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Abstract

BRAF is a key member in the MAPK signaling pathway essential for cell growth, proliferation,
and differentiation. Dysregulation or mutation of BRAF is often the underlying cause of
various types of cancer. RAS, a small GTPase protein that acts upstream of BRAF, has been
identified as a driver of up to one-third of all cancers. When BRAF interacts with RAS via the
RAS binding domain (RBD) and membrane recruitment, BRAF undergoes a conformational
change from an inactive, autoinhibited monomer to an active dimer and subsequently
phosphorylates MEK to propagate the signal. Despite the central role of BRAF in cellular
signaling, the exact order and magnitude of its activation steps has yet to be confirmed
experimentally. By studying the inter- and intramolecular interactions of BRAF, we unveil the
domain-specific and isoform-specific details of BRAF regulation. We employed pulldown
assays, open surface plasmon resonance (OpenSPR), and hydrogen-deuterium exchange mass
spectrometry (HDX-MS) to investigate the roles of the regulatory regions in BRAF activation
and autoinhibition. Our results demonstrate that the BRAF specific region (BSR) and cysteine
rich domain (CRD) play a crucial role in regulating the activity of BRAF. Moreover, we
quantified the autoinhibitory binding affinities between the N-terminal domains and the
kinase domain (KD) of BRAF and revealed the individual roles of the BRAF regulatory
domains. Additionally, our findings provide evidence that the BSR negatively regulates BRAF
activation in a RAS isoform-specific manner. Our findings also indicate that oncogenic BRAF-
KDP594G mutant has a lower affinity for the regulatory domains, implicating that pathogenic
BRAF acts through decreased propensity for autoinhibition. Collectively, our study provides
valuable insights into the activation mechanism of BRAF kinase and may help to guide the
development of new therapeutic strategies for cancer treatment.
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This manuscript describes useful information on the interactions of the BRAF N-
terminal regulatory regions (CRD, RBD and BSR) with the C-terminal kinase domain
and with the upstream regulators HRAS and KRAS. The authors provide solid
evidence that the BRAF BSR domain may negatively regulate RAS binding and
propose that the presence of the BSR domain in BRAF provides an additional layer of
autoinhibitory constraints. The data will be of interest for researchers in the RAS/RAF
and general kinase regulation fields.

Introduction

The RAF family, composed of A-, B-, and CRAF (Rafl) in mammalian cells, are serine/threonine

component in the RAS-RAF-MEK-ERK (MAPK) signaling cascade. Upon extracellular stimulation,

the GTPase protein, RAS, becomes activated with the aid of GEFs to adopt the GTP-bound active
form.2%. Subsequently, RAF is activated by a number of events such as: interacting with active
RAS 3242 .52 translocating to the membrane, and forming

dimers.”"”. Active RAF then phosphorylates and activates MEK, which in turn phosphorylates and

processes.gg".. A significant number of cancers are linked to mutations of MAPK components, with

RAS being mutated in 10-30% of all human cancers.!2%”. BRAF mutations are the cause of roughly

8% of cancers...%. In addition, germline mutations in RAS and RAF lead to RASopathies—a variety
of genetic diseases that cause developmental disorders such as facial deformation and

. . . . 7
cardiovascular deficiencies./2%.

Targeting RAS in cancer treatments is challenging because of its compact shape, shallow cavities
on its smooth surface, and extremely high binding affinity for GTP. Currently, despite decades of
research, RAS only has two FDA-approved inhibitors that work by covalently attaching to the

KRAS4B) and numerous common oncogenic mutations other than the G12C mutation.
Furthermore, BRAF mutations are categorized into 3 classes based on RAS- and dimer-
dependency..1..§.@. The most common BRAF mutation is the V600E substitution, a class 1 RAS- and

dimer-independent mutation.'.?. Class 2 mutants are RAS-independent but dimer-dependent and

class 3 mutants are both RAS- and dimer-dependent..?..—c.’.@. However, FDA-approved inhibitors,
vemurafenib, dabrafenib, and encorafenib, are limited to class 1 mutations due to relief of
negative feedback pathways and paradoxical activation phenomenon observed in class 2 and 3
mutants.'>%"!7% These limitations arise from knowledge gaps in RAF regulation and
shortcomings in current drug treatments. Therefore, elucidating the details of the RAS-RAF
interaction and the regulatory events surrounding it are essential for advancing the field and

designing new therapies for the biological system that is prevalent in human cancers.

The RAF kinase family is comprised of three main conserved regions (CR1, CR2, and CR3), each
with specific, non-overlapping functions in RAF regulation (Figure 12). The CR1 contains the RAS
binding domain (RBD) and the cysteine rich domain (CRD). The CR2 is a flexible linker region that

harbors a RAF phosphorylation site and binding site for 14-3-3, which helps maintain RAF in its

autoinhibited state.'8%”. The CR3 contains the catalytic or kinase domain (KD), which is important
for RAF dimerization and phosphorylation of MEK substrates.”2:'2% The N-terminal region, also
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known as the regulatory region, is an essential feature of RAF architecture which regulates RAF
activity through the concerted actions of the domains in this region: the RBD, CRD, and BRAF
specific region (BSR) in BRAF.

7 eLife

The CRD has multifaceted roles in membrane recruitment, RAS interaction, as well as RAF
autoinhibition. RBD-CRD interactions with RAS and direct interaction with anionic phospholipids
anchor RAF to the membrane for RAF activation.22%23%2 While the RBD is the primary domain
involved in the strong nano-molar affinity interaction with RAS, a number of studies have also
shown that the CRD increases the affinity of CRAF for HRAS, even though the CRD has a weaker

micromolar affinity on its own. 24527262 Early research showed that CRD interaction with RAS is

required for RAF activation.205%.22 %, Recently, the crystal structure of KRAS in complex with
CRAF-RBD-CRD revealed the previously unknown CRD binding interface. Interactions at the
interswitch region and C-terminal helix a5 of KRAS, along with mutagenesis experiments, further
solidified the CRD-RAS interaction as necessary for RAF activation.2’.. Another structure of the
CRAF-RBD-CRD in complex with HRAS, resolved nearly concurrently, also supported the central

role of the CRD, in which it is poised to modulate RAS and RAF functionalities because of its

complex with the regulatory protein 14-3-3 and MEK confirmed the importance of the CRD in
negatively regulating catalytic activity through interactions with the BRAF C-terminal kinase

while 14-3-3 blocks the BRAF dimer interface, thereby preventing the activation of kinase
domains.'8%. By combining these structure results with simulations, a mechanism was proposed:
the extraction of the CRD through RAS interaction leads to the activation of RA

Additionally, the RBD is suggested to be a critical modulator of the transition from monomeric to
293

dimeric RAF complexes due to the steric clash that would occur upon RAS binding.=>.=. However,
none of the structural studies was able to capture the BSR, likely due to its high degree of
flexibility.

Differences among RAF isoforms are an important and not yet fully understood distinction in
MAPK activation. While many studies have examined the structure and regulation of CRAF, these
findings may not translate to all RAF isoforms. BRAF has the highest basal activity compared to

recent study, relatively little research has examined the role of the BSR despite being one of the
most noticeable isoform differences, making it an intriguing feature of regulation to study.

The Raf activation process is dynamic and complex, and despite years of research many details
remain unclear. While many of BRAF’s activation steps are built upon static structures and cell-
based site-directed mutagenesis, the order and magnitude of these events has yet to be
experimentally validated in vitro. The precise mechanism of how autoinhibition is released upon
RAS binding is unknown, as well as the communication between the regulatory domains and the
kinase domain. Our current knowledge of the RAS-RAF interaction is derived mainly through
characterization of CRAF, and a comprehensive analysis of BRAF-RAS interaction is still missing.
BRAF has long been believed to have a distinct regulation mechanism, however, it remains elusive
how BRAF differentiates itself from other RAF family members.

Here we investigated the interactions of BRAF regulatory regions with the C-terminal KD and with
upstream regulators, HRAS and KRAS. To our knowledge, we present the first reported Kp, values
for the N- and C-terminal interactions of BRAF. Our results demonstrate that the CRD plays a
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Specific purified N-terminal domains are involved in HRAS interactions. (A) Diagram of BRAF-NT constructs. Top panel is full-
length BRAF, followed by proteins NT1-4 expressed in E. coli and purified. Not shown: 6xHis/MBP tag on the N-terminal of NT
proteins. BSR: BRAF specific region; RBD: RAS binding domain; CRD: cysteine rich domain. (B) Coomassie stained gels of
purified NT1-4 and GST-HRAS. (C) Western blot of HRAS-GMPPNP or HRAS-GDP pulled down on glutathione resin to probe for
NT1 binding. (D) Western blot of BRAF NT1-4 pulled down on amylose resin to probe for HRAS-GMPPNP binding.
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D eLl fe primary role in autoinhibitory interactions, while the presence of the BSR increases the affinity

L for the KD. The RBD is the primary driver of RAS-RAF binding, however the BSR and CRD have
allosteric effects that slow the association with HRAS, thus providing isoform specificity towards
KRAS. We also show that HRAS binding to BRAF disrupts the N- to C-terminal autoinhibitory
interactions and that the oncogenic BRAFP3?4C can relieve autoinhibition to promote activity.
Overall, this comprehensive in vitro study of the BRAF N-terminal region provides new insights
into BRAF regulation.

Results

Specific purified BRAF N-terminal domains are involved in HRAS

interactions
The interactions between RAS and RAF have been well established, occurring primarily between
the RAF-RBD region and secondarily between the RAF-CRD region to enhance the affinity for

is still not completely understood. We hypothesized that studying the differences in HRAS binding
to various BRAF N-terminal constructs (NTs) would highlight the role of each domain and their
cooperation in finetuning BRAF activity. We purified four different N-terminal BRAF constructs
comprising an N-terminal MBP tag and various domains: NT1 (aa 1-288), NT2 (aa 1-227), NT3 (aa
151-288), and NT4 (aa 151-227; Figure 1A(Z &B (2 ). We also purified GST-tagged full-length HRAS
in both active GMPPNP-loaded and inactive GDP-loaded forms. As verified by size exclusion
chromatography (Supplementary Fig 1A @), the GST-tag dimerizes and thus forces HRAS into

either active or inactive HRAS for 1h, we conducted pulldown assays, in which NT1 is captured by
amylose beads and probed for HRAS. Our results demonstrate that active HRAS binds to BRAF NT1
with stronger affinity than inactive HRAS, confirming that the purified HRAS protein, both the
active form and inactive form, behaves as expected (Figure 1B 2 &C(%). We also found that all NT
constructs bind to active HRAS in pulldown assays, suggesting that purified BRAF fragments in
vitro recapitulate the physiological protein-protein interactions that occur in cells (Figure 1D (@).

HDX-MS reveals conformational changes of BRAF N-terminal

domains in response to HRAS binding

To further evaluate the specific regions of interaction and conformational changes in the BRAF
regulatory domain upon HRAS binding, we performed hydrogen-deuterium exchange mass
spectrometry (HDX-MS) experiments with two constructs, NT2 (includes BSR and RBD) and NT3
(includes RBD and CRD). Both constructs were incubated with and without active HRAS in D,0
buffer for set labeling reaction times (NT2: 20 sec, 30 sec, 60 sec, 5 min, 10 min, 90 min, 4.5 h, 15 h,
and 24 h at RT; NT3: 2 sec, 6 sec, 20 sec, 30 sec, 60 sec, 5 min, 10 min, 30 min, 90 min, 4.5 h, 15 h, 45
h and 24 h at RT), injected through a pepsin column for digest, and analyzed for deuterium uptake
through mass spectrometry. Of the two approaches that exist within the field, we followed the
practice of performing exchange reactions across a broad range of labeling time points (much
more than four orders of magnitude) to assign data significance rather than multiple replicates of
a few time points}?.'.—f'.”..‘?.?..c—’.‘).. Both constructs have multiple overlapping peptides for almost all
residues and good sequence coverage for NT2 and NT3 (Supplementary Fig 2(2). The resulting
peptide time plots display rate changes of deuterium exchange across the wide range of labeling
time points of peptides from NT2 and NT3 in D,0. A complete set of the time-dependent deuterium
uptake plots for NT2 apo- and HRAS-bound and NT3 apo- and HRAS-bound are presented in
Supplementary File 1. Data are displayed as the uncorrected deuterium uptake (no back exchange
corrections) since maximal labeling (100% D uptake) was not demonstrated for the control apo-
proteins, in which labeling reactions were performed for 24 h at room temperature and quenched
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at pH 2.4. A trend of four or more overlapping peptides with varying charge states within a

sequence range was considered high confidence of whether binding of HRAS has occurred to

. . . A 7
induce a rate change in deuterium exchange.2%= 32

7 eLife

Peptides from HDX-MS experiments with NT2 and HRAS have decreased rate of deuterium
exchange encompassing amino acids 174-188 of BRAF, indicating that residues in the RBD interact
directly with HRAS (Figure 2A(®). Similarly, peptides from experiments with NT3 and HRAS have
decreased rate of deuterium exchange in a broader region of amino acids 158-188, corresponding
to a large portion of the RBD (Figure 2A ). Since the full-length structure of BRAF is still
unresolved, we applied the AlphaFold Protein Structure Database for a model of BRAF to display

(AF-P15056-F1; from UniProt ID: P15056) has high intra-domain confidence based on the pLDDT
score, but much weaker inter-domain confidence based on the predicted aligned error. We use the
structure confidently as a model to display the H-D exchange differences, however, make no
claims to the overall BRAF conformation related to individual domain positioning. Additionally,
the RBD features of the BRAF model overlay similarly to resolved structures of the BRAF-RBD

structure as a model. We mapped the change in deuterium exchange on the AlphaFold BRAF
structure, with red regions indicating a slower exchange rate (2B&D). These regions of slower
deuterium exchange lie within the expected binding interface of BRAF-RBD and include the

current model that the RBD is the main region of interaction between BRAF and HRAS. These
results further verified that the protein-protein interactions we captured here are physiologically
relevant, as our results match with those in the context of mammalian or insect cell expression
systems,g.?..@)..’.z..z@. and that the proteins we purified from E. coli recapitulate the key elements of

RAF regulation.

Peptides located outside of the RBD binding region do not display any differential rate decrease
when HRAS is present (Figure 2A 2 &C (). Although a few peptides within the BRAF-CRD region
show slower exchange from HDX-MS experiments with NT3 and HRAS, this phenomenon does not
appear to occur in the majority of peptide fragments (Supplementary Fig 3(2). Therefore, we
cannot conclusively demonstrate interactions with HRAS around the CRD region. However, this
may be due to the reported micromolar affinity for the CRD domain’s interaction, which is close to

Interestingly, we observed that peptides in the BSR region of NT2 exchange deuterium at a faster
rate when bound to HRAS, indicating that HRAS binding induces an opening of NT2 and decreased
structural rigidity (Figure 2A(@). The peptides with faster exchange correspond to BRAF residues
49-64, and while coverage of peptides corresponding to BRAF 82-99 is not as strong, this region
also displays some acceleration of exchange (Figure 2A 2 ; Supplementary Fig 4 ). Due to the
shape of the curve, which follows relatively parallel to the theoretical exchange curve, it is
reasonable to infer that the BSR and RBD fold to make contacts in NT2-apo. In contrast, HRAS-
binding at the RBD breaks these contacts and causes a concerted opening as a unit in the BSR. We
denote faster deuterium exchange on the AlphaFold BRAF structure with cyan regions (Figure
2B[@). AlphaFold predicts two alpha-helices in the BSR, while the rest of the domain is highly
unstructured, which resembles an X-ray structure resolving the BSR (PDB ID: 5VYK) from Lavoie et
al*% The two alpha-helices of the BSR are the same regions where BRAF-NT2 residues display
greater structural flexibility when bound to HRAS (Figure 2B (%), which suggests that
conformational changes in the N-terminal region occur in the presence of HRAS.
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HDX-MS revealed conformational changes of BRAF N-terminal domains in response to active HRAS binding. (A, C)
Representative NT2 (A) and NT3 (C) peptides identified from HDX-MS in the absence (blue) and presence (pink) of HRAS.
Peptides with no difference in H-D exchange rate are consistent in both NT2 and NT3. Presented peptide plots displaying
differences in H-D exchange rate are representative of a trend of multiple overlapping peptides in the BSR and/or RBD. Gray
dotted lines represent the theoretical exchange behavior for specified peptide that is fully unstructured (top) or for specified
peptide with a uniform protection factor (fraction of time the residue is involved in protecting the H-bond) of 100 (lower). (B,
D) Deuteron uptake differences of NT2 (B) and NT3 (D) mapped on the predicted BRAF AlphaFold structure, where deuterium

exchange is decreased (red) or increased (cyan).
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;:,'-..-‘ eLife BRAF specific region (BSR) in conjunction with the cysteine rich
domain (CRD) reduces binding affinity for HRAS

To further reveal the roles of each domain, we measured the binding affinities of HRAS to each NT
construct through OpenSPR experiments. In all experiments, we immobilized His-tagged NTs to a
Ni-NTA sensor and flowed over HRAS in the OpenSPR with a flow rate of 30 uL/min. Maltose bind
protein (MBP) is immobilized on the OpenSPR reference channel, which accounts for any non-
specific binding or for impacts to the native protein-protein interactions that may result from the
presence of tags. Kinetic analysis is performed on the corrected binding curves, which subtracts
any response in the reference channel. BRAF NT2, NT3, and NT4 bind to HRAS with nanomolar
affinity (Kp=7.5 + 3.5 nM, 22 + 11 nM, and 19 + 11 nM, respectively [average + standard deviation];
Figure 3B-E (). It is noteworthy that the K of NT2 from our study (Kp=7.5 nM) is similar to the
previously reported Kp for BRAF residues 1-245 (BSR+RBD) purified from insect cells (Kp=11 nM),
further confirming that post-translational modifications do not affect the binding affinity of this
interaction.?2%. Surprisingly, we were unable to observe binding with NT1 even under many
varying conditions, changes in experimental design, and new protein preparations (Figure 3A®).
Since the interaction was captured by pulldowns (Figure 1D (@) but not OpenSPR, we investigated
whether the interaction time is involved in this discrepancy. We therefore immobilized NT1 and
flowed over HRAS at a much slower flow rate (5 pL/min), during which we saw minimal but
consistent binding (Supplementary Fig 5A2). The low response and long timeframe of each
injection, however, makes the dissociation constant (Kp) unmeasurable and incomparable to our
other NT-HRAS OpenSPR results. We propose that the conformation of the whole N-terminal
region, when BSR, RBD, and CRD are together, prevents rapid association with HRAS. As BRAF
truncated to include only the BSR and RBD domains or BRAF truncated to include only the RBD
and CRD still exhibits a robust binding affinity, the co-existence of the CRD and the BSR in NT1
introduces distinctions in binding behavior. These results, together with HDX-MS, suggest that the
BSR negatively regulates the interaction between HRAS and BRAF, likely in conjunction with the
CRD, by blocking the RAS binding surface.

To further validate the slower association rate of BRAF NT1 to HRAS, we performed time-
dependent competition pulldowns to compare the association rates of NT1 and NT3 to HRAS
(Figure 3F 2). NT1 and active HRAS were incubated for 1 h, followed by the subsequent addition
of NT3 for 5, 15, and 30 min. We observed that after 15 min, NT3 started to associate with HRAS,
which then proceeded with a time-dependent increase in association (Figure 3F 2). In contrast,
when NT3 and HRAS were first incubated for 1 h, and NT1 was subsequently added for 5, 15, and
30 min, NT1 did not show any association with HRAS (Figure 3G @). Time-dependent pulldowns of
HRAS and NT1 alone show that NT1 binds minimally within 5 min and reaches maximal binding
by 30 min (Supplementary Fig 5B (¥). These pulldown results are consistent with OpenSPR data
and support that NT3 has a much faster and stronger association with HRAS and that NT1 is not
able to outcompete NT3 for binding to HRAS.

BSR differentiates the BRAF-KRAS interaction from the BRAF-HRAS

interaction

To validate our hypothesis that the BSR negatively regulates BRAF activation in a RAS isoform
specific manner, we investigated the interactions between BRAF and KRAS. We purified GST-
tagged, dimeric full-length KRAS4b (herein referred to as KRAS; Supplementary Fig 1B & C®),
which includes the C-terminal hypervariable region (HVR), in both active GMPPNP-loaded and
inactive GDP-loaded forms. The HVR is an important region for regulating RAS isoform
differences, like membrane anchoring, localization, RAS dimerization, and RAF interactions.4>%.
Since the RAS G domain is highly conserved, any observed differences between RAS isoforms are
most likely a direct result of HVR impacts. Likewise, Terrell and colleagues have shown that
exchanging RAS isoform HVRs enables the isoform to behave like its counterpart.ﬁﬁ. Pulldowns
showed that active KRAS binds to all BRAF-NT constructs, whereas inactive KRAS binds much less
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BRAF specific region (BSR) in conjunction with the cysteine rich domain (CRD) reduces binding affinity for HRAS. (A-D)
OpenSPR binding curves of HRAS flowed over NT1-4 immobilized on NTA sensors and the best fit curves (black) produced
from a 1:1 fitting model kinetic evaluation. Representative of independent experiments with similar results each (NT1: n=7,
NT2: n=2, NT3: n=2, NT4: n=3). (E) Diagram of the average dissociation constant (Kp) + standard deviation from independent
OpenSPR experiments of HRAS flowed over immobilized NT1-4. (F-G) Western blot of purified His/MBP-NT1 (F) or -NT3 (G)
binding to active GST-HRAS on glutathione resin in a pulldown assay and subsequent competition with NT3 (F) or NT1 (G).

Representative of 2 independent experiments each with similar results.
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'. .‘ eLlfe (Figure 4A®). Using OpenSPR, we observed that BRAF NT1 binds active KRAS with a Ky of 265 + 7
nM (Figure 4B(Z &C @), as opposed to HRAS, in which no binding was observed (Figure 3A®).
Additionally, we observed an average Kp of 31 + 5 nM between KRAS and BRAF NT2 (Figure
4B 2 &D (@). Inactive KRAS does not bind to BRAF-NT2 nor does GST alone (Supplementary Fig
6A-C ), confirming GMPPNP loading of KRAS. Parallel experiments show that BRAF NT3 and NT4
have binding affinities for active KRAS of 96 + 24 nM and 53 + 22 nM, respectively (Figure 4B, E-
F™@). KRAS binds BRAF NT2, NT3, and NT4 with similar Ky, values, suggesting that for any
significant RAS-RAF binding differences, BSR, RBD, and CRD must be present together (NT1).

Full-length His/MBP-KRAS was also recombinantly expressed, and the tag was cleaved through a
TEV protease reaction to produce an untagged KRAS (Supplementary Figure 7 A2 &B ).
Pulldowns verify that untagged, active KRAS interacts with all BRAF-NTs and untagged, inactive
KRAS has much lower affinity (Supplementary Figure 7C ). GMPPNP loading of untagged KRAS
was confirmed by stronger binding of active KRAS-GMPPNP than inactive KRAS (Supplementary
Figure 7C @ &F (). Furthermore, kinetic analysis through OpenSPR shows that active GST-KRAS
and untagged KRAS bind to BRAF-NT2 with similar K values indicating that the tag does not
affect native interactions (Figure 4B 2 &C (7, Supplementary Figure 7D 2 &E ).

Truncated BRAF N-terminal proteins purified from E. coli clearly delineate a binding preference
between RAS isoforms determined by specific BRAF domains, however, whether this distinction is
maintained in more physiological conditions with the whole, active protein remained in question.
Full-length (FL) BRAF was purified from HEK293F mammalian cells to produce a catalytically
active form incorporating post-translational modifications and scaffold proteins (supplementary
figure 8A2). 2. > To investigate whether RAS isoform specificity is maintained, we compared the
FL-BRAF binding kinetics of HRAS and KRAS through OpenSPR. KRAS bound to FL-BRAF with a
high affinity of 101 + 72 nM (average + standard deviation) interaction, whereas HRAS displayed
no interaction with FL-BRAF proving a low affinity interaction at > 3 uM (Figure 4G & &H 2).
Inactive KRAS-GDP has a much lower affinity than active KRAS for FL-BRAF, exemplified by the
much lower response at equal concentrations (Supplementary Figure 8B (%). The NT1:KRAS and
FL-BRAF:KRAS interactions do not possess significantly different Ky values (unpaired t-test p >
0.05), establishing that NT1, and therefore other BRAF fragments, is representative of the full-
length protein. Additionally, these results indicate that the kinase domain and CR2 of BRAF do not
affect the binding kinetics of the N-terminal interactions with RAS.

In efforts to better define the BSR-mediated specificity with KRAS, we performed HDX-MS on BRAF
NT2 with KRAS. As expected, slower deuterium exchange was observed at the RBD peptides from
BRAF 174-188 (Figure 4I1(2), indicating a high affinity interaction. Peptides from within the BSR,
specifically the two a-helices from residues 49-64 and 82-99, do not display any changes in
deuterium rate exchange (Figure 4I1(7). Unlike HRAS, KRAS binding does not perturb the
structural rigidity of the BSR in a sizable manner (Figure 2A[@). All the time-dependent deuterium
uptake plots for NT2 apo- and KRAS-bound are included in Supplementary File 1. Taken together,
the BSR promotes differentiation between interactions with H- and K-RAS isoforms and moderates
a preference for KRAS by allowing fast and strong association when the entire N-terminal region is
present as opposed to stalling the interaction with HRAS.

BSR and CRD promote BRAF autoinhibitory interactions

In addition to interacting with RAS, the BRAF N-terminal regulatory region is also important in
maintaining the autoinhibited conformation 247574852, Specifically, structures of autoinhibited
BRAF in complex with MEK and 14-3-3 reveal that the CRD makes key interactions with the

© The BSR is not resolved in this structure, however, and much less is known about the
roles of BSR and RBD in BRAF autoinhibition. To better understand the intra-domain interactions
involved in BRAF autoinhibition, we investigated the binding preferences of the four NT (NT1-4)
constructs to the N-terminally 6xHis-tagged BRAF kinase domain (KD) purified from E. coli. We

performed pulldown experiments with BRAF constructs NT1-4, in which biotinylated BRAF-KD
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Figure 4.

BSR differentiates the BRAF-KRAS interaction from the BRAF-HRAS interaction. (A) Western blot of purified His/MBP-NT1-4
binding to GST-KRAS on glutathione resin in a pulldown assay. Representative of 2 independent experiments with similar
results. (B) Diagram of the average dissociation constant (Kp) + standard deviation from independent OpenSPR experiments
of KRAS flowed over immobilized NT1-4. (C-F) OpenSPR binding curves of KRAS flowed over NT1-4 immobilized on NTA
sensors and the best fit curves (black) produced from a 1:1 fitting model kinetic evaluation. Representative of at least 2
independent experiments with similar results each. (G) OpenSPR binding curves of KRAS and HRAS flowed over FL-BRAF
immobilized on NTA sensors and the best fit curves (black) produced from a 1:1 fitting model kinetic evaluation. K- and HRAS
flowed over at increasing concentrations of 12.3, 37, 111, 333, 1000, and 3000 nM at 30 pL/min. Representative of 2
independent experiments with similar results each. (H) Diagram of the average dissociation constant (Kp) + standard
deviation from independent OpenSPR experiments of H/KRAS flowed over immobilized FL-BRAF. (I) Representative NT2
peptides identified from HDX-MS in the absence (blue) and presence (pink) of KRAS. Peptides with no difference in H-D
exchange rate are exemplified under “no difference”. Presented peptide plots displaying differences in H-D exchange rate
are representative of a trend of 4+ overlapping peptides in the RBD. Gray dotted lines represent the theoretical exchange
behavior for specified peptide that is fully unstructured (top) or for specified peptide with a uniform protection factor
(fraction of time the residue is involved in protecting the H-bond) of 100 (lower).
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was captured on streptavidin beads and probed for bound His/MBP-tagged BRAF NTs. Analysis
through western blotting showed that NT1 and NT3 do indeed bind to KD, but NT2 and NT4 do not
bind (Figure 5A%). These results show that the CRD is necessary and that BSR and RBD are not
the primary contacts in autoinhibitory interactions with KD.

7 eLife

These results were further validated through OpenSPR experiments, which quantified the first in
vitro binding affinity values for BRAF autoinhibition interactions. By immobilizing KD on a
carboxyl sensor and flowing over increasing concentrations of NT1 (5, 15, 44, 133, 400 nM) at a
flow rate of 30 ul/min, we observed specific binding between KD and NT1, with a K of 11 + 1.5 nM
(Figure 5B &C ). Similarly, we removed the His/MBP-tag from BRAF-NT1 through a TEV
protease cleavage reaction and flowed over untagged NT1. Kinetic analysis confirmed that the
interaction is preserved with the Kp=13 nM (Supplementary Figure 9(2). Paralle] OpenSPR
experiments with KD and NT3 produced an average Ky of 54 + 24 nM, higher than the dissociation
constant between KD and NT1 (unpaired T-test p < 0.05; Figure 5B(Z &D (). The difference
between NT1 and NT3 is the inclusion and exclusion of the BSR, respectively. This shows that the
presence of the BSR increases the affinity for KD, further implicating that the BSR is important for
stabilizing the autoinhibited state. The OpenSPR experiments with NT2 and NT4 showed very little
specific binding even at higher concentrations of analyte (NT2: 1.125, 2.25, 4.5 uM; NT4: 1.5, 3, 6
uM; Figure 5E 2 &D @) with Ky values >4.5 uM (NT2) and >6 pM (NT4).

Although the CRD is the main contact point for BRAF autoinhibitory interactions, whether this
domain is sufficient to maintain the interactions remained in question. Tran et al. previously
showed that the BRAF autoinhibitory domain is minimally constrained to residues 100-345 (RBD +
CRD.'8%2.:2°% Therefore, we designed and purified a BRAF-CRD only protein (herein referred to as
NTS5; residues 234-288; Figure 5G (@) to test the binding affinity of this domain for KD. No binding
of NT5 and KD was detected through OpenSPR (Figure 5B &H (@), revealing that the CRD alone is
not adequate to establish interactions with the KD. A low affinity K may occur at > 6 uM,
however, together our data indicates that the RBD and CRD are essential for high affinity
interactions with the KD and the BSR increases the strength of the interactions.

The RAS-RAF interaction directly disrupts RAF autoinhibition

Given the implication of RAS in relieving RAF autoinhibition, we performed pulldown
experiments with HRAS, KD, and NT1 to investigate how RAS affects the association of the N- and
C-terminal domains of BRAF. Specifically, GST-HRAS was captured on glutathione resin and
probed for interactions between NT1 and KD. In this experiment, equal molar ratios of NT1 and
KD were pre-incubated for 1 h to allow for binding, mimicking the autoinhibited monomeric
BRAF. Then HRAS-bound resin was added, representing the activation event following RAS
association. By performing the pulldown in this manner, we capture the specific population of NT1
that is bound to HRAS. Two populations of NT1 are possible: one bound to HRAS and the other
bound to KD. Therefore, the experimental design of pulldowns is important to distinguish between
populations and accurately depict the protein-protein interactions. The pulldowns clearly showed
that NT1 was associated with HRAS on the resin, while no KD was found in the fraction of NT1 that
was bound to HRAS. These results demonstrate that KD is unable to bind to NT1 in the presence of
HRAS (Figure 6A2).

Our pulldown experiments were complemented with OpenSPR experiments. NT1 and HRAS were
pre-incubated in equal molar amounts (400 nM for each) for 1 h, allowing for sufficient binding
prior to injecting onto the KD-immobilized sensor. A comparison between binding of NT1 and KD
with and without HRAS showed that the presence of HRAS abolished the interaction between NT1
and KD (Figure 6B (@). These findings demonstrate that HRAS binding to BRAF directly relieves
BRAF autoinhibition by disrupting the NT1-KD interaction, providing in vitro evidence of RAS-
mediated relief of RAF autoinhibition, the central dogma of RAS-RAF regulation.
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Figure 5.

BSR and CRD promote BRAF autoinhibitory interactions. (A) Western blot of purified His/MBP-NT1-4 binding to biotinylated
His-KD on streptavidin beads in a pulldown assay. Representative of 3 independent experiments with similar results. (B)
Diagram of the average dissociation constant (Kp) + standard deviation from independent OpenSPR experiments of NTs
flowed over immobilized KD. (C-D) OpenSPR binding curves of NT1 and NT3 at 5, 15, 44, 133, 400, and 1200 nM (NT3 only)
flowed over KD and the best fit curves (black) produced from a 1:1 fitting model kinetic evaluation. Representative of
independent experiments with similar results (NT3: n=2, NT1: n=3). (E-F) No binding of NT2 or NT4 to immobilized KD was
observed by OpenSPR even at high concentrations (NT2: 1.125, 2.25, 4.5 uM; NT4: 1.5, 3, 6 uM). Representative of 2
independent experiments each with similar results. (G) Diagram of BRAF-NT5 (top) and Coomassie stained gel of
recombinant NT5 (lower). (H) NT5 at 1.5, 3, and 6 uM flowed over immobilized KD on a carboxyl sensor. Representative of 3
independent experiments.
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Figure 6.

HRAS and KDP3%4C disrupt BRAF autoinhibition. (A) Western blot of pulldown assay of pre-incubated His/MBP-NT1 and His-KD
added to purified active GST-HRAS on glutathione resin. Representative data of 2 independent replicates with similar results.
(B) OpenSPR experiments in which NT1 at 5, 15, 44, 133, 400 nM (black) and NT1 + HRAS-GMPPNP (1:1) at 5, 15, 44, 133, and
400 nM (red) flowed over KD immobilized on carboxyl sensors. Representative data of 3 independent replicates with similar
results. (C) OpenSPR experiments of NT1 at 5, 15, 44, 133, and 400 nM flowed over immobilized KDWT (black) or KDMUYT
(D594G; red) on carboxyl sensors. Representative data of 3 independent replicates with similar results. (D) Western blot of
purified His/MBP-NT1 binding to either biotinylated His-KDWT or His-KDMYT (D594G) in pulldown assays on streptavidin
beads. Representative data of 3 independent replicates with similar results.
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+% eLife Oncogenic BRAF-KDP>246G has decreased affinity for NT1 and thus

attenuates autoinhibitory interactions

Although oncogenic mutations in BRAF are thought to relieve autoinhibitory interactions thereby
promoting dimerization and activation, there is currently no direct evidence to support this
hypothesis. To investigate this further, we purified the 33 kDa BRAF kinase domain with oncogenic
mutation D594G (referred to as KDP594G), BRAFP3%4G js the most common BRAF mutant in non-
small cell lung cancer patients and has been identified as oncogenic despite its completely dead

relieves the dimer interface from autoinhibitory interactions. To test our hypothesis that KDP394G

has lower autoinhibitory potential, we analyzed the binding affinity of NT1 and KDP>%4G through
OpenSPR and pulldown assays. We immobilized KDP3%4C on a carboxyl sensor to the same
response level as KDWT (~6000 RU’s) and flowed over the same concentrations of NT1 in both sets
of experiments. With KDP5%4G we observed less binding to NT1 compared to KDWT, and the
responses were too low to calculate a Kp, (Figure 6C(%). These results were validated using a
pulldown experiment in which both KD proteins were biotinylated and pulled down on
streptavidin beads. Binding of NT1 was subsequently probed through western blot (Figure 6D (%)
and little to no NT1 was bound to KDP>%4G, in direct contrast to KDWT. These findings support our
hypothesis that the D594G mutation significantly decreases the autoinhibitory interactions,
rendering its oncogenic potential.

Discussion

In this study, we investigated the regulation of BRAF by examining the interactions between its N-
terminal domain and RAS, as well as its C-terminal catalytic domain. The BRAF activation
mechanism involves a nuanced set of events that is regulated by individual functions of the BRAF
N-terminal domains in concert with the BRAF catalytic domain and RAS binding. Our findings,
which were obtained from pulldowns, OpenSPR, and HDX-MS, suggest that the BSR in conjunction
with the RBD and CRD impedes rapid HRAS binding, while permitting interaction with KRAS.
Additionally, our investigation reveals that the BRAF N-terminal region has high affinity for BRAF-
KD, providing further direct evidence that the N-terminal domains facilitate an autoinhibitory
conformation. In contrast, mutations such as D594G in BRAF-KD can abrogate the tight
autoinhibitory interactions. We propose a mechanism for BRAF regulation: the BSR works in
concert with the CRD to foster RAF isoform-specific activity by favoring association with KRAS
over HRAS. Simultaneously, BSR and CRD joined by RBD play a pivotal role in maintaining
autoinhibition by tightly interacting with the KD. Binding of RAS to the N-terminal region,
primarily mediated by RBD, directly relieves BRAF autoinhibition, ultimately leading to activation.
In the context of oncogenic BRAF, mutations in the catalytic domain can also relieve BRAF
autoinhibition and aberrantly upregulate MAPK signaling (Figure 7(%).

RAS oncogenes are prominent drivers of human tumors, acting through effectors such as RAF and
initiating hyper-activation of the MAPK pathway. The interaction between the RBD-CRD of RAF

molecular mechanism behind RAF activation upon RAS binding is not fully understood. While a
number of structural studies have recently emerged, a comprehensive analysis of the effects of
RAS binding on BRAF relief of autoinhibition and activation is needed to design new therapies.
Our in vitro analyses of the individual binding profiles of distinct regulatory regions of BRAF add
to the growing body of evidence about BRAF regulation and activation. We isolated the three
regulatory domains in BRAF to show their direct effects on RAS binding through quantitative Kp
values. Since NT2, NT3, and NT4 have similar binding affinities for HRAS and KRAS, our findings
support that the RBD is the primary driver of the RAS-RAF interaction, as expected. The presence
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Figure 7.

Model of BRAF activation. (A) BRAF is initially an autoinhibited monomer in the cytosol, in which signaling through the RAS-
RAF-MEK-ERK cascade is not promoted. The BRAF N-terminal region (NT1; aa 1-288), including the BRAF Specific Region (BSR),
Cysteine Rich Domain (CRD), and RAS Binding Domain (RBD), interacts with active GTP-bound RAS at the membrane in an
isoform specific manner. BRAF has higher affinity for KRAS due to isoform differences, as shown through the different
dissociation constants (Kp) determined through OpenSPR. (B) Once bound to active H- or K-RAS, BRAF is unable to remain in
the autoinhibited conformation and is subsequently activated upon dimerization, which stimulates signaling for events such
as cell growth, proliferation, and differentiation. (C) Tight binding is observed with the BRAF Kinase Domain (KD; aa 442-723)
and BRAF NT1, revealing the concerted action of the BSR, RBD, and CRD domains to reinforce the autoinhibited conformation
and restrict signaling without upstream activation. (D) Oncogenic BRAFP%4G stimulates activation of MAPK pathway through
a decreased ability to remain in the autoinhibited conformation and an increased potential to dimerize with CRAF. Evading
autoinhibitory regulation leads to overactivation of the signaling cascade and tumorigenesis.
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of the BSR and CRD in NT1 clearly slows the ability for HRAS, but not KRAS, to bind, revealing a
critical regulatory role for this region. This evidence is further supported by full-length BRAF,
which has high affinity for KRAS but not HRAS. SPR experiments from Tran et al. that examined
the KRAS-CRAF interaction found that the presence of the CRD increases the binding affinity to
KRAS significantly.gzg. The authors conclude that the CRD is important for differentiating between

the RAS GTPase superfamily, even though high sequence homology exists between the switch-I

7 eLife

the affinity of BRAF towards HRAS or KRAS, with binding affinity values within the same
nanomolar range for constructs NT2-4. This could be due to RAF isoform differences, as slight
amino acid differences are found in the sequence despite the conservation of the CRD in RAF
kinases. Certain CRAF-CRD mutations that are key CRD-KRAS contacts were shown to increase the

corresponds with sequence divergence between B- and C-RAF. While KRAS and HRAS are identical
in the interswitch region where the CRD interacts, RAF isoform differences may provide an
additional layer of regulation in RAS-mediated activation.

RAS isoforms are believed to have distinct impacts on effector binding and activation. Although
these isoforms are highly conserved, the C-terminal hypervariable region (HVR) distinguishes
HRAS from KRAS in significant ways. Cell-based assays suggest that KRAS recruits and activates

show preference for either H- or KRAS, while BRAF appears to prefer KRAS.”.. This preference is
suggested to result from the potential favorable interactions between the negatively charged BSR
of BRAF and the positively charged, poly-lysine region of the HVR of KRAS.33Z. The conflicting
studies highlight the complexity of this signaling pathway. Our binding data not only reaffirms the
presence of isoform-specific activity but also offer insights into the underlying mechanisms. We
speculate that the diminished BRAF-NT1 binding to HRAS coupled with increased flexibility
observed in the BSR upon HRAS binding as demonstrated through HDX-MS, may be due to an
inherent incompatibility between HRAS-HVR and the BSR as well as strong intramolecular forces
within the regulatory region, which initially impedes a rapid interaction between HRAS and the N-
terminal domains. Our pulldown experiments and OpenSPR analyses confirm the isoform-specific
preference of NT1 and FL-BRAF for KRAS. Terrell et al. propose that molecular interactions and
isoform-specific binding preferences arise from charge attraction between the BSR and KRAS-

through slowed H-D exchange, they do not rule out the possibility of a transient, low-affinity
interaction or proximity between the KRAS-HVR and BRAF-BSR. Notably, the absence of slowed H-
D exchange suggests that the KRAS-HVR does not disturb the conformational stability of the BSR
and is not inherently incompatible with the BSR. Our data combined with findings by Terrell et al,
imply that the KRAS-HVR may enhance the favorability of KRAS interactions with the RBD through
allosteric modulation of the BSR. Our results provide insight into the complex isoform-specific
interactions, which are clearly important given that RAS and RAF isoforms display specific levels
of activity in mutant and wildtype cells. For example, KRAS is responsible for most RAS-driven

cancers, 2% and BRATF has the highest basal activity among RAF isoforms.31%2.

In recent years, two significant studies resolved the structure of autoinhibited, monomeric BRAF

14-3-3 protomers, which interact with phosphoserines at the N- and C-terminal regions of BRAF. In
this conformation, the CRD interacts with the KD, while the membrane-binding loops of the CRD
are occluded by 14-3-3.18%. Our results that N-terminal constructs without the CRD do not bind to
the KD support the critical role of the CRD as necessary for autoinhibitory interactions, yet
insufficient alone. Because the BSR is highly flexible, it was not resolved in either cryo-EM
structure. Comparison of constructs with and without the BSR shows that the BSR, in synchronism
with the CRD, increases the affinity of BRAF for the kinase domain, thereby revealing that the BSR
could be a promising candidate for further study as a potential target. Targeting the BSR could
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reinforce the autoinhibitory conformation, thereby preventing BRAF activation by blocking RAS
interaction. Interestingly, our results indicate that NT1 has a higher affinity for KD than NT3,
aligning well with the previous report that BRAF has higher autoinhibitory activity than CRAF, 2.
as NT3 of BRAF is more alike to the N-terminal of CRAF which does not have the BSR. The reported
differences between BRAF-CRD and CRAF-CRD by Spencer-Smith et al. 2% may not only stem
from the CRD isoform differences, but also from the presence of the BSR in BRAF providing a
stabilizing autoinhibitory effect. We speculate that the BSR in BRAF exhibits allosteric effect to
enforce the autoinhibitory interactions between the CRD and KD. The CRD is a hotspot of
RASopathy mutations in BRAF, with the most common mutant, Q257R, activating the MAPK
pathway.?2%:23%2 While RASopathy mutations in BRAF are centered within the CRD, our results

imply that the mutations may also affect the ability of the BSR to regulate BRAF autoinhibition.

7 eLife

Recent studies have partially revealed the order of RAF activation events through static
structures'8%2:27%-2922 and live-cell studies with mutant KRAS.32%2 Martinez Fiesco et al.
resolved the RBD in the autoinhibited BRAF-MEK-14-3-3 complex, which revealed that the RBD

forms a large interface with one of the 14-3-3 protomers and that RBD-KRAS contact residues are

interactions with RAS and the membrane disrupt the autoinhibitory interactions with 14-3-3 and
the kinase domain due to overlap in these binding regions..??.‘.‘...@‘).. We show, through definitive
biochemical methods, that RAS binding directly forces BRAF out of autoinhibition and primes it
for subsequent activating steps. Our in vitro binding studies align with previous implications that
RAS relieves RAF autoinhibition shown through cell-based colps. 8%, Additionally, we found that
the oncogenic potential of BRAFD3%4G jg propelled through a decreased autoinhibitory potential.
Together, these findings suggest that the autoinhibited conformation of wild-type BRAF is not
capable of dimerizing, further supporting the model that BRAF binding to HRAS relieves
autoinhibition and initiates the activation process. Once autoinhibition is relieved, subsequent
dimerization becomes possible, leading to full activation of BRAF. Class 3 BRAF mutants, like

due to attenuated autoinhibitory interactions that make the RBD and CRD more accessible to RAS.
These observations demonstrate the importance of considering mutations from an autoinhibitory
standpoint and therapeutically maintaining autoinhibition to treat RAS-dependent BRAF cancers.

We present a comprehensive set of in vitro quantitative binding affinities for BRAF-NTs, BRAF-KD,
HRAS, and KRAS, shedding light on the roles of BRAF N-terminal domains in activation and
regulation. Our in vitro studies were conducted using proteins purified from E. coli, which lack
post-translational modifications and without involvements from cellular components such as the
membrane and regulatory, scaffolding, or chaperone proteins that are involved in BRAF
regulation. Nonetheless, our study provides a direct characterization of the intra- and inter-
molecular protein-protein interactions involved in BRAF regulation, without the complications
and false-positives that can arise in cell-based assays, which often cannot distinguish between
mere proximity and biochemical interactions. Binding kinetic analysis showed that FL-BRAF
purified from mammalian cells interacts with KRAS with the same affinity as NT1, providing
strong evidence that the truncated BRAF constructs used in our study can represent FL-BRAF and
the physiological conditions with post-translational modifications, native intramolecular
interactions, and potential conformational changes that occur upon binding. Furthermore, the
protein-protein interactions described here align with multiple literature sources that use cell
systems or purified proteins from insect or mammalian cell lines.'8%:22%:27 24855 oyr findings
extend current knowledge of BRAF regulation and provide novel insight into the development of
next-generation BRAF therapy. Our study reveals the previously understudied BSR as a critical
modulator of BRAF activation and RAS-binding specificity. Additionally, our experimental setup
provides a potential framework for testing inhibitors against RAS-RAF interaction. Allosteric
inhibitors stabilizing the autoinhibited conformation of BRAF could be a promising strategy
against oncogenic KRAS, especially since it is the primary RAS isoform responsible for activating
BRAF.
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% elLife Experimental methods

Plasmids

GST-HRAS and His/MBP-KRAS were purchased from Addgene (#55653 and # 159546, respectively).
GST-KRAS was created with standard Gibson Assembly (NEB) procedures with pGEX2T as the
vector and the following primers: 5’ ATCTGGTTCCGCGTGGATCCACTGAATATAAACTTGTGGTAG 3’
(GST-KRAS_For), 5> CAGTCAGTCACGATGAATTCTTACATAATTACACACTTTGTCTTTG 3’ (GST-
KRAS_Rev), 5> GAATTCATCGTGACTGACTGACG 3’ (GST-vector_For), 5> GGATCCACGCGGAACCAG ¥
(GST-vector_Rev). 6xHis-KDT and 6xHis-KDP>%4C were designed as described previously (amino
acids 442-723 with 16 solubilizing mutations: 15434, 15448, 1551 K, Q562R, L588N, K630S, F667E,

were created with standard Gibson Assembly (NEB) procedure in the pET28-MBP vector from the
following primers: 5° CATATGCTCGGATCCGCGGCGCTGAGCGGTG 3’ (BRAF-RBD_For 1), 5
CATATGCTCGGATCCTCACCACAAAAACCTATCGTTAG 3’ (BRAF-RBD_For 151), 5’
GTTGTAAGAATTCAAGCTTACAACACTTCCACATGCAATTC 3’ (BRAF-RBD_Rev 227), 5’
CAAAGAACTGAATTCAAGCTTACAAATCAAGTTGGT 3’ (BRAF-RBD_Rev 288). 5’
AGCAAATGGGTCGCGGATCCACACACAACTTTGTACGAAAAAC’3 (BRAF-CRD_For),
5’CGAGTGCGGCCGCAAGCTTACAAATCAAGTTGGTCATAATTAAC'3 (BRAF-CRD_Rev).

Protein expression

All protein construct plasmids were transformed into BL21 codon + E. coli. and grown to an ODg
0.6-0.8 in LB broth (BRAF NT constructs supplemented with 100 uM ZnCl,), followed by induction
with 0.4 mM IPTG. Cells were left overnight at 18 °C, shaking 210 rpm. Cells were pelleted, flash
frozen, and stored at -80 °C.

GST-HRAS/KRAS purification

GST-tagged full-length HRAS/KRAS pellet was thawed and incubated with lysis buffer (20 mM
HEPES pH 7.4, 150 mM NacCl, 1 mM EDTA, 5% Glycerol, 1 mg/mL lysozyme, and protease inhibitor
cocktail) for 1h at room temperature. Whole cell lysate was exposed to brief sonication (HRAS) or
passed through the French pressure cell press (KRAS) at 1250 psi and centrifuged. Soluble cell
lysate was incubated with pre-equilibrated glutathione resin for 1 h at 4°C. After extensive
washing, HRAS protein was eluted off the resin with elution buffer (20 mM HEPES pH 7.4, 150 mM
NaCl, 1 mM EDTA, 5% Glycerol, and 10 mM reduced glutathione). To dissociate bound nucleotide,
HRAS was incubated in HEPES buffer with 10 mM EDTA and 10 M excess GMPPNP (Sigma-Aldrich)
for 30 min at 4°C. To allow rebinding, MgCl, was added to a final concentration of 1M and rotated

chromatography column (Cytiva). Main steps were checked with SDS-PAGE followed by Coomassie
staining. After concentration, aliquots were flash frozen and stored at -80°C.

Untagged KRAS purification

After overexpression and induction, cells were pelleted and resuspended in lysis buffer (50 mM
HEPES pH 7.4, 300 mM NaCl, 1 mM TCEP, 5 mM MgCl, and protease inhibitor cocktail). Whole cell
lysate was passed through the French Pressure Cell Press (SLM-Aminco) twice at 1250 psi for lysis
and centrifuged. Soluble cell lysate was incubated with pre-equilibrated TALON resin (TakaraBio)
for 2 h at 4°C. After extensive washing, KRAS was eluted off the resin with elution buffer (20 mM
HEPES pH 7.4, 300 mM NaCl, 1 mM TCEP, 5 mM MgCl, and increasing imidazole concentrations
[90, 500 mM]). To cleave the MBP-tag, TEV protease was added in 1:5 ratio to eluted KRAS and was
dialyzed for 3 days at 4°C in buffer while reaction proceeded (20 mM HEPES pH 7.4, 300 mM Nacl,
1 mM TCEP, 5 mM MgCl,). Solution was reapplied to TALON resin and supernatant containing
KRAS was collected. To dissociate bound nucleotide, HRAS was incubated in HEPES buffer with 10
mM EDTA and 10 M excess GMPPNP (Sigma-Aldrich) for 30 mins at 4°C. To allow rebinding, MgCl,
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was added to a final concentration of 1M and rotated for 2 h at 4°C.>2.=. KRAS was further purified
on a Superdex 75 10/300 GL size exclusion chromatography column (Cytiva). Main steps were
checked with SDS-PAGE followed by Coomassie staining. After concentration, aliquots were flash
frozen and stored at -80°C.

7 eLife

BRAF NT purification

After overexpression and induction, cells were pelleted and resuspended in lysis buffer (20 mM
HEPES pH 8, 150 mM NaCl, 5% glycerol, and protease inhibitor cocktail). Whole cell lysate was
exposed to brief sonication and centrifuged. Soluble cell lysate was incubated with pre-
equilibrated Ni-NTA resin for 1 h at 4°C. After extensive washing, BRAF-NT protein was eluted off
the resin with elution buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 5% glycerol, and increasing
imidazole concentrations [90, 200, 400 mM]). BRAF-NT was further purified on a Superdex 200
10/300 GL size exclusion chromatography column (Cytiva). Main steps were checked with SDS-
PAGE followed by Coomassie staining. After concentration, aliquots were flash frozen and stored
at -80°C.

Full-length BRAF Purification

FL-BRAF was expressed in HEK293F cells followed by the protocol described by Cope et al*% m
brief, the cell pellet was resuspended in lysis buffer (150 nM NaCl, 20 mM HEPES, pH 7.4, 1 mM
Na3VOy4, 1 mM PMSF, 10% glycerol, and protease inhibitor). Whole cell lysate was exposed to
sonication and centrifuged. After slow rotation with resin and an ATP wash to remove excess
chaperone protein HSP70, BRAF was eluted with 1XFLAG peptide (20 mM HEPES, pH 7.4, 150 mM
NaCl, 10% glycerol, and 200 pg/mL). FL-BRAF was further purified through SEC, from which
appropriate fractions were concentrated and flash frozen.

WT BRAF KD Purification

His-tagged wild-type BRAF kinase domain (KD) Pellet was lysed in buffer (50 mM HEPES pH 8.0,
150 mM NaCl, 5% glycerol, 10 mg/mL lysozyme, and protease inhibitor cocktail) for 1 h at room
temperature. Whole cell lysate was exposed to brief sonication and centrifuged. Soluble cell lysate
was incubated with pre-equilibrated cobalt resin for 2 h at 4°C. Resin was washed three times with
low salt buffer (50 mM HEPES pH 8, 150 mM NacCl, and 5% glycerol), three times with high salt
buffer (50 mM HEPES pH 8, 400 mM NaCl, and 5% glycerol), and three more times with wash
buffer (50 mM HEPES pH 7.4, 150 mM NaCl, and 5% glycerol). Protein was eluted off the resin with
elution buffers (50 mM HEPES pH 7.4, 150 mM NaCl, 5% glycerol, and varying imidazole
concentrations [400mM, 200mM, 90mM]) starting with the lowest imidazole concentration to the
highest for a total of 10 elution fractions. WT BRAF KD was further purified on a Superdex 75
10/300 GL size exclusion chromatography column (Cytiva). Main steps were checked with SDS-
PAGE followed by Coomassie staining. After concentration, aliquots were flash frozen and stored
at -80°C.

BRAF-KD-D594G purification

His-tagged BRAF-KD-D594G was purified as previously described.-:>.. In brief, cell pellet
overexpressing BRAF-KD-D594G was thawed and resuspended in lysis buffer (50 mM phosphate
buffer pH 7.0, 250 mM NaCl, 20 mM Imidazole, 10% Glycerol, and EDTA-free protease inhibitor
cocktail tablet). Whole cell lysate was exposed to brief sonication and centrifuged. Soluble cell
lysate was incubated with pre-equilibrated Ni-NTA resin for 1 h at 4°C. Protein-resin complex was
washed 5x 20 mL with chaperone-removal buffer (50 mM HEPES pH 7.4, 5 mM ATP, 50 mM KCl, 20
mM MgCl,, 20 mM Imidazole) and another 5 x 20 mL washes with low salt buffer (50 mM HEPES
pH 7.4, 250 mM NacCl, 20 mM Imidazole, 10% glycerol). BRAF was eluted with increasing
concentrations of Imidazole (50-400 mM), pooled, and concentrated. Concentrated BRAF was
further refined on a Superdex 200 10/300 GL column (Cytiva). Protein was concentrated, aliquoted,
flash frozen and stored at - 80°C.
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+% eLife Pulldowns
All proteins were added in 1:1 stoichiometric ratio and incubated together in binding buffer (50
mM HEPES pH 7.4, 150 mM NaCl, 5% Glycerol, and 0.125 mg/mL BSA) with 20 uL of glutathione
sepharose 4b resin (Cytiva), amylose resin (NEB), or Pierce streptavidin magnetic beads
(ThermoScientific). After extensive washing (50 mM HEPES pH 7.4, 500 mM NaCl, 5% Glycerol, and
0.125 mg/mL BSA), 30 uL 4x loading dye was added to resin. Supernatant were loaded and protein
analyzed through SDS-PAGE. After transfer to nitrocellulose membrane, GST-HRAS/-KRAS was
probed with GST antibody (Santa Cruz Biotechnologies SC-138), KRAS with RAS antibody (Cell
Signaling 67648S) and BRAF NTs/ BRAF KD with His antibody (Sigma SAB5600227). Finally, western
blots were imaged on Cytiva Typhoon imager.

Biotinylation

1 mg “No-weigh Sulfo NHS biotin” (Thermo Scientific) was resuspended in water and immediately
added to BRAF-KD in 50 molar excess. Reaction was performed in Thermo Scientific Slide-A-Lyzer
MINI Dialysis Unit. Mixture was left at RT rocking for 30-60 min, then dialysis unit placed in 500
mL dialysis buffer and left at RT for 2 h with gentle mixing. CPC was biotinylated in excess of sulfo-
NHS-biotin in 1:1, 2:1, and 4:1 (CPC:biotin) and left for 60 min rotating at RT before direct use.

Hydrogen-Deuterium Exchange Mass Spectrometry

Protein samples (BRAF NT2 [60 uM], NT3 [26 uM], HRAS [44 uM], or KRAS [44 uM]) protein stock in
20 mM HEPES pH 7.4, 150 mM NacCl, 5% glycerol) were exposed to deuterated buffer (D,0 solution
containing 20 mM HEPES pH 7.4, 150 mM Nacl, 5% glycerol) by mixing protein stock with D20
buffer in a 1:5 (v:v) ratio for times ranging from 20 sec to 45 h. Exchange was quenched with 1:1
(v:v quench buffer: deuterated-protein buffer solution) cold quench buffer (100 mM phosphate pH
2.4,0.5 M TCEP, 3 M guanidium chloride) to pH 2.4. The quenched sample was passed through a
homemade immobilized pepsin column for digestion. The resulting peptides were trapped and
desalted on a small C8 column (Higgins Analytical TARGA C8 5um 5 X 1.0mm). After desalting (3
min at 0C) peptides were eluted by a gradient (8ul/min, 10% to 40% acetonitrile over 15 min) &
passed through an analytical column (Higgens Analytical TARGA C8 5um, 50 x 0.3 mm) and
introduced into a THERMO Q-Exactive mass spectrometer by electrospray.?f?.?.’??g’,.. Peptides were
identified by MS/MS analysis of nondeuterated samples. MS/MS data was analyzed by SEQUEST
(Thermo Proteome Discoverer) using a sequence database including BRAF NT2, BRAF NT3, HRAS,
KRAS, pepsin, and many potential contaminants and decoy proteins. 110 and 183 peptides (BRAF
NT2 and NT3, respectively [not including MBP-tag or linker peptides]) were identified by MS/MS of
which 35 and 80 (BRAF NT2 and NT3, respectively) were consistently found with good intensity in
HX runs and are used here. Deuterated samples were analyzed using EXMS 372

OpenSPR

BRAF:RAS interaction. Binding studies of BRAF to RAS were measured using OpenSPR (Nicoya).
BRAF-NT1-4 and FL-BRAF were immobilized to at least 2500 RU on Ni-NTA sensor (Nicoya)
following manufacturer protocols in buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 0.05% Tween-20).
After immobilization, buffer switched to 20 mM HEPES pH 7.4, 150 mM NaCl, 0.23% glycerol,
0.05% Tween-20 for analyte injections (1% BSA added for KRAS injections to reduce non-specific
binding). H-/K-RAS was flowed over at 30 uL/min for 10 min at increasing concentrations and the
chip was regenerated with 10 mM NaOH at 150 yL/min, allowing 3 min for baseline stabilization
after each RAS injection. For slow flow NT1:HRAS experiments, HRAS was flowed over at 5 pL/min
for 30 min. Binding kinetics were determined by 1:1 fitting model and experiments plotted against
each other using Trace Drawer software. K values are reported as mean + standard deviation.

BRAF-KD:NT interaction. Binding studies of BRAF-KD-WT/D459G to BRAF-NTs were measured
using OpenSPR (Nicoya). BRAF-KD-WT/D594G was immobilized (50 ug/ml; ~6000 RU) on a carboxyl
sensor chip (Nicoya) following standard manufacturer protocols of the amine coupling kit
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':-..,‘ eLl fe (Nicoya). Analyte (BRAF-NT at 5, 15, 44, 133, 400 nM) was flowed over the sensor chip in buffer (20

e mM HEPES pH 7.4, 150 mM NaCl, 5% glycerol, 0.005% Tween-20, 1% BSA) at a flow rate of 30
uL/min, allowing time for dissociation (10 min), to obtain real-time binding data. To disrupt the
interaction, 400 nM BRAF-NT1 was pre-bound with 400 nM HRAS, by rotating at 4°C for 1 h,
subsequently 3x diluted in HEPES buffer and flowed over the sensor in the same flow conditions.
Binding kinetics were determined by 1:1 fitting model and experiments plotted against each other
using Trace Drawer software. Ky values are reported as mean + standard deviation.
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e RAF
(Rapidly Accelerated Fibrosarcoma; isoforms A-, B-, and C-)
¢ MAPK
(Mitogen Activated Protein Kinase)
e RAS
(Rat Sarcoma; isoforms H-, K-4a, K-4b, and N-)
e GTP
(guanosine triphosphate)
o ATP
(adenosine triphosphate)
e GAP
(GTPase Activating Protein)
e GEF
(Guanine Exchange Factor)
e MEK
(MAPK/Erk Kinase)
e ERK
(Extracellular signal-regulated kinase)
e BSR
(BRAF specific region)
e RBD
(RAS Binding Domain)
e CRD
(Cysteine Rich Domain)
e CR1
(Conserved Region 1)
e CR2
(Conserved Region 2)
e CR3
(Conserved Region 3)
e KD
(Kinase Domain)
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Supplementary Figure 1

SEC of active GST-HRAS and GST-KRAS.

(A) GST-HRAS monomer is ~45 kDa and elutes as a dimer at ~90 kDa. HRAS elution profile (green) on a Superdex 200 (Cytiva)

GMPPNP

GMPPNP

overlayed with protein size standard elution profile (gray). (B) GST-KRAS elution profile details the same as GST-HRAS (A).

Fractions from ~12-14 mL were collected and concentrated. (C) Coomassie stained gel of GST-KRAS final purification product.
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NT2 sequence:

1- MGSSHHHHHHGTKTEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQ-
VAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNP
PKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLI
KNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNK
ELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVI
NAASGRQTVDEALKDAQTGTDYDIPTTENLYFQGHMASMTGGQQMGRGSAALSGGGGGGAEPGQALFNGDM
EPEAGAGAGAAASSAADPAIPEEVWNIKQMIKLTQEHIEALLDKFGGEHNPPSIYLEAYEEYTSKLDALQQREQQ
LLESLGNGTDFSVSSSASMDTVTSSSSSSLSVLPSSLSVFQNPTDVARSNPKSPQKPIVRVFLPNKQRTVVPARC
GVTVRDSLKKALMMRGLIPECCAVYRIQDGEKKPIGWDTDISWLTGEELHVEVL -632

His/MBP tag
BRAF NT2 (a.a. 1-227)

NT3 sequence:

1- MGSSHHHHHHGTKTEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQ-
VAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNP
PKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLI
KNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNK
ELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVI
NAASGRQTVDEALKDAQTGTDYDIPTTENLYFQGHMASMTGGQQMGRGSSPQKPIVRVFLPNKQRTVVPARCG
VTVRDSLKKALMMRGLIPECCAVYRIQDGEKKPIGWDTDISWLTGEELHVEVLENVPLTTHNFVRKTFFTLAFCD
FCRKLLFQGFRCQTCGYKFHQRCSTEVPLMCVNYDQLDL -543

His/MBP tag
BRAF NT3 (a.a. 151-288)

Supplementary Figure 2.

Stripe Plots for peptides identified in BRAF-NT2 (a) and NT3 (b). Peptide coverage shown begins at the start of BRAF-NT2 or
NT3 (not shown-coverage for MBP-tag N-terminal to the BRAF sequence). (C) Protein sequences used in MS analysis.
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Supplementary Figure 3.

Peptides from NT3 in the CRD region. Plots on left represent peptides that could have slowed deuterium uptake. Plots on
right represent peptides in the same region that show essentially no change. Blue= NT3-apo; Magenta= NT3+HRAS. BRAF
residues 232-284 (CRD)= peptide residues 491-543. Gray dotted lines represent the theoretical exchange behavior for
specified peptide that is fully unstructured (top) or for specified peptide with a uniform protection factor (fraction of time the
residue is involved in protecting the H-bond) of 100 (lower).
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Supplementary Figure 4.

Peptides from NT2 in the BSR region (aa. 82-99). Three representative peptide plots that have increased deuterium uptake.
Blue= NT2-apo; Magenta= NT2+HRAS. BRAF residues 82-99 correspond with peptide residues 490-507. Gray dotted lines
represent the theoretical exchange behavior for specified peptide that is fully unstructured (top) or for specified peptide with
a uniform protection factor (fraction of time the residue is involved in protecting the H-bond) of 100 (lower).

Tarah Trebino et al., 2023 eLife. https://doi.org/10.7554/eLife.88836.2 27 of 52


https://doi.org/10.7554/eLife.88836.2

A 1-288_HRAS_slow flow_3-24-22

| buffer _420573s —— HRAS H4 111 nM_7844 88s HRAS H4 333n1M_1044192s —— HRAS H4 660 nM_13757.14s —— HRAS H4 999 nM_16430.22s
40 T T T T
A
4 b Mo o |
U i ‘} il
b T o,
} ’ \.I I ,mw,\\J"-L ] v%{ i M‘k" \‘\1\ ,ﬁ‘W “lvhr/\w“\r |
i b [N J“JJ“"JW AL ARL L A N
£ J’L\"{ff’ :,AI ‘F\(W\ " N |“r Y kfk AT
oL ol LR ey MY oY i
) ! ‘ Jv_l }\ 'J! w \M’M t;“ 1}"“.‘ !
I , r
by J{’kfx NM {”J
Lo i
’ N\rﬂgﬁyb 1
0 : : : : :
0 10 20 30 40 50 60

Time (Minutes)

GST-HRAS
HRAS - + + + +
NT1 (min)60 - 5 30 60

P2 SO e e e wHRAS
75 = o= =mHiSIMBP-NT1

75-fon o Sm = HisMBP-NT

Supplementary Figure 5.

HRAS-NT1 OpenSPR shows slow association.

(A) OpenSPR injections of HRAS (111, 333, 660, and 999 nM) at 5 pl/min over His/MBP-NT1 immobilized on an NTA sensor. (B)
Western blot of GST-HRAS on glutathione resin and NT1 binding through pulldown assay. HRAS was first added to resin for 1
hour. After washing to remove unbound HRAS, NT1 was added in a 1:1 molar ratio and incubated at 4 °C for 5, 30, and 60
minutes. HRAS was probed with GST antibody and NT1 with His antibody.
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Supplementary Figure 6

(A) Binding curves of 1 uM GST-KRAS (active/GMPPNP= blue; inactive/GDP= orange) flowed over NTA-immobilized BRAF-NT2
at 30 pl/min. (B) Binding curves of 1 pM GST-KRAS (active/ GMPPNP-loaded= red) and purified GST (green) flowed over NTA-

immobilized BRAF-NT2 at 30 pl/min. (C) Coomassie stained gel of GST protein, purified following the same protocol as GST-
HRAS.
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Supplementary Figure 7.

Characterizing untagged KRAS

(A) Untagged KRAS is displayed as a monomer with a molecular weight of ~22 kDa including N-terminal linker residues. KRAS-
GMPPNP (purple) and KRAS-GDP (green) elution profile on a Superdex 75 (Cytiva) overlayed with protein size standard
elution profile (gray). (B) Coomassie stained gel of untagged KRAS final purification product. (C) Western blot of purified
KRAS binding to His/MBP-NT1-4 on amylose resin in a pulldown assay. Representative of 3 independent experiments with
similar results. (D) OpenSPR binding curves of KRAS flowed over NT2 and the best fit curves produced from a 1:1 fitting model
kinetic evaluation. Representative of 2 independent experiments with similar results each. KRAS was flowed over at 30 pL/min
(20 mM HEPES pH 7.4, 150 mM Nacl, 0.05% Tween-20, 1% w:v BSA) for 10 mins at increasing concentrations (62.5, 125, 250,
500, 1000, 2000 nM). (E) Diagram of the average binding constant (KD) + standard deviation from independent OpenSPR
experiments of KRAS flowed over immobilized NT2. (F) Binding curves of 2 uM KRAS (active/GMPPNP= blue; inactive/GDP=

orange) flowed over NTA-immobilized BRAF-NT2 at 30 pl/min.
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Supplementary Figure 8

(A) Coomassie stained gel of purified recombinant full-length (FL) BRAF with copurified chaperone proteins. (B) Binding
curves of 1 uM GST-KRAS (active/GMPPNP = blue; inactive/GDP= orange) flowed over NTA-immobilized FL-BRAF at 30 pl/min.
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Supplementary Figure 9

(A) OpenSPR binding curves of BRAF-NT1 without MBP flowed over immobilized BRAF-KD at 30 pl/min in increasing
concentrations. Best fit curves (black) are produced from a 1:1 fitting model kinetic evaluation.
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5:,"." eLife Reviewer #1 (Public Review):

Trebino et al. investigated the BRAF activation process by analysing the interactions of BRAF
N-terminal regulatory regions (CRD, RBD and BSR) with the C-terminal kinase domain and
with the upstream regulators HRAS and KRAS. To this end, they generated four constructs
comprising different combinations of N-terminal domains of BRAF and analysed their
interaction with HRAS as well as conformational changes that occur. By HDX-MS they
confirmed that the RBD is indeed the main mediator of interaction with HRAS. Moreover,
they observed that HRAS binding leads to conformational changes exposing the BSR to the
environment. Next, the authors used OpenSPR to determine the binding affinities of HRAS to
the different BRAF constructs. While BSR+RBD, RBD+CRD and RBD bound HRAS with
nanomolar affinity, no binding was observed with the construct comprising all three
domains. Based on these experiments, the authors concluded that BSR and CRD negatively
regulate binding to HRAS and hypothesised that BSR may confer some RAS isoform
specificity. They corroborated this notion by showing that KRAS bound to BRAF-NT1
(BSR+RBD+CRD) while HRAS did not. Next, the authors analysed the autoinhibitory
interaction occurring between the N-terminal regions and the kinase domain. Through
pulldown and OpenSPR experiments, they confirm that it is mainly the CRD that makes the
necessary contacts with the kinase domain. In addition, they show that the BSR stabilizes
these interactions and that the addition of HRAS abolishes them. Finally, the D594G mutation
within the KD of BRAF is shown to destabilise these autoinhibitory interactions, which could
explain its oncogenic potential.

Overall, the in vitro study provides new insights into the regulation of BRAF and its
interactions with HRAS and KRAS through a comprehensive in vitro analysis of the BRAF N-
terminal region. Also, the authors report the first KD values for the N- and C-terminal
interactions of BRAF and show that the BSR might provide isoform specificity towards KRAS.
While these findings could be useful for the development of a new generation of inhibitors,
the overall impact of the manuscript could probably be enhanced if the authors were to
investigate in more detail how the BSR-mediated specificity of BRAF towards certain RAS
isoforms is achieved. Moreover, though the very "clean" in vitro approach is appreciated, it
also seems useful to examine whether the observed interactions and conformational changes
occur in the full-length BRAF molecule and in more physiological contexts. Some of the
results could be compared with studies including full length constructs.

Reviewer #2 (Public Review):

In the manuscript the authors conduct a series of in vitro experiments using N-terminal and
C-terminal BRAF fragments (SPR, HDX-MS, pull-down assays) to interrogate BRAF domain-
specific autoinhibitory interactions and engagement by H- and KRAS GTPases. Of the three
RAF isoforms, BRAF contains an extended N-terminal domain that has yet to be detected in X-
ray and cryoEM reconstructions but has been proposed to interact with the KRAS
hypervariable region. The investigators probe binding interactions between 4 N-terminal
(NT) BRAF fragments (containing one more NT domain (BRS, RBD, and CRD)), with full-length
bacterial expressed HRAS, KRAS as well as two BRAF C-terminal kinase fragments to tease out
the underlying contribution of domain-specific binding events. They find, consistent with
previous studies, that the BRAF BSR domain may negatively regulate RAS binding and
propose that the presence of the BSR domain in BRAF provides an additional layer of
autoinhibitory constraints that mediate BRAF activity in a RAS-isoform-specific manner. One
of the fragments studied contains an oncogenic mutation in the kinase domain (BRAF-
KDD594G). The investigators find that this mutant shows reduced interactions with an N-
terminal regulatory fragment and postulate that this oncogenic BRAF mutant may promote
BRAF activation by weakening autoinhibitory interactions between the N- and C-terminus.
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AL ELIfe The manuscript is now significantly improved. The inclusion of additional controls and new
experiments with KRAS strengthen the manuscript and aid in establishing RAS isoform-
specific BRAF interactions.

Author Response

The following is the authors’ response to the original reviews.

Public Reviews:
Reviewer #1 (Public Review):

Trebino et al. investigated the BRAF activation process by analysing the interactions of
BRAF N-terminal regulatory regions (CRD, RBD, and BSR) with the C-terminal kinase
domain and with the upstream regulators HRAS and KRAS. To this end, they generated
four constructs comprising different combinations of N-terminal domains of BRAF and
analysed their interaction with HRAS as well as conformational changes that occur. By
HDX-MS they confirmed that the RBD is indeed the main mediator of interaction with
HRAS. Moreover, they observed that HRAS binding leads to conformational changes
exposing the BSR to the environment. Next, the authors used OpenSPR to determine the
binding affinities of HRAS to the different BRAF constructs. While BSR+RBD, RBD+CRD, and
RBD bound HRAS with nanomolar affinity, no binding was observed with the construct
comprising all three domains. Based on these experiments, the authors concluded that
BSR and CRD negatively regulate binding to HRAS and hypothesised that BSR may confer
some RAS isoform specificity. They corroborated this notion by showing that KRAS bound
to BRAF-NT1 (BSR+RBD+CRD) while HRAS did not. Next, the authors analysed the
autoinhibitory interaction occurring between the N-terminal regions and the kinase
domain. Through pulldown and OpenSPR experiments, they confirm that it is mainly the
CRD that makes the necessary contacts with the kinase domain. In addition, they show
that the BSR stabilizes these interactions and that the addition of HRAS abolishes them.
Finally, the D594G mutation within the KD of BRAF is shown to destabilise these
autoinhibitory interactions, which could explain its oncogenic potential.

Overall, the in vitro study provides new insights into the regulation of BRAF and its
interactions with HRAS and KRAS through a comprehensive in vitro analysis of the BRAF
N-terminal region. Also, the authors report the first KD values for the N- and C-terminal
interactions of BRAF and show that the BSR might provide isoform specificity towards
KRAS. While these findings could be useful for the development of a new generation of
inhibitors, the overall impact of the manuscript could probably be enhanced if the
authors were to investigate in more detail how the BSR-mediated specificity of BRAF
towards certain RAS isoforms is achieved. Moreover, though the very "clean" in vitro
approach is appreciated, it also seems useful to examine whether the observed
interactions and conformational changes occur in the full-length BRAF molecule and in
more physiological contexts. Some of the results could be compared with studies
including full-length constructs.

Public Response: We would like to express our gratitude for your valuable feedback on our
manuscript. Your insightful suggestions have significantly improved the quality and
completeness of our research. In response to your comments, we have conducted additional
experiments and incorporated new data into the revised manuscript.

To gain a deeper understanding of how the BSR-mediated specificity of BRAF towards certain
RAS isoforms is achieved, we performed HDX-MS to investigate the impact of KRAS
interactions on the BSR. Our findings indicate that when KRAS is bound to BRAF NT2, there is
no significant difference in hydrogen-deuterium exchange rates in the BSR compared to the
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7 Li f apo-NT2 state (Figure 4). This observation contrasts with the effect of HRAS binding, where

OAY]

zY€eLIte peptides from the BRAF-BSR exhibit an increased rate change, suggesting that HRAS induces
a conformationally more dynamic state (Figure 2).

Our results align with the conclusions of Terrell et al. in their 2019 publication, which
propose that isoform preferences in the RAS-RAF interaction are driven by opposite charge
attractions between BRAF-BSR and KRAS-HVR, promoting the interaction.1 Our data offers a
potential mechanistic explanation, suggesting that HRAS disrupts the conformational stability
of the BSR provided by the RBD, while KRAS-HVR restores stability and enhances interaction
favorability. It is important to note that our results do not directly confirm a long-lasting
interaction between the BRAF-BSR and KRAS-HVR, but they do not rule out the possibility of a
transient, low-affinity interaction or close proximity between the two.

Furthermore, our binding kinetics measurements conducted using OpenSPR support these
findings. Particularly, in the case of NT1, when the CRD accompanies the BSR and RBD, no
interactions with HRAS were observed. Additionally, we quantified the binding affinities
between NT3:KRAS and NT4:KRAS, demonstrating that they are equally strong and that the
presence of the BSR or CRD does not singularly affect the primary RBD interaction, consistent
with HRAS. The BSR appears to exert an inhibitory effect on HRAS when the entire N-
terminal region (BSR+RBD+CRD) is present. The BSR-mediated specificity is achieved through
a coordinated interplay with the CRD.

Moreover, we have addressed your concern regarding the physiological relevance of our
conclusions. In response, we utilized active, full-length (FL) BRAF purified from HEK293F
cells in OpenSPR experiments. Our findings indicate that FL-BRAF behaves similarly to BRAF-
NT1, as it does not bind to HRAS but binds to KRAS with a deviation comparable to NT1. We
have demonstrated that post-translational modifications or native intramolecular
interactions do not alter our initial results. Several literature sources, employing cell systems
or expressing proteins from insect or mammalian cells, further support the findings
presented in our study.2-5

Thank you once again for your constructive feedback, which has contributed significantly to
the refinement of our work.

For the author:
Major points:
1. Figure 1D: Negative control is missing.

Response: We have incorporated the negative control into this figure as suggested.

| 1. Figure 3F and G: negative controls (GST only) are missing.

Response: We have incorporated the negative control into this figure as suggested.
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1. The authors demonstrate that BRAF NT1 (BSR+RBD+CRD) interacts with KRAS but not
HRAS in SPR experiments (Figure 4). What about the conformational change that affects
the positioning of BSR when NT2 (BSR+RBD) binds to HRAS (Figure 2)? Does it also occur
with KRAS or not? When a rate change is observed between free protein and bound
protein in HDX, particularly when this rate change results in a sigmoidal curve that
closely parallels the reference curve, it signifies that all residues within the peptide share
a uniform protection factor. This suggests that they collectively undergo conformational
changes at the same rate, likely due to a concerted opening as a cohesive unit. In the
context of our time plots, we observe this distinctive characteristic in the curves derived
from the BSR peptides, indicating that HRAS binding perturbs this region, alters its
flexibility, and induces a coordinated conformational shift. This compelling evidence
strongly supports our assertion that HRAS instigates a reorientation of the BSR.

Response: In response to the reviewer's comments, we conducted additional experiments to
explore whether KRAS elicits any comparable alterations in the H-D exchange of the BSR
within BRAF-NT2. Our findings indicate that KRAS does not induce a similar conformational
change in the BSR. We have detailed these results in the Results section under the heading
"BSR Differentiates the BRAF-KRAS Interaction from the BRAF-HRAS Interaction” and have
included corresponding panels in Figure 4 to visually illustrate these observations.

1. Related to point 3: The authors mention that the HVR domain is responsible for isoform-
specific differences. Does the BSR interact with the HVR domain of KRAS (but not HRAS)?

Response: It has been suggested by Terrell and colleagues1 that the BRAF-BSR and KRASHVR
are directly responsible for the isoform specific interactions. We have no direct evidence
confirming an interaction between the HVR and BSR. However, we deduce the possibility of
such interaction based on previous research findings. Our HDX-MS experiments have
demonstrated that the BRAF-BSR does not engage with HRAS. In our new HDX-MS
experiments involving KRAS, we observed that the presence of KRAS does not lead to any
discernible increase or decrease in the rate of deuterium exchange within the BRAF-BSR. It is
important to emphasize that the absence of a rate change does not necessarily negate the
occurrence of binding; rather, it might indicate a transient interaction with an affinity level
below the detection threshold of HDX-MS.

Given that the only major difference between H- and K-RAS isoforms is the HVR, we
hypothesize that binding differences between BRAF and RAS isoforms can be attributed to
the HVR. Notably, BRAF-NT3 resembles CRAF, which also behaves in line with the findings
from Terrell et al. in which the BSR is not present to impact RAS-RAF association. We have
updated some of the discussion section to include the new results and draw relevant
conclusion.

We mention in the text in the results section, “The HVR is an important region for regulating
RAS isoform differences, like membrane anchoring, localization, RAS dimerization, and RAF
interactions6... These results, combined with HDX-MS results, which showed that the BSR is
exposed when bound to HRAS, suggest that the electrostatic forces surrounding the BSR
promote BRAF autoinhibition and the specificity of RAF-RAS interactions.”

We also write in the discussion, “However, BRET assays suggest that CRAF does not show
preference for either H- or KRAS, while BRAF appears to prefer KRAS.1 This preference is
suggested to result from the potential favorable interactions between the negatively charged
BSR of BRAF and the positively charged, poly-lysine region of the HVR of KRAS1... Our
binding data provide additional examples of isoform-specific activity. We speculate that
diminished BRAF-NT1 binding to HRAS and increased BSR exposure upon HRAS binding may

Tarah Trebino et al., 2023 eLife. https://doi.org/10.7554/eLife.88836.2 40 of 52


https://doi.org/10.7554/eLife.88836.2

7 Li f be due to electrostatic repulsion between HRAS and the BSR. Our full-length KRAS and its
v/eLire interaction with NT1 support the hypothesis that the BSR attenuates fast binding to HRAS but
not to KRAS.”

1. The authors might consider including NRAS in their study to give more weight to this
interesting aspect.

Response: While this suggestion is intriguing and could contribute to the expanding body of
literature on RAS signaling, particularly in the context of NRAS-mutant tumors, we believe
that delving into this topic would be beyond the scope of the present manuscript.

1. Figure 6A: In this pulldown experiment the authors wish to demonstrate that binding of
HRAS abolishes the autoinhibitory binding between NT1 and the kinase domain.
However, the experimental design (i.e., pulldown of RAS) does not allow us to assess
whether NT1 and KD are bound to each other in these conditions at all. The authors
should rather pull down the KD and show that the interaction with NT1 is abolished when
RAS is added.

Response: We appreciate your suggestion. The experimental design for this study was
intentionally structured to focus on the specific subset of NT1 that interacts with HRAS. The
BRAF N-terminal region has the capacity to bind both HRAS and KD, resulting in two distinct
populations within BRAF-NT1: NT1:KD and NT1:HRAS, although we believe the ratio between
those two populations is not 1:1. If we were to design the experiment by isolating either the
KD or NT1, it would lead to the observation of both populations simultaneously, making it
challenging to distinguish between them. Our pulldown experiments are performed under
the same conditions (i.e. all the proteins were maintained in a molar ratio of 1:1 and exposed
to the same buffer components), and we rely on pulldown assays, such as those depicted in
Figure 5, to clearly demonstrate the binding interactions between NT1 and KD.

1. The authors have chosen a purely in vitro approach for their interaction studies, which
initially makes sense for the addressed questions. However, since the BRAF constructs
studied are only fragments and neither BRAF nor K/HRAS has any posttranslational
modifications, the question arises to what extent the findings obtained hold up in vivo.
Therefore, the manuscript would greatly benefit from monitoring the described
interactions in full-length proteins and in cells or at least with proteins purified from
cells.

Response: Thank you for your valuable suggestion, which we take very seriously to enhance
the quality of our manuscript. Upon carefully reviewing your comments, we conducted
additional experiments involving full-length, wild-type BRAF (FL-BRAF) that was purified
from mammalian cells, encompassing the post-translational modifications and scaffolding
proteins such as 14-3-3 (Supplementary Fig 8A). We have incorporated the findings from
these OpenSPR experiments into the revised manuscript within the Results Section titled "BSR
Differentiates the BRAF-KRAS Interaction from the BRAFHRAS Interaction" and Figure 4. In
summary, our results with FL-BRAF affirm the extension of our initial observations. Both NT1
and FL-BRAF interact with KRAS with comparable affinities, and neither NT1 nor FL-BRAF
demonstrates an interaction with HRAS using OpenSPR. These results underscore that BRAF
fragments accurately represent active, fully processed BRAF, lending support to our in vitro
approach.

Moreover, the conserved interactions we report in this manuscript are supported by
literature. The interaction between RAF-RBD and RAS has been extensively documented,
spanning investigations conducted in both insect and mammalian cell lines. For instance,
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Tran et al. (2021) utilized mammalian expression systems to explore the role of RBD in
mediating BRAF activation through RAS interaction, identifying the same binding surfaces
that we highlighted using HDX-MS.2 They quantified the KRAS-CRAF interaction yielding
binding affinities in the low nanomolar range, similar to our findings for BRAF-NT:KRAS
OpenSPR.2 In the manuscript text, we compared the binding affinity of BRAF residues 1245
purified from insect cells3 to our BRAF 1-227 (NT2 from E. coli), noting that the published
value falls within the standard deviation of our experimental value. Additionally, our results
align with the autoinhibited FL-BRAF:MEK:14-3-3 structure, which was expressed in Sf9
insect cells and reveals the central role of the CRD in maintaining autoinhibition through
interactions with KD.4 In 2005, Tran and colleagues revealed specific domains within the
BRAF N-terminal region are involved in binding to KD through Co-IP experiments conducted
in mammalian cells.5

7 eLife

While we are fully aware of the limitations of taking a purely in vitro approach to study the
role of BRAF regulatory domains in RAS-RAF interactions and autoinhibition, as well as to
quantify the affinity of these interactions, we emphasize that this approach enables us to
dissect and examine the specific regions of RAF that are under investigation. As we write in
the manuscript: “Our in vitro studies were conducted using proteins purified from E. coli,
which lack the membrane, post-translational modifications, and regulatory, scaffolding, or
chaperone proteins that are involved in BRAF regulation. Nonetheless, our study provides a
direct characterization of the intra- and inter-molecular protein-protein interactions involved
in BRAF regulation, without the complications that arise in cell-based assays.” We have added
the following comment to clarify the advantages of our in vitro approach and the challenges
associated with cell-based assays: “... without the complications and false-positives that can
arise in cell-based assays, which often cannot distinguish between proximity and biochemical
interactions.”

Once again, we appreciate your insight feedback, which has contributed significantly to the
improvement of our manuscript.

Minor:

1. Page 7, paragraph 2, line 6: It should probably read "BRAF autoinhibition" not "BRAF
autoinhibitory".

Response: Thank you for bringing this to our attention. We have fixed this typo.

1. Figure 3G: In the first lane (time point 0 min) there is no input band for His/MBP-NT1.
Probably a mistake when cropping the image from the original photo.

Response: We sincerely appreciate your diligence in identifying cropping errors, and we have
taken comprehensive measures to review the manuscript and correct any such errors.
Regarding this specific figure, it is important to note that NT1 was not added at the "0" minute
time point, which explains the absence of an input band at that stage. To avoid any confusion,
we have revised the notation from "0" to "-" for clarity.

Reviewer #2 (Public Review):

In the manuscript entitled 'Unveiling the Domain-Specific and RAS Isoform-Specific
Details of BRAF Regulation', the authors conduct a series of in vitro experiments using
Nterminal and C-terminal BRAF fragments (SPR, HDX-MS, pull-down assays) to
interrogate BRAF domain-specific autoinhibitory interactions and engagement by H- and
KRAS GTPases. Of the three RAF isoforms, BRAF contains an extended N-terminal domain
that has yet to be detected in X-ray and cryoEM reconstructions but has been proposed
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to interact with the KRAS hypervariable region. The investigators probe binding
interactions between 4 N-terminal (NT) BRAF fragments (containing one more NT domain
(BRS, RBD, and CRD)), with full-length bacterial expressed HRAS, KRAS as well as two BRAF
C-terminal kinase fragments to tease out the underlying contribution of domainspecific
binding events. They find, consistent with previous studies, that the BRAF BSR domain
may negatively requlate RAS binding and propose that the presence of the BSR domain
in BRAF provides an additional layer of autoinhibitory constraints that mediate BRAF
activity in a RAS-isoform-specific manner. One of the fragments studied contains an
oncogenic mutation in the kinase domain (BRAF-KDD594G). The investigators find that
this mutant shows reduced interactions with an N-terminal requlatory fragment and
postulate that this oncogenic BRAF mutant may promote BRAF activation by weakening
autoinhibitory interactions between the N- and C-terminus.

7 eLife

While this manuscript sheds light on B-RAF specific autoinhibitory interactions and the
identification and partial characterization of an oncogenic kinase domain (KD) mutant,
several concerns exist with the vitro binding studies as they are performed using
taggedisolated bacterial expressed fragments, 'dimerized’ RAS constructs, lack of
relevant citations, controls, comparisons and data/error analysis. Detailed concerns are
listed below.

1. Bacterial-expressed truncated BRAF constructs are used to dissect the role of individual
domains in BRAF autoinhibition. Concerns exist regarding the possibility that bacterial
expression of isolated domains or regions of BRAF could miss important
posttranslational modifications, intra-molecular interactions, or conformational changes
that may occur in the context of the full-length protein in mammalian cells. This concern
is not addressed in the manuscript.

Response: Reviewer 1 raised a similar concern, and we have duplicated our response below
for your reference:

Thank you for your valuable suggestion, which we take very seriously to enhance the quality
of our manuscript. Upon carefully reviewing your comments, we conducted additional
experiments involving full-length, wild-type BRAF (FL-BRAF) that was purified from
mammalian cells, encompassing the post-translational modifications and scaffolding proteins
such as 14-3-3 (Supplementary Fig 8A). We have incorporated the findings from these
OpenSPR experiments into the revised manuscript within the Results Section titled "BSR
Differentiates the BRAF-KRAS Interaction from the BRAF-HRAS Interaction" and Figure 4. In
summary, our results with FL-BRAF affirm the extension of our initial observations. Both NT1
and FL-BRAF interact with KRAS with comparable affinities, and neither NT1 nor FL-BRAF
demonstrates an interaction with HRAS using OpenSPR. These results underscore that BRAF
fragments accurately represent active, fully processed BRAF, lending support to our in vitro
approach.

Moreover, the conserved interactions we report in this manuscript are supported by
literature. The interaction between RAF-RBD and RAS has been extensively documented,
spanning investigations conducted in both insect and mammalian cell lines. For instance,
Tran et al. (2021) utilized mammalian expression systems to explore the role of RBD in
mediating BRAF activation through RAS interaction, identifying the same binding surfaces
that we highlighted using HDX-MS.2 They quantified the KRAS-CRAF interaction yielding
binding affinities in the low nanomolar range, similar to our findings for BRAF-NT:KRAS
OpenSPR.2 In the manuscript text, we compared the binding affinity of BRAF residues 1245
purified from insect cells3 to our BRAF 1-227 (NT2 from E. coli), noting that the published
value falls within the standard deviation of our experimental value. Additionally, our results
align with the autoinhibited FL-BRAF:MEK:14-3-3 structure, which was expressed in Sf9
insect cells and reveals the central role of the CRD in maintaining autoinhibition through
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interactions with KD.4 In 2005, Tran and colleagues revealed specific domains within the
BRAF N-terminal region are involved in binding to KD through Co-IP experiments conducted
in mammalian cells.5

7 eLife

While we are fully aware of the limitations of taking a purely in vitro approach to study the
role of BRAF regulatory domains in RAS-RAF interactions and autoinhibition, as well as to
quantify the affinity of these interactions, we emphasize that this approach enables us to
dissect and examine the specific regions of RAF that are under investigation. As we write in
the manuscript: “Our in vitro studies were conducted using proteins purified from E. coli,
which lack the membrane, post-translational modifications, and regulatory, scaffolding, or
chaperone proteins that are involved in BRAF regulation. Nonetheless, our study provides a
direct characterization of the intra- and inter-molecular protein-protein interactions involved
in BRAF regulation, without the complications that arise in cell-based assays.” We have added
the following comment to clarify the advantages of our in vitro approach and the challenges
associated with cell-based assays: “... without the complications and false-positives that can
arise in cell-based assays, which often cannot distinguish between proximity and biochemical
interactions.”

Once again, we appreciate your insight feedback, which has contributed significantly to the
improvement of our manuscript.

1. The experiments employ BRAF NT constructs that retain an MBP tag and RAS proteins
with a GST tag. Have the investigators conducted control experiments to verify that the
tags do not induce or perturb native interactions?

Response: Thank you for highlighting this important issue. We have conducted control
experiments whenever feasible, particularly in cases where tags were not required for
visualization, immobilization, or where cleave sites were present. We have subsequently
included these control experiments in the supplementary figures and accompanying text
within the manuscript.

It is essential to note that many of the techniques employed in this manuscript rely on tags,
such as immobilizing proteins onto NTA OpenSPR sensors and employing various
resins/beads for pulldown assays. Utilizing tags for protein immobilization in OpenSPR
applications offers distinct advantages, including homogeneous and site-specific
immobilization of the protein, ensuring that binding sites remain accessible for the study of
protein-protein interactions (PPIs) of interest. Furthermore, in all BRAF-RAS SPR
experiments, the MBP protein serves as the reference channel "blocking" protein. This
reference channel is instrumental in mitigating any potential false-positive signals resulting
from binding interactions with the MBP protein. Any such signal is subsequently subtracted
out during data analysis.

To provide a comprehensive understanding of these aspects, we have incorporated these
details into the manuscript text for clarity:

“Maltose bind protein (MBP) is immobilized on the OpenSPR reference channel, which
accounts for any non-specific binding or impacts to the native PPIs that may result from the
presence of tags. Kinetic analysis is performed on the corrected binding curves, which
subtracts any response in the reference channel.”

We describe the control experiment to examine whether His/MBP-tag affects NT1 binding
with BRAF-KD: “Similarly, we removed the His/MBP-tag from BRAF-NT1 through a TEV
protease cleavage reaction and flowed over untagged NT1. Kinetic analysis confirmed that
the interaction is preserved with the KD=13 nM (Supplemental Figure 6F).”
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5:,“." ELife We show that the GST-tag does not affect KRAS interactions with NTs in supplemental figure
6. We purified full-length, His/MBP-KRAS and subsequently removed the tag through TEV
cleavage. BRAF-NT interactions are preserved with untagged KRAS. GST alone, also does not
interact with BRAF-NTs. We updated the text in the results section “BSR differentiates the
BRAF-KRAS interaction from the BRAF-HRAS interaction.”

Additionally, Vojtek and colleagues used the same fusion-protein combinations (GSTRAS and
MBP-RAF) in pulldown experiments and also found no perturbations from these tags.8

1. The investigators state that the GST tag on the RAS constructs was used to promote RAS
dimerization, as RAS dimerization is proposed to be key for RAF activation. However,
recent findings arqgue against the role of RAS dimers in RAF dimerization and activation
(Simanshu et al, Mol. Cell 2023). Moreover, while GST can dimerize, it is unclear whether
this promotes RAS dimerization as suggested. In methods for the OpenSPR experiments
probing NT BRAF:RAS interactions, it is stated that "monomeric KRAS was flowed...". This
terminology is a bit confusing. How was the monomeric state of KRAS determined and
what was the rationale behind the experiment? Is there a difference in binding
interactions between "monomeric vs dimeric KRAS"?

Response: Thank you for conducting such a comprehensive review of our manuscript and for
identifying the mention of "monomeric KRAS" in the experimental section, which was
inadvertently included and should not have been present. This terminology originally
referred to a series of experiments involving "monomeric" KRAS that were initially
considered for inclusion in the main body of the manuscript but were subsequently removed
before submission. Furthermore, we adjusted the terminology to prevent any confusion or
unwarranted implications.

To clarify, this "monomeric" construct refers to the tagless, full-length KRAS variant that was
confirmed to exist in a monomeric state through Size Exclusion Chromatography, eluting at a
volume equivalent to 21 kDa. We have incorporated the findings from experiments involving
this untagged KRAS variant into the supplementary figures to provide supporting evidence,
particularly in response to comment #2, that the GST-tag does not interfere with native
interactions. Supplementary Figure 1 illustrates that both GST-HRAS (45 kDa) and GST-KRAS
(45 kDa) elute as dimers in solution, at approximately 90 kDa. It is important to note that the
main text figures primarily feature the GST-tagged, "dimeric" RAS constructs. Our research
results do not suggest any significant differences between "monomeric," untagged KRAS and
"dimeric" GST-tagged KRAS, indicating that the binding kinetics between RAS and RAF are not
influenced by oligomerization state (Supplementary Fig 6). To mitigate any potential
confusion, we have made the necessary distinctions in the text and have revised the methods
description to accurately reflect these aspects.

While the recent findings summarized by Simanshu and colleagues were published
concurrently with our manuscript submission, we would like to address this comment in the
following manner. The authors assert that RAS does not engage in dimerization through the G
domain, a hypothesis that contrasts with certain prior research findings. Instead, they
propose that the plasma membrane plays a pivotal role in the clustering of RAS. Furthermore,
the authors mention the involvement of RAS "dimerization" in RAF dimerization and
activation in the subsequent statements:

“Recruitment of two RAF proteins by RAS proteins in close proximity facilitate RAF activation
but are not required for RAF dimerization.”

“However, the PM recruitment of two RAF proteins by two non-dimerized but co- localized
RAS proteins would serve equally well to promote RAF dimerization. Moreover, recent work
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7 Li f on the activation cycle of RAF dimers (ref 20-23) argues strongly against a role for RAS
zieLire dimers while revealing regulation by the 14-3-3 and SHOC2-MRAS- PP1C complexes. (Ref 24)”

The primary focus of our study centers on elucidating the intricate details of the RAS-RAF
interaction and the mechanisms underlying RAF autoinhibition, rather than emphasizing
RAF dimerization as the sole pathway to RAF activation. It is important to recognize that RAF
activation encompasses multiple steps, including RAS-mediated relief of RAF autoinhibition.

To mimic physiological conditions as closely as possible, we employed a GST-tag on RAS in
our experiments. It's worth noting that GST has a dimerization property,9 which brings RAS
molecules into close proximity to one another, effectively emulating conditions akin to the
plasma membrane. Our primary objective is not solely to facilitate interactions by bringing
RAS into close proximity. Instead, our aim is to replicate cellular conditions to the greatest
extent feasible, especially within the predominantly in vitro framework of our studies.
Furthermore, we have revised the sentence pertaining to HRAS as follows: “As verified by
size exclusion chromatography (Supplementary Fig 1A), the GST-tag dimerizes and forces
HRAS into close proximity to recapitulate physiological conditions. (ref. 35)”

1. The investigators determine binding affinities between GST-HRAS and NT BRAF domains
(NT2 7.5 {plus minus} 3.5; NT3 22 {plus minus} 11 nM) by SPR, and propose that the BRS
domain has an inhibitory role HRAS interactions with the RAF NT. However, it is unclear
whether these differences are statistically meaningful given the error.

Response: Thank you for bringing up this matter for further discussion. We are fully aware
that these distinctions (NT2 and NT3), considering the overlapping error, lack statistical
significance. Our conclusion points toward the most notable differences occurring when
comparing NT1 to either NT2 or NT3, highlighting that the presence of the BSR has an
inhibitory effect, particularly when the CRD is also present. It's important to note that we did
not directly compare NT2 and NT3 to each other. Our comparison primarily elucidates that
BSR without the CRD, and conversely, CRD without the BSR, do not exhibit the inhibitory
effect. This collective evidence leads to the conclusion that all three domains collaboratively
play a role in negatively regulating BRAF against HRAS.

1. It is unclear why NT1 (BSR+RBD+CRD) was not included in the HDX experiments, which
makes it challenging to directly compare and determine specific contributions of each
domain in the presence of HRAS. Including NT1 in the experimental design could provide
a more comprehensive understanding of the interplay between the domains and their
respective roles in the HRAS-BRAF interaction. Further, excluding certain domains from
the constructs, such as the BSR or CRD, may overlook potential domain-domain
interactions and their influence on the conformational changes induced by HRAS binding.

Response: We acknowledge that incorporating NT1 into the HDX experiments would have
provided clearer insights into the specific contributions of each domain. Originally, it was our
intention to include NT1 in these experiments. Unfortunately, we encountered challenges
with the HDX experiments when it came to BRAF-NT1, as it yielded a significantly low
sequence coverage after MS/MS analysis. We made multiple attempts to address this issue,
which included additional protein purifications involving reducing agents, increasing the
concentration of reaction buffer components, and extending the incubation time with
reducing agents before injection. Despite these efforts, we were unable to obtain the desired
sequence coverage for NT1. Consequently, we switched our approach to analyze NT2 and NT3
as the next best alternative.
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1. The authors perform pulldown experiments with BRAF constructs (NT1: BSR+RBD+CRD,
NT2: BSR+RBD, NT3: RBD+CRD, NT4: RBD alone), in which biotinylated BRAF-KD was
captured on streptavidin beads and probed for bound His/MBP-tagged BRAF NTs.
Western blot results suggest that only NT1 and NT3 bind to the KD (Figure 5). However,
performing a pulldown experiment with an additional construct, CRD alone, it would help
to determine whether the CRD alone is sufficient for the interaction or if the presence of
the RBD is required for higher affinity binding. This additional experiment would
strengthen the authors' arguments and provide further insights into the mechanism of
BRAF autoinhibition.

Response: We are grateful for this valuable suggestion, and in response, we have taken the
initiative to clone and purify a CRD-only construct (NT5) to strengthen our arguments.
Subsequently, we conducted OpenSPR experiments to measure the binding affinity between
NT5 and KD. Our findings clearly indicate that the CRD alone is not sufficient to mediate the
autoinhibitory interactions and that the presence of the RBD is indeed necessary. These
results have been incorporated into Figure 5 and are described within the Results Section for
enhanced clarity and support.

1. While the investigators state that their findings indicate that H- and KRAS differentially
interact with BRAF, most of the experiments are focused on HRAS, with only a subset on
KRAS. As SPR & pull-down experiments are only conducted on NT1 and NT2, evidence for
RAS isoform-specific interactions is weak. It is unclear why parallel experiments were not
conducted with KRAS using BRAF NT3 & NT4 constructs.

Response: We sincerely appreciate your suggestion, which has contributed to enhancing the
overall robustness of the evidence regarding isoform-specific differences between H- and K-
RAS. In response, we performed additional experiments involving NT3 and NT4. The
outcomes of these experiments have been integrated into Figure 4, and we have provided a
comprehensive description of these results within the Results section “BSR differentiates the
BRAF-KRAS interaction from the BRAF-HRAS interaction” of the manuscript.

1. The investigators do not cite the AlphaFold prediction of full-length BRAF (AFP15056-F1)
or the known X-ray structure of the BRAF BRS domain. Hence, it is unclear how Alpha-Fold
is used to gain new structural information, and whether it was used to predict the
structure of the N-terminal regulatory or the full-length protein.

Response: We greatly appreciate the reviewer’s commitment to upholding good scientific
practices and ensuring the inclusion of relevant citations in publications. In our original
manuscript, we employed the UniProt ID P15056 to reference the specific AlphaFold structure
used in our study. This was clarified as follows: "Since the full-length structure of BRAF is still
unresolved, we applied the AlphaFold Protein Structure Database for a model of BRAF to
display the conformation of the N-terminal domains and the HDX-MS results.40,41”
Additionally, we referenced AlphaFold using the two citations recommended on their website
(references 35 and 36 in the original manuscript). To prevent any potential confusion in the
future, we have incorporated "AF-P15056-F1," as suggested.

We are sorry for any misunderstanding that may have arisen regarding the use of AlphaFold
for gaining new structural insights. Our sole intention was to utilize AlphaFold as a tool for
modeling HDX, as a full-length structure of BRAF, encompassing the entire N-terminal
domain, remains unavailable. We have taken steps to clarify our objectives in the manuscript
to ensure the purpose of our AlphaFold utilization is unambiguous.
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5:,“." ELife Furthermore, we wish to emphasize that our utilization of AlphaFold was never intended to
exclude the known X-ray structure of the BRAF-BSR domain. In our revised text, we have
added clarity to our purposes and cited the Lavoie et al. Nature publication from 2018, which
provides alignment between the X-ray structure and the AlphaFold model, thereby enhancing
the confidence in the latter.

1. In HDX-MS experiments, it is unclear how the authors determine whether small
differences in deuterium uptake observed for some of the peptide fragments are
statistically significant, and why for some of the labeling reaction times the investigators
state " {plus minus} HRAS only" for only 3 time points?

Response: First, in reference to the question about " ‘{plus minus} HRAS only’ for only 3 time
points,” we write:

“Both constructs were incubated with and without GMPPNP-HRAS in D20 buffer for set
labeling reaction times (NT3: 2 sec [NT3 + HRAS only], 6 sec [NT3 + HRAS only], 20 sec, 30 sec
[NT3 + HRAS only], 60 sec, 5 min, 10 min, 30 min, 90 min, 4.5 h, 15 h, and 24 h)...”

We realize how this can be confusing. To avoid such confusion, we fixed the text to read
instead:

“Both constructs were incubated with and without GMPPNP-HRAS in D20 buffer for set
labeling reaction times (NT3: 2 sec, 6 sec, 20 sec, 30 sec, 60 sec, 5 min, 10 min, 30 min, 90 min,
4.5h,15h, 45 h and 24 h at RT; NT2: 20 sec, 60 sec, 5 min, 10 min, 30 min, 90 min, 4.5 h, 15 h,
and 24 h at RT)...”

Next, with regard to assessing significance, we determine it by closely examining a consistent
trend in smooth time course plots. To establish this trend, we rely on the presence of more
than four overlapping peptides, each with multiple charge states, within a specific sequence
range. When we observe multiple peptides showing even a small difference in rate exchange,
we can confidently infer that structural changes have taken place. This confidence stems
from the inherent reliability and redundancy in the data analysis approach we have
employed.11,12 It is noteworthy that our focus is primarily on reporting the binding or no
binding, rather than quantifying the magnitude of exchange. As such, conducting multiple
replicates or statistical testing is not deemed necessary.13,14 This is true for multiple reasons:

1. Instead of small deuterium changes (y-axis), we are focusing on the x-axis changes,
which provides a slowing factor and how much that H-D exchange rate has changed.

¢ In a publication investigating the ideal HDX-MS data set, the author explains, “with the
availability of high resolution HDX-MS raw data, it may be the time to shift the data
analysis paradigm from determination of centroid values and presentation of
deuteration levels to deconvolution of isotope envelopes and presentation of exchange
rates.” 15

e Presentation of data through rate changes provides a physical chemistry
measurement, as opposed to a relative measurement with percent deuteration. For
example, slowing with a factor of 10 equates to the energy in 1 kCal. By quick visual
estimation, we see a slowing factor of about 2 when RAS is bound to the BRAF-RBD.

e We made some changes to the text to clear up any confusion about measuring D
uptake vs rate.
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1. Looking at sigmoidal curves only—the “smooth time course” shows that the
timedependent deuterium changes are not random, artifacts, or false
positives/negatives. When parallel sigmoidal curves are present, any x-axis change is a
measure of H-D exchange. Only plots with a smooth time course are used to make
conclusions about BRAF’s conformational changes or binding interfaces.

2. Wide time range- the extended time also confirms that any observed difference is
reliable and accurate. This extended time frame provides coverage for deuteration
levels from 0 to 100% for peptides. A smooth time course is present in complete
coverage.

e A narrow time window is a common flaw in HDX-MS studies14,15

1. The rate change is observed at multiple time points (at least 4 for each peptide), which
are all independent reactions, and show reproducibility of change

2. Many overlapping peptides show the same pattern- the exchange rate difference is
observed in at least 4 peptide time plots without contradictory evidence within the
sequence range.

¢ We included the complete set of peptide time plots in the supplemental materials.

1. The many other peptide time plots that do not show any difference with and without
RAS is a form of reproducibility, that no difference means no difference.

1. The investigators find that KRAS binds NT1 in SPR experiments, whereas HRAS does not.
However, the pull-down assays show NT1 binding to both KRAS and HRAS. SI Fig 5
attributes this to slow association, yet both SPR (on/off rates) and equilibrium binding
measurements are conducted. This data should be able to 'tease’ out differences in
association.

Response: Thank you for bringing up this important point. It's crucial to note that the
experiments conducted at slow flow rates generated low responses, making it challenging to
perform kinetic analyses effectively. Consequently, we are unable to provide accurate
equilibrium binding measurements (on/off rates) for NT1 and HRAS. Regrettably, comparing
the association rates between KRAS and HRAS is not feasible due to the differing flow rates
employed. We have addressed this limitation in the manuscript as follows:

“We therefore immobilized NT1 and flowed over HRAS at a much slower flow rate (5 yL/min),
during which we saw minimal but consistent binding (Supplementary Fig 5A). The low
response and long timeframe of each injection, however, makes the dissociation constant
(KD) unmeasurable and incomparable to our other NT-HRAS OpenSPR results.”

1. The model in Figure 7B highlights BSR interactions with KRAS, however, BSR interactions
with the KRAS HVR (proximal to the membrane) are not shown, as supported by Terrell et
al. (2019).

Response: Thank you for the suggestion. We reoriented the BSR closer to HVR of KRAS rather
than G-domain.
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1. The investigators state that 'These findings demonstrate that HRAS binding to BRAF
directly relieves BRAF autoinhibition by disrupting the NT1-KD interaction, providing the
first in vitro evidence of RAS-mediated relief of RAF autoinhibition, the central dogma of
RAS-RAF regulation. However, in Tran et al (2005) JBC, they report pulldown experiments
using N-and C-terminal fragments of BRAF and state that 'BRAF also contains an N-
terminal autoinhibitory domain and that the interaction of this domain with the catalytic
domain was inhibited by binding to active HRAS'. This reference is not cited.

Response: We appreciate the concern raised regarding our statement. We want to clarify that
it was never our intention to disregard this JBC publication, and we apologize for any
misunderstanding caused by our phrasing. We recognize that our initial statement was
contentious, and we have removed the word "first" from the phrase "first in vitro evidence."
In the section of the discussion where we originally cited the Tran et al. (2005) publication,
we have revised the language to eliminate "first" and have rephrased the sentence, as
provided below:

“Our in vitro binding studies align with previous implications that RAS relieves RAF
autoinhibition shown through cell-based coIP’s.5”

1. In Fig 2, panels A and C, it is unclear what the grey dotted line in is each plot.

Response: Thank you for drawing our attention to the additional explanation needed here.
The gray dotted lines represent the maximum deuterium exchange. We added the following
description to the figure 2 legend:

“Gray dotted lines represent the theoretical exchange behavior for specified peptide that is
fully unstructured (top) or for specified peptide with a uniform protection factor (fraction of
time the residue is involved in protecting the H-bond) of 100 (lower).”

| 1. In Fig 3, error analysis is not provided for panel E.

Response: We added the standard deviation values to this panel. We additionally added these
for Fig 4C and Fig 5B.

| 1. How was RAS GMPPNP loading verified?

Response: Ras loading is a well-established protocol with a solid foundation in the
literature.16— 21 We followed this accepted method for nucleotide exchange. Our controls, as
evident in pulldown and OpenSPR experiments (fig 1C, 4E), unequivocally demonstrate that
GMPPNPloaded RAS is active, while unloaded RAS is inactive, as evidenced by the absence of
no binding. We also added supplemental figure 6E to show that inactive (unloaded) GST-KRAS
does not bind to BRAF during OpenSPR analysis. To exemplify this, we included binding
curves of 1 pM GST-KRAS- GMPPNP and -GDP flowed over NTA-immobilized BRAF-NT2 at a
flow rate of 30 pl/min.
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