibition curve reflecting the
amount of RAF kinase in the experiment and not the effective Kd or IC50 value.

As discussed above, we’ve convinced ourselves that we are not simply titrating enzyme. It
occurred to us that such an effect could explain both the steepness of the inhibition curves
with LY and other type II inhibitors and the apparent ATP-insensitivity. Our studies of
concentration-dependence and the correlation of this effect with the type II binding mode
argue against this possibility.

Finally, as an overarching comment to this Reviewer and the others, we understand well that
our enzyme inhibition studies (here and in Tkacik 2025) do not rise to the level of a formal
demonstration of cooperative ligand binding. We envision a future study in which we could
address this directly, perhaps by using single molecule fluorescence to observe on/off rates
for binding of fluorescently tagged inhibitors to immobilized RAF dimers. (This is clearly
beyond the scope of the present work).

Reviewer #2 (Public review):

This manuscript by Tkacik et al. uses in vitro reconstituted systems to examine
paradoxical activation across RAF isoforms and inhibitor classes. The authors conclude
that paradoxical activation can be explained without invoking negative allostery and
propose a general model in which ATP displacement from an "open monomer" promotes
dimerization and activation. The biochemical work is technically sound, and the
systematic comparison across RAF paralogs (along with mutational/functional analysis)
across inhibitor classes is a strength.
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However, the central mechanistic conclusions are overgeneralized relative to the
experimental systems, and several key claims, particularly the dismissal of negative
allostery and the proposed unifying model in Figure 6, are not directly supported by the
data presented. Most importantly, the absence of RAS, membranes, and relevant
regulatory context fundamentally limits the physiological relevance of several
conclusions, especially regarding the current clinical type 1.5 RAF inhibitors and
paradoxical activation.

Overall, this is a potentially valuable biochemical study, but the manuscript would benefit
from more restrained interpretation, clearer framing of scope, and revisions to the
model and title to better reflect what is actually tested.

(1) A central issue is that the biochemical system lacks RAS, membranes, 14-3-3 and
endogenous regulatory factors that are known to be required for paradoxical RAF and
MAPK activation in cells. As previous work has repeatedly shown and the authors also
acknowledge, paradoxical activation by RAF inhibitors is RAS-dependent in cells, and this
dependence presumably explains why full-length autoinhibited RAF complexes are
refractory to activation in the authors' assays.

Importantly, the absence of paradoxical activation by type L5 inhibitors in this system is
therefore not mechanistically informative. Type L5 inhibitors (e.g., vemurafenib,
dabrafenib, encorafenib), but not Paradox Breakers (e.g., plixorafenib), robustly induce
paradoxical activation in cells because binding of the inhibitor to inactive cytosolic RAF
monomer promotes a conformational change that drives RAF recruitment to RAS in the
membrane, promoting dimerization. The inability of the type 1.5 inhibitor to suppress the
newly formed dimers is the basis of the pronounced paradoxical activation in cells. In the
absence of RAS and membrane recruitment, failure to observe paradoxical activation in
vitro does not distinguish between competing mechanistic models.

As a result, conclusions regarding inhibitor class differences, and especially the
generality of the proposed model, should be substantially tempered.

We will emphasize the limitations of our highly simplified experimental system in the revised
manuscript, and temper some of our interpretations. And while the lack of
membranes/RAS/14-3-3 in our system and the lack of observed PA with type 1.5 inhibitors is a
limitation of our study, we disagree that it renders our study of type 1.5 inhibitors
mechanistically uninformative. As seen here and consistent with prior studies, the binding
mode of these compounds disfavors formation of the kinase dimer. While this may be
overcome by 14-3-3 binding and other effects in the cellular context, it reflects a fundamental
mechanistic difference as compared with type I and type II inhibitors, which also exhibit
paradoxical activation.

(2) The authors argue that their data argue against negative allostery as a central
feature of paradoxical activation. However, the presented data do not directly test
negative allostery, nor do they exclude it. The biochemical assays do not recreate the
cellular context in which negative allostery has been inferred. Further, structural data
showing asymmetric inhibitor occupancy in RAF dimers cannot be dismissed on the basis
of alternative symmetric structures alone, particularly given the dynamic nature of RAF
dimers in cells.

Most importantly, negative allostery was proposed to explain paradoxical activation by
Type L5 RAF inhibitors, yet these inhibitors do not paradoxically activate in the assays
presented here. The absence of paradoxical activation in this system, therefore, cannot
be used to argue against a mechanism that is specifically invoked to explain cellular
behavior not recapitulated by the assay.
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To be clear, we are not dismissing the possibility of negative cooperativity. And we do not
think of our model as an alternative to the negative cooperativity model — rather it is a
generalization that can account for paradoxical activation by diverse inhibitor classes,
irrespective of positive, negative or non-cooperative modes of inhibition. We will emphasize
these points in the revised manuscript.

If negative allostery were a requisite feature of PA, we would not expect to see PA with type II
inhibitors. As discussed in our response to Reviewer 1, we see clear evidence of positively
cooperative inhibition of 14-3-3-bound RAF dimers by type II inhibitors (Tkacik JBC 2025) and
in the present study, we find clear paradoxical activation by type II inhibitors (and there are
many reports in the literature of PA by type II inhibitors in cellular contexts).

(3) The model presented in Figure 6 is conceptually possible but remains speculative. Key
elements of the model, including RAS engagement, membrane recruitment, 14-3-3
rearrangements, and the involvement of cellular kinases and phosphatases, are explicitly
absent from the experimental system. Accordingly, the model is not tested by the data
presented and should not be framed as a validated or general mechanism. The figure
and accompanying text should be clearly labeled as a working or conceptual model
rather than a mechanistically supported conclusion.

We will revise the text to more clearly reflect that this is a working model, and importantly,
that it is based on a large literature in this area in addition to the relevant experimental work
in this manuscript.

(4) The manuscript states that type 1.5 inhibitors do not induce paradoxical activation in
the biochemical assay because their C-helix-out binding mode disfavors dimerization.
While this is true in isolation, it overlooks the well-established fact that type 1.5 inhibitors
(with the exception of paradox breakers) clearly promote RAS-dependent RAF
dimerization in cells. This distinction is critical and should be explicitly acknowledged
when interpreting the in vitro findings.

We will explicitly make this point in the revised manuscript.

(5) The title suggests a general mechanism for paradoxical activation across RAF
isoforms and inhibitor classes, whereas the data primarily address type I and type II
inhibitors acting on isolated kinase-domain monomers. A more accurate framing would
avoid the term "general" and confine the conclusions to C-helix-in (type I/II) RAF
inhibitors in a reduced biochemical context.

As noted above, and in our response to Reviewer 3 below, we will clarify the contribution of
data in present manuscript to the model and that it is based more broadly on the literature
on PA and our insights into RAF structure and regulation. We will also revise the title to avoid
the implication that the model arises mainly from the experimental data in the manuscript.

Reviewer #3 (Public review):
Summary:

Tkacik et al. systematically characterized all three RAF kinase isoforms in vitro with all
three types of RAF inhibitors (Type I, I1/2, and II) to investigate the mechanism
underlying paradoxical activation.

In this study, the authors reconstituted heterodimers of A-, B-, and C-RAF kinase domains
bound to non-phosphorylable MEK1 (SASA), mimicking the monomeric auto-inhibited
state of RAF. These "RAF monomers" were tested for MEK phosphorylation with an
increasing concentration of all three types of RAF inhibitors (Type I, I1/2, and II). This
study is reminiscent of a previous study of the same team measuring RAF kinase activity
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in the presence of all three types of inhibitors in the context of dimeric RAF isoforms
stabilized by 14-3-3 proteins (Tkacik et al 2025 JBC). RAF monomers had little to no
activity at low concentrations of inhibitors (consistent with their "monomeric state").
Addition of type I1/2 inhibitor did not induce paradoxical activation as, in this context,
they do not induce RAF dimerization required for activation, as observed by MP. Addition
of type I and type II inhibitors led to paradoxical activation consistent with the RAF
dimerization induced by these inhibitors, as observed by MP. Interestingly, type I
inhibitors induced activation only for B- and C-RAF and not A-RAF.

At high concentrations of type II inhibitors, kinase activity is inhibited with a strong or
weak positive cooperativity for BRAF and CRAF, respectively. This observation is very
similar to what the authors previously observed with their dimeric RAF system.
Interestingly, when the NtA motif is modified by phosphomimetic mutations in A- and C-
Raf, basal kinase activity is stronger, but most importantly, inhibitor-induced paradoxical
activation is much stronger with both type I and II inhibitors. This demonstrates that
mutation of the NtA motif of ARAF and CRAF sensitized them to paradoxical activation by
type Il inhibitors.

The authors also tested the effect of ATP in the paradoxical activation observed in their
RAF "monomer" system. As previously published in their assay with 14-3-3 stabilized
dimeric RAF, the authors observed an expected shift of the IC50 with Type I inhibitors,
while Type II inhibitors seem to behave as a non-competitive inhibitor. The authors next
reconstituted the MAP kinase pathway (with RAF monomers at the top of the
phosphorylation cascade) to test paradoxical activation amplification. Again, Type I1/2
inhibitors did not induce paradoxical activation, while Type I and II inhibitors did. The
authors tested the inhibitors with FL auto-inhibited RAF/MEK/14-3-3 complexes, where,
contrary to the "RAF monomers" experiments, FL B- and C-RAF were not paradoxically
activated but were inhibited by all three types of inhibitors.

Overall, Tkacik et al. tackle an important question in the field for which definitive
experiments and thorough biochemical investigation to understand the molecular
mechanisms for the inhibitor-induced paradoxical activation are still missing, and of
high importance for future drug development.

Strengths:

The biochemical experiments here are rigorously executed, and the results obtained are
highly informative in the field to decipher the intricate mechanisms of RAF activation and
inhibitor-induced paradoxical activation.

Weaknesses:

The interpretation of the results in the context of the current state of the art is
ambiguous and raises questions about the relevance of introducing a new model for
inhibitor-induced paradoxical activation, particularly since the findings presented here
do not clearly contradict established paradigms. I believe some clarification and
precision are required.

While our model does not conflict with established paradigms (because it can allow for
negative cooperativity) our experimental findings (here and in Tkacik et al JBC 2025) are in
conflict with the negative allostery model. We will work to clarify this in the revised
manuscript.

Main comments:

(1) Figure 2:
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The authors comment on the expected greater increase (for a cascade assay) in the
magnitude of ERK phosphorylation compared to what was observed for MEK
phosphorylation. However, this observation might be reflective of the stoichiometries
used in the assay, with 40 times more MEK compared to RAF concentration (250nm vs
6nM), which might favour pERK vs pMEK.

The authors should clarify their rationale for the protein concentration used in this assay
and explain how protein stoichiometry was taken into account for the interpretation of
their results.

The Reviewer makes a good point, the concentrations and ratios chosen are expected to make
a substantial difference in observed amplification. We intended this experiment more as a
qualitative demonstration of cascade amplification and will clarify this in the revised
manuscript.

In addition, the authors should justify comparing pMEK and pERK TR-FRET values when
different anti-phospho antibodies were used. Antibodies may have distinct binding
aoffinities for their epitopes. Could this not lead to differences in FRET signal amplitudes
that complicate direct comparison?

Also a good point, we will note this limitation in the revised manuscript.
(2) Supplementary Figure 2:

The author mentioned that the inhibitors did not activate the FL auto-inhibited RAF
complexes; however, they did inhibit the TR-FRET signal.

Can the authors comment on the origin of the observed basal activity? Would the authors
expect self-release of the RAF kinase protein from the auto-inhibited state in the absence
of RAS, leading to dimerization and activation? Alternatively, do the inhibitors at low-
concentration relieve the auto-inhibited state, thereby driving dimerization and
activation?

We think that the baseline activity that is being inhibited is due to low concentrations of
active dimer in our autoinhibited state preparations.

Did the author test the addition of RAS protein in their in vitro system to determine
whether "soluble" RAS is sufficient to release the protective interactions with RBD/CRD/14-
3-3 and lead to inhibitor-induced paradoxical activation of FL RAF?

We did not, but we’ve thought about it. We expect that soluble RAS would not be activating.
We have previously carried our extensive studies of BRAF activation by soluble vs.
farnesylated RAS in a membrane environment (liposomes) and observed partial activation in
the latter (Park et al, Nature Communications 2023).

(3) Figure 5B:

The authors said that the Kd values obtained from their MP assay are consistent with
prior studies of RAF homodimerization and RAF:MEK heterodimerization. While this is
true from the previous studies of RAF:MEK interaction by BLI (performed from the same
team), the Kd of isolated RAF kinase homodimerization has been measured around
~30uM by AUC in the cited ref (24,27 & 37).

The authors should discuss the discrepancy between their Kd of homodimerization and
the reported Kd values in the literature. At the concentration used for MP, it is surprising
to observe RAF dimerization while the Kd of homodimerization has been measured at
~30uM (in the absence of MEK).
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We will cite/discuss these differences in our revised manuscript.

Would the authors expect the presence of MEK to influence the homodimerization affinity
for the isolated KD?

Perhaps, but likely only modestly. We do not think this explains the discrepancy noted above.
(4) Conclusions:

Several times in the introduction and the conclusion, the authors suggest that the
negative allostery model (where "inhibitor binding to one protomer of the dimer
promotes an active but inhibitor-resistant conformation in the other") is a model that
applies to all types of RAF inhibitors (I, I1/2, and II).

However, from my understanding and all the references cited by the authors, this model
only applies to type I1/2 inhibitors, where indeed the aC IN conformation in the second
(inhibitor-free) protomer of the RAF dimer might be incompatible with the type 11/2
inhibitors inducing aC OUT conformation. The type I and type II inhibitors are aC IN
inhibitors and are expected to bind both protomers from RAF dimers with similar
doffinities. Therefore, the negative allostery model does not apply to the type I and type II
inhibitors. The difference in the mechanism of action of inhibitors is even used to explain
the difference in the concentration range in which inhibitor-induced activation is
observed in cells. The description of the state of the art in this study is confusing and
does not help to properly understand their argumentation to revise the established
model for paradoxical RAF activation.

We will work to clarify these complicated issues in the revised manuscript. While the
reviewer is correct that the negative allostery model was developed in the context of Type 1.5
inhibitors, there are many examples in the literature of it being used to explain PA by type I
and type II inhibitors as well.

Can the authors clarify their analysis of the state of the art on the different mechanisms
of action for the paradoxical activation of RAF by the different types of RAF inhibitors?

we'll try!
1. Conclusions:

"Our results suggest that negative allostery (or negative cooperativity) is not a requisite
feature of paradoxical activation. The type I and type II inhibitors studied here induce
RAF dimers and exhibit paradoxical activation but do so without evidence of negative
cooperativity, nor do they appear to inhibit intentionally engineered RAF dimers with
negative cooperativity (25). Indeed, type II inhibitors exhibit apparent positive
cooperativity while type I inhibitors are non-cooperative inhibitors of RAF dimers (25)."

Can the authors explain how results on the paradoxical activation induced by type I and
type Il inhibitors inform or challenge a model that specifically applies to type 11/2
inhibitors?

As noted above, the negative allostery model has also been widely applied irrespective of
inhibitor type (rightly or wrongly). Essentially any review or discussion of the topic will
explain in one way or another how inhibitor binding to one side of a dimer leaves the
opposite side active but resistant to inhibitor. Our model is agnostic with respect to
cooperativity of inhibition - essentially we are pointing out a simple circumstance that seems
to have been lost in the focus on negative allostery. Paradoxical activation is a result of drug
action on RAF monomers, while inhibition is a result of drug action on RAF dimers. Because
these are distinct molecular species/complexes, they can be expected to differ in their affinity
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for RAF inhibitors, irrespective of type. Because binding of ATP in the active site of RAF
monomers stabilizes the inactive monomeric state, displacing ATP can promote
activation/dimerization. For any inhibitor that is more potent at displacing ATP from a
monomer that from an active dimer, we could expect to observe a window of paradoxical
activation.

The authors often refer to their previous study (reference 25), where they tested the
inhibition of all three types of inhibitors with engineered RAF dimers. While I agree with
the authors that in reference 25 the Type I and type II inhibitors inhibit RAF dimers
without exhibiting negative cooperativity (as expected from the literature and the current
model), the authors did observe some negative cooperativity for Type I1/2 inhibitors in
their study most particularly for the type I1/2 PB (with hill slope ranging from -0.4 to -0.9,
indicative of negative cooperativity).

Correct! Although we do note the caveat that weak inhibition can also give rise to apparent
negative cooperativity.

While the observations that type II inhibitors display positive cooperativity is both novel
and very interesting, from what I understand the results from thakick et al 2025 and the
current study appear more in line with the current paradigm in the field (which describe
paradoxical activation with negative cooperativity for type I1/2 inhibitors and no
negative cooperativity for the Type I and II inhibitors) rather than disapproving of the
current model and supporting for a new model.

In this context, can the authors clarify how their results challenge the current model for
paradoxical activation?

While the difference in binding modes and structural effects of type 1.5 vs type I and type II
inhibitors are well known in the field, we do not know of any work that suggests paradoxical
activation arises from anything other than negative allostery. As one example to the contrary,
Rasmussen et al. observe allosteric coupling asymmetry in binding of type II inhibitors to
BRAF and attribute the observed paradoxical activation to “induction of dimers with one
inhibited and one catalytically active subunit” (Rasmussen et al., Elife 2024). They also
studied type I inhibitors in this work, but did not observe paradoxical activation.

(6) Conclusions:

The authors describe the JAB34 experiment from Poulikakos et al. 2010 to conclude that
"While this experiment cleanly demonstrates inhibitor-induced transactivation of RAF
dimers, it is important to recognize that the differential inhibitor sensitivity of the two
subunits in this experiment is artificial - it is engineered rather than induced by inhibitor
binding as the negative allostery model proposes.”

Indeed, the JAB34 experiment demonstrated the inhibitor-induced transactivation, but
the Poulikakos et al. 2010 study does not discuss differential inhibitor sensitivity. The
negative allostery model was proposed later by poulikakos team in other papers (Yao et
al 2015 and Karoulia et al, 2016), in which JAB34 was not used.

Can the authors clarify how the JAB34 experiments question differential inhibitor
sensitivity?

Good point, we neglected to discuss the Yao and Karoulia papers and will do so in our revised
manuscript.

(7) Conclusions:

"Considering that the conformation required for binding of type L5 inhibitors
destabilizes RAF dimers, it is unclear how an inhibitor binding to one protomer would be
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able to transmit an allosteric change to the opposite protomer, if that inhibitor's binding
causes the existing dimer to dissociate."

The authors should comment on whether 14-3-3 proteins might overcome negative
regulation by type I1/2 inhibitors, similar to what has been shown for ATP, which acts as
a dimer breaker like type 11/2 inhibitors.

Certainly we expect that they will, and we will discuss this in our revised manuscript.
(8) Conclusions:

"Furthermore, the complex effects of type L5 inhibitors on dimer stability and the clear
resistance of active RAF dimers to these inhibitors complicates interpretation of inhibition
data - weak or incomplete inhibition of an enzyme can be difficult to discern from true
negative cooperativity (43). As we discuss below, the clear resistance of RAF dimers to
type 1.5 inhibitors is alone sufficient to explain their ineffective inhibition during
paradoxical activation, without invoking negative allostery."

The authors should explain how they reconcile this statement and their proposal of a
new model that does not rely on negative allostery with their previous findings showing
negative cooperativity for RAF dimer inhibition with type I1/2 inhibitors.

As discussed above and in responses to other Reviewers, we do not exclude negative
cooperativity for Type 1.5 inhibitors. That said, we are skeptical, even in light of our own
findings of apparent negative cooperativity by type 1.5 compounds, due in part to the caveats
the reviewer highlights above.

(9) Conclusions:

Here, the authors propose a new universal model to explain paradoxical activation of
RAF by all types of RAF inhibitors:

" Our findings here, in light of structural studies of RAF complexes and prior cellular
investigations of paradoxical activation, lead us to a model for paradoxical activation
that does not rely on negative allostery and is consistent with activation by diverse
inhibitor classes. In this model, the open monomer complex is the target of inhibitor-
induced paradoxical activation (Figure 6). Binding of ATP to the RAF active site stabilizes
the inactive conformation of the open monomer, which disfavors dimerization.
Displacement of ATP by an ATP-competitive inhibitor, irrespective of class, alters the
relative N- and C-lobe orientations of the kinase to promote dimerization (30, 35). Once
dimerized, inhibitor dissociation from one or both sides of the dimer would allow
phosphorylation and activation of MEK."

From my understanding, the novelty of this new model is twofold: a) the open monomer
is the target of the inhibitor-induced paradoxical activation and b) once dimerized,
inhibitor dissociation from one or both sides of the dimer would allow phosphorylation
and activation of MEK.

Novelty a) implies, as the authors stated, that "Inhibitor-induced activation and inhibition
act on distinct species - activation on the open monomer and inhibition on the 14-3-3-
stabilized dimer". The authors should explain what they mean by "activation of the open
monomer", while only RAF dimers are catalytically active (except for BRAF V600E mutant)?

We will clarify — by activation we mean promoting conversion of the open monomer to a
dimer.

For novelty b), the authors should explain more clearly what experimental results
support this new model.
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We will more explicitly detail how our results here as well as prior work in the field support
this model.

https://doi.org/10.7554/eLife.110344.1.sa0
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