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A Structure Is Worth a Thousand Words: 
New Insights for RAS and RAF Regulation 
Dhirendra K. Simanshu1 and Deborah K. Morrison2

ABSTRACT The RAS GTPases are frequently mutated in human cancer, with KRAS being the 
predominant tumor driver. For many years, it has been known that the structure and 

function of RAS are integrally linked, as structural changes induced by GTP binding or mutational events 
determine the ability of RAS to interact with regulators and effectors. Recently, a wealth of informa-
tion has emerged from structures of specific KRAS mutants and from structures of multiprotein com-
plexes containing RAS and/or RAF, an essential effector of RAS. These structures provide key insights 
regarding RAS and RAF regulation as well as promising new strategies for therapeutic intervention.

Significance: The RAS GTPases are major drivers of tumorigenesis, and for RAS proteins to exert their 
full oncogenic potential, they must interact with the RAF kinases to initiate ERK cascade signaling. 
Although binding to RAS is typically a prerequisite for RAF to become an activated kinase, determining 
the molecular mechanisms by which this interaction results in RAF activation has been a challenging 
task. A major advance in understanding this process and RAF regulation has come from recent struc-
tural studies of various RAS and RAF multiprotein signaling complexes, revealing new avenues for 
drug discovery.

INTRODUCTION
Mutated RAS genes were the first cellular oncogenes to be 

identified in human tumors more than 40 years ago. Through 
decades of research, the RAS GTPases have been established 
to function as molecular switches that cycle between active 
and inactive states to transmit signals that regulate critical 
cellular processes, including proliferation, migration, apop-
tosis, and survival (reviewed in refs. 1, 2). The conversion of 
RAS from the inactive GDP-bound form to the active GTP-
bound state is stimulated by guanine nucleotide exchange 
factors (GEF), which catalyze the exchange of GDP for GTP 
(Fig.  1A). Active RAS is then converted back to the inactive 

form by GTPase-activating proteins (GAP), such as NF1 and 
RASA1/p120GAP, which accelerate the intrinsic GTP hydrol-
ysis rate of RAS by five orders of magnitude. In the active 
state, RAS interacts with a large number of effector proteins, 
most notably the RAF kinases, PI3K, and RALGDS, leading 
to the activation of multiple downstream signaling cascades 
that together constitute “the RAS pathway.”

Of the RAS pathway components, the structure of RAS 
itself was the first to be solved, and in this review, we will dis-
cuss how the structural analysis of RAS has greatly advanced 
our understanding of the molecular mechanisms that regu-
late RAS function. In addition, we will describe how recent 
structures of complexes containing RAS and/or RAF have 
provided critical insight regarding how RAS binding pro-
motes the activation of one of its key downstream effectors, 
the RAF kinase family.

RAS STRUCTURE AND SWITCH REGIONS
The three human RAS genes encode four different RAS pro-

tein isoforms—HRAS, NRAS, KRAS4A, and KRAS4B—with 
the last two isoforms arising from alternative splicing of the 
fourth KRAS exon, thus generating KRAS proteins with dif-
ferent C-terminal sequences. Although all four RAS isoforms 
share high sequence and structural homology in the GTPase 
domain (G-domain; 1–166), they differ significantly in the 
last 20 amino acids, forming what is known as the RAS hyper-
variable region (HVR), a segment that plays a critical role in 
anchoring RAS to the inner leaflet of the plasma membrane. 
Due to its GTP-binding activity and sequence homology, the 
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Figure 1.  RAS GDP/GTP cycle and structural changes in RAS-mutant alleles. A, RAS cycles between inactive GDP-bound and active GTP-bound states 
to regulate effector-mediated signaling. Inactive RAS is activated by GDP/GTP exchange stimulated by GEFs such as SOS (Son of Sevenless). Active 
RAS is converted back to the inactive state by GTP hydrolysis stimulated by GAPs such as NF1 and RASA1/p120GAP. KRAS-GDP (PDB ID: 6MBT) and 
KRAS-GppNHp (PDB ID: 6XI7) are shown in cartoon representation, and the bound nucleotide and Mg2+ are shown in stick and sphere representations, 
respectively. Switch-I and switch-II regions are colored magenta and blue, and interactions formed by Mg2+ and γ-phosphate are shown using dashed 
lines. Side-chain atoms of S17 and T35 (only in KRAS-GppNHp) coordinate with Mg2+ and are shown in stick representation. B, Structure of full-length 
farnesylated and methylated KRAS4B in complex with PDEδ (PDB ID: 5TAR). In this panel, KRAS4B and PDEδ (pink) are shown in cartoon representation, 
whereas prenylated C185 (green) and GDP are shown in stick representation. C, Enlarged view of the nucleotide-binding pocket in the GppNHp-bound 
KRAS (PDB ID: 6XI7) showing switch regions and residues (ball and stick representation) that are mutated in RAS-driven cancers. D and E, Crystal 
structure of GppNHp-bound KRASG12R (PDB ID: 6CU6; D) and GDP-bound KRASA146T (PDB ID: 6BOF; E) showing allele-specific structural changes in the 
switch-I and switch-II regions, respectively. Mutated residues (green) are shown in ball and stick representation. The KRASG12R mutation causes structural 
changes in switch-II that disrupt binding to the effector PI3Kα (D). The KRASA146T mutation causes a marked extension of the switch-I region away from 
the nucleotide binding site that results in a high rate of nucleotide exchange (E). F, Crystal structure of GDP-bound KRASG12C in complex with covalent 
inhibitor sotorasib (PDB ID: 6OIM). Sotorasib (green) covalently bound to C12 is shown in ball and stick representation.
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first structural model of RAS was based upon the structure 
of the GTP-binding domain of EF-Tu, an elongation factor 
involved in protein synthesis (3). Only a few years later, crystal 
structures of HRAS bound to GDP were solved, confirming 
that RAS, like the EF-Tu G-domain, contains a similar cen-
tral  β-sheet comprised of six  β-strands that are surrounded 
by five α-helices (4). Subsequently, comparison of the struc-
ture of GDP-bound HRAS with that of HRAS bound to 
GppNHp, a nonhydrolyzable analogue of GTP, revealed that 
the tertiary structure of GDP- and GTP-bound RAS were 
similar, except for conformational differences observed in 
two regions of the protein that were designated switch-I and 
switch-II (5). In the years that followed, numerous structures 
of RAS in complex with GAPs, GEFs, and effector proteins 
have been solved, and in all cases, these two switch regions 
have been found to play an essential role in orchestrating key 
protein interactions (Fig.  1A). More specifically, structural 
analyses of RAS proteins in complex with the RAS-binding 
or RAS-association domains of effectors demonstrated that 
the switch-I region (residues 30–38) is vital for RAS-effector 
recognition, whereas residues in the switch-II region (residues 
60–76) contribute primarily to regulatory interactions with 
RAS GEFs and GAPs.

POSTTRANSLATIONAL MODIFICATIONS AND 
RAS RECRUITMENT TO THE MEMBRANE

For many years, it has been known that localization of RAS 
proteins to the plasma membrane is required for their signal-
ing function and that membrane recruitment is mediated by 
lipid modifications occurring at the C-terminus of the HVR. 
All RAS proteins are farnesylated on the cysteine residue in 
the C-terminal CAAX motif (where C is cysteine, A is usu-
ally an aliphatic residue, and X is any amino acid), which 
occurs through a multistep process that involves prenylation, 
proteolysis, and methylation. HRAS, NRAS, and KRAS4A 
are also palmitoylated on one or two cysteines found imme-
diately upstream of the CAAX motif. In contrast, KRAS4B 
lacks cysteine residues for palmitoylation and instead con-
tains a polybasic region, consisting of multiple lysine resi-
dues that promote membrane binding by interacting directly 
with the negatively charged headgroups on membrane lipids. 
Moreover, unlike other RAS family members, which traffic 
through the Golgi apparatus to reach the plasma membrane, 
KRAS4B is routed directly from the endoplasmic reticulum 
to the plasma membrane, and its transfer to the membrane 
is facilitated by PDEδ, a trafficking chaperone for prenylated 
proteins (6). Structural studies of KRAS4B in complex with 
PDEδ have shown that the interaction with PDEδ is driven by 
KRAS4B C-terminal residues, with farnesylated and methyl-
ated C185 of the CAAX motif binding tightly to the central 
hydrophobic pocket of PDEδ  to allow transit of fully pro-
cessed KRAS4B through the cytosol (Fig. 1B; ref. 7).

In addition to the HVR, the conserved N-terminal 
G-domain also plays a role in orienting RAS at the membrane 
surface. Previous studies have indicated that RAS G-domains 
can populate a few distinct orientations at the plasma mem-
brane and that orientation preferences can be modulated 
by the lipid environment, nucleotide binding, as well as the 
presence of disease-associated mutations (8–12). In addition, 

RAS proteins can diffuse laterally at the plasma membrane to 
form higher-order oligomers called nanoclusters, with each 
cluster consisting of 6–7 RAS proteins (13). These RAS nano-
clusters are dynamic assemblies and act as exclusive sites for 
effector recruitment (14). On the basis of in vitro and cellular 
data, multiple studies have suggested the existence of RAS 
dimers that are formed via interfaces involving helices α4/α5 
or α3/α4 or, alternatively, by β2/switch-I (recently reviewed in 
ref. 14). One report in the past year has proposed that bind-
ing of RAS to its effector RAF may facilitate dimerization of 
the RAS G-domains through an allosteric mechanism that 
involves the galectin scaffolds (15). In a second report, it has 
been proposed that RAS proteins assemble into higher-order 
helical complexes, referred to as signalosomes, in which only 
some of the RAS members directly contact the plasma mem-
brane (16). Although further studies are needed to address 
these models, it is clear that a more comprehensive under-
standing of RAS organization at the membrane will provide 
valuable information relevant to effector engagement and 
downstream signal transduction.

Like many cellular proteins, KRAS (and likely the other 
RAS isoforms) has been found to undergo cleavage of the 
initiator methionine and acetylation of the nascent N-termi-
nus (17, 18). Structural studies of KRAS proteins lacking one 
or both of these modifications together with biochemical 
experiments have revealed that N-acetylation after removal 
of the initiator methionine stabilizes the tertiary structure 
of KRAS and is critical for retaining Mg2+ in the nucleotide-
binding pocket. In addition, other conditional, posttransla-
tional modifications have been reported for RAS proteins, 
including mono- and diubiquitination, phosphorylation, 
sumoylation, acetylation, and nitrosylation (19–22). Less is 
known regarding the regulatory effects of these posttrans-
lational modifications; however, they likely contribute to 
RAS signaling dynamics and have been recently reviewed 
elsewhere (23).

RAS MUTATIONS AND ALLELE-SPECIFIC 
DIFFERENCES

Mutations in RAS are estimated to be responsible for 
approximately 20% of all human cancers (24). Among the 
three RAS genes, mutations in KRAS are responsible for 75% 
of RAS-driven cancers, followed by mutations in NRAS (17%) 
and HRAS (7%; ref. 24). Strikingly, the mutational frequency 
observed in the RAS genes varies significantly among differ-
ent cancer types, with KRAS mutations predominating in 
pancreatic ductal adenocarcinomas, colorectal cancers, and 
lung adenocarcinomas. However, NRAS mutations are mainly 
observed in hematopoietic tumors and malignant melano-
mas, and HRAS mutations are most frequently detected 
in head and neck squamous cell carcinomas and bladder 
tumors. For all RAS proteins, oncogenic mutations occur 
primarily in the G-domain at conserved amino acid posi-
tions G12, G13, and Q61 (Fig.  1C). Distinct differences in 
the mutational frequency at these positions are also observed 
among the various RAS isoforms. For example, G12 muta-
tions comprise 83% of all KRAS alterations, followed by G13 
(14%), and Q61 (2%) mutations. In contrast, Q61 is the pre-
dominant site mutated in NRAS, followed by G12 and G13, 
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whereas in HRAS, a more equivalent mutational frequency of 
G12, G13, and Q61 is observed.

Early structural studies revealed that mutation of any 
of these three G-domain residues alters RAS structure in a 
manner that impedes GAP binding and prevents the critical 
“arginine finger” of the GAPs from extending into the RAS 
active site to promote GTP hydrolysis (25, 26). As a result, 
the RAS mutants remain in the active GTP-bound signal-
ing state. More recently, studies have shown that different 
amino acid substitutions at a specific position can generate 
mutant RAS proteins with distinct biochemical, structural, 
and signaling properties, indicating that not all RAS muta-
tions are created equal (27, 28). The structural determination 
of numerous oncogenic KRAS mutants have provided a more 
sophisticated and in-depth understanding of how specific 
mutations alter the regulation and function of RAS to drive 
tumorigenesis. These studies have revealed differences not 
only in the GAP-mediated and intrinsic GTPase activity of 
RAS, but also in GEF-mediated and intrinsic nucleotide 
exchange rates and in effector interactions. For example, 
while the G12, G13, and Q61 mutations broadly result in the 
loss of GAP-mediated GTPase activity, Q61 mutations also 
reduce the intrinsic GTPase activity of RAS, and the G13D 
mutation causes increased intrinsic nucleotide exchange. 
Interestingly, structures of KRASG13D in complex with the 
RASGAP domain of NF1 have indicated that in contrast to 
substitutions at G12 and Q61, the G13D mutation allows 
the arginine finger of NF1 to enter the catalytic pocket for 
NF1-mediated GTP hydrolysis (29). Further experimenta-
tion revealed that KRASG13D was uniquely sensitive to the 
GAP activity of NF1 but not RASA1/p120GAP and was still 
responsive to upstream signals when NF1 was present (29). 
This finding provides insight as to why a retrospective study 
found that patients with colorectal cancer whose tumors 
expressed KRASG13D exhibited a responsiveness to the EGFR 
inhibitor, cetuximab (30). Although a dedicated prospective 
trial failed to support the retrospective results (31), two sub-
sequent studies have reported that colorectal cancer cell lines 
expressing the G13D mutant are sensitive to EGFR inhibition 
and that NF1 plays a critical role in determining drug sensi-
tivity (29, 32). Further establishing the relationship between 
NF1 and G13D mutants, analysis of cancer genome data-
bases indicates that inactivating mutations in NF1 frequently 
co-occur in tumors expressing KRASG13D alleles, whereas NF1 
mutations are rarely observed in cancers expressing KRASG12 
or KRASQ61 mutants (29).

With regard to KRAS, G12D and G12V are in general the 
most common alterations observed in human cancer. Nota-
bly, the G12R mutation, which also affects G12, is rarely 
observed in most cancers; however, in pancreatic ductal ade-
nocarcinoma (PDAC), KRASG12R is the third most prevalent 
mutation (∼20%). Recent results have revealed that in PDAC, 
the KRASG12R mutant is functionally distinct from the more 
common G12D and G12V mutants, in that G12R does not 
drive macropinocytosis, a nutrient-scavenging metabolic pro-
cess needed for PDAC growth (33). Structural and biochemi-
cal analysis of the KRASG12R variant found that this mutation 
causes perturbations in the switch-II region (Fig. 1C and D) 
that disrupt binding interactions with PI3Kα, a key effec-
tor required for KRAS-dependent macropinocytosis. Further 

analysis of KRAS-mutant PDAC lines indicated that G12R-
mutant lines depend on the upregulation of PI3Kγ  for 
macropinocytosis (33).

The A146T mutation is the fourth most common KRAS 
alteration (Fig. 1), and it is frequently observed in colorectal 
and hematopoietic cancers. Structural analysis of KRASA146T 
showed that this mutation causes a marked extension of 
the switch-I region away from the nucleotide-binding site 
(Fig. 1C and E), thus promoting a high rate of intrinsic and 
GEF-mediated nucleotide exchange (34). Therefore, due to 
the ten-fold higher concentration of GTP versus GDP in 
the cellular milieu, this mutant exists primarily in a GTP-
bound state even though it is sensitive to GAP-mediated 
GTP hydrolysis. Thus, in contrast to the predominant G12, 
G13, and Q61 mutations, the A146T mutation promotes 
the formation of KRAS-GTP by increasing the forward rate 
of GDP-to-GTP nucleotide exchange rather than conferring 
resistance to GAP activity (34).

RAS A59 mutations (A59T/E) also occur with low fre-
quency in human cancer, and reports have suggested that 
autophosphorylation of the A59T mutant or expression 
of the phosphomimetic A59E accounts for the oncogenic 
potential of these alleles. Recently, a study has found that 
A59T/E mutations alter the structure of the RAS-active site 
to enhance intrinsic nucleotide exchange and inhibit GTP 
hydrolysis (Fig.  1C), and that they do so at the expense of 
certain effector interactions (35).

Finally, the G12C mutation, which has been observed in 
KRAS, NRAS, and HRAS proteins, is distinctive among all 
RAS alterations in that the presence of the mutationally gen-
erated cysteine residue with its thiol group provides a unique 
molecular handle that can be covalently modified. Previously, 
RAS proteins were considered undruggable due to the subna-
nomolar binding affinity of GDP/GTP and the lack of drug-
binding pockets on the surface of RAS. However, because the 
G12C mutant, unlike other G12 mutants, undergoes rapid 
GTP–GDP cycling, it was found that thiol-reacting, small-
molecule inhibitors could be used to target and trap G12C 
mutants in the inactive GDP-bound state (36). Due to the high 
prevalence of KRASG12C mutations in lung adenocarcinomas, 
a number of inhibitors have been developed that bind cova-
lently to cysteine 12 within the switch-II pocket of GDP-bound 
KRASG12C (Fig. 1F). In preclinical studies, these inhibitors have 
been shown to disrupt oncogenic signaling and cause potent 
tumor regression in patient-derived xenograft models of G12C 
cancers (37–40). Among several KRASG12C inhibitors, sotorasib 
and adagrasib have shown promising results in early clinical 
trials (41), and the FDA has recently approved sotorasib as a 
treatment therapy for patients with non–small cell lung cancer 
(NSCLC) whose tumors harbor the KRASG12C mutant.

THE RAF KINASES–ESSENTIAL 
EFFECTORS OF RAS

In order for all RAS proteins to promote tumorigenesis, 
they must engage the ERK/MAPK cascade, comprised of the 
RAF, MEK, and ERK protein kinases (reviewed in refs. 1, 2). 
The initiating kinases in this effector cascade are members 
of the RAF kinase family, CRAF/RAF1, BRAF, and ARAF, all 
of which possess a RAS-binding domain (RBD) that enables 
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them to interact directly with GTP-bound RAS (42, 43). 
The interaction with RAS promotes RAF catalytic activation, 
allowing RAF to phosphorylate and activate MEK, which 
in turn phosphorylates and activates ERK. Once activated, 
ERK can then phosphorylate targets throughout the cell that 
ultimately bring about the biological changes needed for cell 
proliferation and tumor growth (44). For the MEK and ERK 
kinases, the activation mechanism is quite straightforward 
with the activating phosphorylation sites located in a region 
of the kinase domain known as the activation segment, which 
undergoes a conformational change when phosphorylated 

that opens the catalytic site for substrate phosphorylation. 
In contrast, the mechanisms regulating RAF activation are 
much more complex, involving changes in subcellular locali-
zation, protein, and lipid interactions, as well as alterations in 
the RAF phosphorylation state.

All members of the RAF kinase family can be divided 
into two functional domains, an N-terminal regulatory 
domain and a C-terminal kinase domain (Fig.  2A; ref.  45). 
The regulatory domain contains a variable length N-terminal 
segment, followed by the RBD, a zinc finger–containing, 
cysteine-rich domain (CRD), and a linker region possessing 
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Figure 2.  RAF-interacting proteins and structures of active BRAF2:14-3-32 and BRAF2:14-3-32:MEK2 complexes. A, In the active state, the RBD and 
CRD present in the amino-terminal regulatory region of RAF interact with RAS, and the CRD also interacts with membrane lipids. RAF kinases contain 
two phosphoserines that serve as binding sites for a 14-3-3 dimer. One of these phosphoserines is located in the linker region between the CRD and the 
kinase domain, and the second is present in the short C-terminal tail following the kinase domain. During the RAF activation process, dephosphorylation 
of the phosphoserine located in the N-terminal domain is carried out by the SHOC2–MRAS–PP1C complex. The C-terminal kinase domain has been shown 
to homo- or heterodimerize with the kinase domains of other RAF and KSR proteins. MEK has also been found to associate with the BRAF kinase domain 
in the autoinhibited and active states. RAF kinases, especially CRAF/RAF1, are dependent on the HSP90/CDC37 chaperone complex for proper protein 
folding. B and C, The cryo-EM structures of active BRAF homodimers observed in the active BRAF2:14-3-32 (PDB ID: 7MFF; B) and BRAF2:14-3-32:MEK2 
(PDB ID: 6Q0J; C) complexes. Two BRAF kinase domains (light and dark orange in cartoon representation) form back-to-back dimer, with each BRAF 
kinase domain binding to MEK (light green in cartoon representation). A 14-3-3 dimer (light and dark gray in surface presentation) binds to the p729 sites 
located in the C-terminal tail of both BRAF kinase domain protomers. The BRAF regulatory domain is not visible in the cryo-EM maps of active BRAF 
complexes, likely due to the flexibility of these regions in the absence of membrane-binding partners.
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a phosphorylation-dependent 14-3-3 binding site (42, 43). In 
addition, all RAF kinases contain a second phosphorylation-
dependent 14-3-3 binding site located in the short C-terminal 
tail that follows the kinase domain. It is important to note 
that members of the 14-3-3 family (β,  γ,  ε,  σ,  ζ,  τ, and  η  in 
mammals) are specific phosphoserine/phosphothreonine 
(pS/T) binding proteins that contribute to the regulation of 
many cellular proteins in addition to the RAF kinases (46). 
They exist in cells as obligate homo- or heterodimers, with 
each protomer in the dimer containing an independent pS/T 
binding channel (47).

In quiescent cells, the RAF kinases localize to the cytosol 
as monomers (48), where they are maintained in a presignal-
ing, inactive state through multiple regulatory mechanisms, 
including autoinhibitory contact between the RAF regulatory 
and kinase domains, phosphorylation of negative regulatory 
sites, and binding of a 14-3-3 dimer. A seminal breakthrough 
in understanding RAF activation came with the early discov-
ery that the RAFs selectively interact with active GTP-bound 
RAS (49–51) and that the ability to bind RAS is typically a 
requirement for RAF activation (52). A second major advance 
in elucidating how the RAFs become activated enzymes 
emerged from crystal structures of BRAF kinase domains 
bound to ATP-competitive RAF inhibitors, showing that the 
BRAF kinase domains form back-to-back dimers (53). Sub-
sequent mutational analysis of the 14-3-3 binding sites and 
key conserved residues in the RAF dimer interface and the 
RBD further demonstrated that dimer formation and bind-
ing of 14-3-3 to the RAF C-terminal site are needed for RAS-
dependent RAF activation and that RAS binding is usually a 
prerequisite for the assembly of active, dimeric RAF-14-3-3 
complexes (54–58). Recently, important new insight regard-
ing the RAF activation cycle has come from cryo-electron 
microscopy (cryo-EM) and crystal structures of inactive and 
active BRAF complexes and from RAS-bound RAF complexes, 
providing visual context to the knowledge obtained through 
years of biochemical and cell-based research.

ACTIVE BRAF DIMER COMPLEXES
Because BRAF is an important driver in human cancer, 

many crystal structures of isolated BRAF kinase domains 
have been obtained. However, a 2019 study from Kondo and 
colleagues (59) was the first to report a cryo-EM structure 
of the full-length, active BRAF2:14-3-32 complex at 3.9 Å 
(Fig.  2B). As expected, the BRAF kinase domains formed a 
back-to-back dimer, and both protomers were in a confor-
mation that is typical for active kinases. Like other protein 
kinase domains, the RAF kinase domain is comprised of an 
N-terminal lobe (N-lobe) and a C-terminal lobe (C-lobe) that 
are connected by a flexible hinge region. In the active confor-
mation, spatially conserved, hydrophobic residues spanning 
both the N- and C-lobes align to form two parallel columns, 
known as the regulatory and catalytic spines (R-spine and 
C-spine, respectively; ref.  60). Alignment of the spines sta-
bilizes the lobes and orients key catalytic residues into posi-
tion for substrate phosphorylation. One of the RAF R-spine 
residues is a leucine in the N-lobe αC-helix (L505 in BRAF), 
and for the R-spine to align, the αC-helix bearing this leucine 
residue must move to what is termed the “IN” position. In 

addition, this R-spine leucine lies adjacent to an arginine 
residue (R506 in BRAF) that plays a critical role in dimer for-
mation and is part of the conserved RTKR (Arg-Thr-Lys-Arg) 
dimer interface motif (61). As a result, when the RAF kinase 
domains dimerize, the  αC-helix shifts to the “IN” position, 
thereby aligning the regulatory spine and linking dimeriza-
tion to catalytic activation (56).

In the cryo-EM structure reported by Kondo and colleagues 
(59), the αC-helices of both protomers are found in the active 
“IN” position with the R-spines aligned. Not unexpected, 
no structural density beyond the BRAF kinase domain was 
obtained from the full-length, active BRAF2:14-3-32 complex, 
indicating that in the absence of binding partners at the 
plasma membrane, protein domains within the BRAF regula-
tory region are highly flexible. Nonetheless, this important 
structure was the first to demonstrate that a single 14-3-3 
dimer can bridge two proteins, and for BRAF, binding to 
the C-terminal sites in both protomers stabilizes the dimer-
ized kinase domains. Surprisingly, an asymmetric orientation 
was observed between the dimerized BRAF kinase domains 
and the 14-3-3 dimer, despite the fact that both dimers 
exhibit 2-fold symmetry. Initially, this asymmetric orienta-
tion was thought to be related to the observation that resi-
dues in the BRAF C-tail segment (residues F743-A749) of one 
protomer appeared to insert into the active site of the second 
protomer, which would block the catalytic activity of the 
second protomer. This configuration was also proposed to 
represent a transactivation mechanism similar to the “para-
doxical activation” observed when a RAF inhibitor binds to 
one protomer in a dimer and promotes the activation of the 
adjacent “inhibitor-free” protomer (62). However, subsequent 
structures of active BRAF dimers and further biophysical 
studies have argued against this model. In particular, later 
studies have shown that both protomers can assume an 
active conformation with full kinase activity in the absence 
of the C-tail segment and that both active sites are avail-
able for occupancy even when the C-tail segment is present 
(63, 64). Moreover, an asymmetric orientation between the 
BRAF and 14-3-3 dimers has been observed in all subsequent 
cryo-EM and crystal structures of dimeric BRAF2–14-3-32 
complexes regardless of whether the C-tail is present or not 
(63–66). Interestingly, the relative orientations between the 
dimerized BRAF kinase domains and the 14-3-3 dimer does 
vary between the different structures and can be further influ-
enced depending on whether MEK, the downstream substrate 
of RAF, is bound to one or both of the BRAF kinase domains 
(Fig.  2C). Thus, these findings suggest a flexible linkage 
between the BRAF and 14-3-3 dimers, which may be needed 
to accommodate movement within the complex generated by 
substrate binding and enzyme catalysis.

AUTOINHIBITED BRAF MONOMER 
COMPLEXES

Over the years, much less has been known regarding the 
structure of inactive RAF monomers. However, the ground-
breaking 4.1 Å structure of a BRAF:14-3-32:MEK complex 
reported by Park and colleagues (65) changed that, revealing 
the domain organization and key binding partners that con-
tribute to the RAF autoinhibited state (Fig. 3A). This structure 
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firmly established that BRAF and MEK can exist in a preas-
sembled complex prior to signaling events and confirmed the 
central role that 14-3-3 dimer binding and the BRAF CRD 
play in RAF autoinhibition. Importantly, this structure dem-
onstrated that a 14-3-3 dimer could engage simultaneously 
with the BRAF N-terminal (pS365) and C-terminal (pS729) 
binding sites, and in doing so, occlude key regions of BRAF 
required for RAF dimerization and kinase activation. In par-
ticular, the 14-3-3 protomer bound to the BRAF N-terminal 
pS365 site was found to obstruct the dimer interface region 
of the BRAF kinase domain by directly contacting residues 
within the dimer interface (H510, D565, and Y566 of BRAF). 
Likewise, two loops of the BRAF CRD, which are predicted 
to mediate interactions with the plasma membrane (residues 
240–246 and 253–260), were also occluded by 14-3-3. In the 
monomeric BRAF structure, the CRD sits at the center of the 
14-3-3 dimer cradle, interacting with both 14-3-3 protom-
ers and forming contacts with BRAF residues in the 14-3-3 
binding motifs as well as the C-lobe of the BRAF kinase 
domain (Fig.  3A). The integral position of the CRD and its 
network of interactions within the complex are consistent 
with previous studies demonstrating the importance of the 
CRD in mediating autoinhibitory interactions (67–70). In 
addition, this finding provides critical insight as to why the 
CRD is a hotspot for germline BRAF mutations that upregu-
late ERK cascade signaling in the RASopathy developmental 
syndromes (71).

Although no structural information was obtained for the 
BRAF N-terminal segment and linker regions connecting 
the CRD, the pS365 site, and the kinase domain, the autoin-
hibited BRAF structure did reveal that the active site of the 
BRAF kinase domain is oriented away from the 14-3-3 dimer 
and contacts MEK in a face-to-face manner with juxtaposed 

active sites. Extensive interactions were observed between the 
MEK and BRAF kinase domains, with the primary points of 
contact being the activation segments of both kinases and 
their respective  αG-helices, a structural element involved in 
kinase-substrate binding. As expected, both the MEK and 
BRAF kinase domains were in the inactive conformation with 
the αC-helices in the “OUT” position. For BRAF, the outward 
shift of the  αC-helix was further reinforced by residues in 
the activation segment (residues 598–602) that form a helix-
like turn, named the “inhibitory turn,” which packs against 
hydrophobic residues in the αC-helix, the glycine-rich P loop, 
and the β3 strand to stabilize the inactive conformation.

In the full-length, monomeric BRAF structure reported 
by Park and colleagues (65), ATP-γ-S (a nonhydrolyzable 
ATP analogue) was bound to the active site, and the N- and 
C-lobes of the kinase domain were in a closer orientation 
than previously observed in structures of RAF inhibitor–
bound kinase domains (62). A similar compact configura-
tion of the N- and C-lobes is also observed in a 2.9 Å crystal 
structure of an isolated BRAF kinase domain in complex with 
MEK and the ATP analog AMP-PCP (ACP; ref.  66). Further 
analysis of this crystal structure indicates that ACP forms 
multiple interactions within the kinase domain that consoli-
date a cluster of hydrophobic residues, thereby shifting the 
N-lobe to this closer orientation with the C-lobe. Strikingly, 
in this compact configuration, key residues in the RAF dimer 
interface are in an unfavorable position to form and main-
tain the antiparallel N- to C-lobe contacts that are required 
for dimerization, a finding consistent with reports that ATP 
binding can cause the dissociation of dimers formed from 
isolated BRAF kinase domains (66, 72, 73). Thus, in the 
autoinhibited state, not only is the dimer interface obscured, 
it is also in a configuration that would not be conducive for 

A B C
MEK MEK MEK

CRD

CRD

Clash

CRD

pS729
C-term

pS365
N-term

14-3-3 dimer 14-3-3 dimer 14-3-3 dimer

αC-helix
“OUT”

RBD RBD

KRASBRAF (KD) BRAF (KD)
BRAF (KD)

Figure 3.  Structures of autoinhibited monomeric BRAF:14-3-32:MEK complexes. The cryo-EM structures of autoinhibited BRAF:14-3-32:MEK 
complexes with CRD (PDB ID: 6NYB; A) and RBD-CRD (PDB ID: 7MFD; B) visible in the cryo-EM reconstruction. In the autoinhibited complex, the CRD 
(green) is located at the center of the 14-3-3 dimer cradle and makes contacts with the 14-3-3 dimer, the BRAF kinase domain, and both the pS365 and 
pS729 regulatory sites. C, KRAS (from KRAS: RAF1 RBD structure PDB ID: 6VJJ, colored in blue) modeled onto the BRAF:14-3-32:MEK complex with the 
RBD-CRD, showing that KRAS binding to the exposed RBD would generate steric clashes (indicated by red arrow) with the 14-3-3 protomer that lies 
underneath the RBD. The color-coding scheme in these figures is the same as used in Fig. 2C.
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dimerization. Importantly, studies examining dimeric BRAF 
kinase domain:14-3-3 complexes have found that binding 
of the 14-3-3 dimer is required for RAF activation in that it 
allows the kinase domains to remain dimerized even in the 
presence of ATP (66). Interestingly, many of the residues cen-
tral to the ACP interaction network are sites where oncogenic 
mutations occur, suggesting that these mutations, like 14-3-3 
binding, counteract the dimer destabilizing effect of ATP.

RAS–RBD BINDING IN THE CONTEXT OF THE 
AUTOINHIBITED BRAF MONOMER COMPLEX

Recent cryo-EM structures of two distinct monomeric BRAF 
complexes at 3.7 and 4.1 Å have further confirmed the struc-
tural organization of the autoinhibitory conformation, dem-
onstrating the importance of the BRAF CRD, the compact 
configuration of the BRAF kinase domain, and 14-3-3 binding 
in maintaining BRAF in an inactive state (64). However, in 
the structures of these complexes, which were isolated from 
a human HEK293 cell line stably expressing a tagged BRAF 
construct, one of the complexes contained MEK, whereas the 
other was “MEK-free.” These findings are in agreement with 
previous MEK immunodepletion experiments showing that 
when MEK is immunodepleted from lysates of cells such as 
HEK293 or HCT116, significant levels of BRAF still remain, 
suggesting that there is a dynamic equilibrium between MEK-
bound and MEK-free BRAF complexes (74). In addition, 
these two cryo-EM structures demonstrate that binding of 
the 14-3-3 dimer along with RAF inter- and intramolecular 
interactions are sufficient to maintain the autoinhibited con-
formation, albeit MEK binding may further stabilize the auto-
inhibited complex, as local resolution maps of the MEK-free 
complexes indicate an increased flexibility. Notably, a distinct 
feature of these monomeric BRAF structures is that the RBD 
was well resolved in both, revealing the orientation and posi-
tion of this critical domain. In these structures, the RBD sits 
adjacent to the C-lobe of the BRAF kinase domain and on top 
of the 14-3-3 protomer bound to the pS729 site (Fig. 3B), with 
a large RBD:14-3-3 interface (∼435 Å2) formed by the  α8-α9 
helices and loop 8 of 14-3-3 and the RBD α1-helix.

Basic residues (R158, R166, K183, and R188) in the BRAF 
RBD that form key ionic bonds with acidic residues (E31, D33, 
E37, and D38) in the RAS switch-I region are largely exposed 
in these autoinhibited structures. However, modeling studies 
indicate that as RAS is engaged to form the high-affinity ionic 
bonds, steric clashes and electrostatic repulsion between RAS 
and 14-3-3 would be predicted to occur at the RBD:14-3-3 
interface (Fig. 3C). In particular, residues in the RAS α1-helix 
and switch-I region would clash with the α8- and α9 helices 
of 14-3-3 that lie beneath the RBD, and electrostatic repul-
sion would be generated as acidic residues (D30 and E31) in 
RAS switch-I are brought in close proximity to acidic residues 
(D197 and E198) in 14-3-3. Because certain BRAF RBD resi-
dues predicted to be involved in full RAS:RBD contact (most 
notably, M186 and M187) are occluded by 14-3-3, Martinez 
Fiesco and colleagues propose that the steric clashes and 
electrostatic repulsion are the initiating events that instigate 
a change in how the 14-3-3 dimer contacts BRAF, thus expos-
ing the occluded RBD residues (64). Moreover, mutational 
analysis of the RBD M186/M187 residues indicates that 

these methionines of BRAF are involved in RAS binding and 
serve a dual function, first contributing to the autoinhibited 
state through contact with 14-3-3 and then participating in 
the full spectrum of interactions with RAS that would dis-
lodge the RBD and, in turn, the CRD, due to the short linker 
between these two domains, from the autoinhibited complex. 
Given its integral position in the autoinhibited conforma-
tion, extraction of the BRAF CRD would be predicted to 
facilitate the release of 14-3-3 from the pS365 site, exposing 
the dimer interface and allowing the pS365 site to be dephos-
phorylated by the SHOC2/MRAS/PP1C complex.

Finally, it should be noted that as with the autoinhib-
ited structure reported by Park and colleagues (65), the 
BRAF N-terminal segment was also not resolved in the two 
autoinhibited structures obtained by Martinez-Fiesco and 
colleagues (64). However, studies utilizing bioluminescence 
resonance energy transfer to monitor RAS–RAF binding pref-
erences in live cells have indicated that the RAF N-terminal 
segment provides an additional level of regulation in facili-
tating the formation of specific RAS–RAF complexes (75). In 
these studies, CRAF was able to bind all activated RAS pro-
teins with high affinity, whereas BRAF exhibited preferential 
binding to KRAS4B that was mediated by the BRAF N-termi-
nal segment and polybasic residues in the C-terminal, HVR of 
KRAS4B. Moreover, in the context of the negatively charged 
plasma membrane, the BRAF N-terminal segment, which 
carries an acidic charge and is 100–150 amino acids larger 
than the N-terminal segment of CRAF or ARAF, appeared to 
act in an inhibitory manner as removal of this region allowed 
BRAF to bind all RAS members with high affinity. With 
regard to the KRAS4B-binding preference, mutational stud-
ies support a model in which residues in the KRAS polybasic 
region engage acidic residues in the BRAF N-terminal seg-
ment to disrupt its inhibitory effect and permit high-affinity 
binding to KRAS. Although additional studies are needed 
to fully define the points of contact between BRAF and 
KRAS, these findings indicate the existence of interactions, 
in addition to RBD binding, that uniquely contribute to the 
BRAF/KRAS interaction.

RAS–RAF BINDING IS MORE THAN JUST THE 
RBD: INTERACTIONS WITH THE CRD

Early biochemical and structural studies established the 
importance of the RAF RBD in RAS binding, and although 
the RAF CRD was also implicated in the RAS–RAF interaction, 
its exact contribution has been less clear. Recently, a crystal 
structure of KRAS in complex with both the RBD and CRD 
of CRAF/RAF1 at 1.95 Å was reported, showing that these 
two tandem domains form one elongated structural entity 
where both the RBD and CRD interact extensively with KRAS 
(ref.  70; Fig.  4A and B). As previously reported (76, 77), the 
KRAS–RBD interface is formed by the KRAS switch-I region, 
with KRAS and the RBD interacting via their  β  strands to 
form an extended β sheet structure (Figs. 4B and C and 5A). In 
contrast, CRD interactions did not involve the KRAS switch 
regions, but instead were mediated via residues in the inters-
witch region (R41, K42, Q43, V44, V45, I46, D47, and G48) and 
helix α5 (R149, D153, and Y157; Figs. 4B, C, and 5B). Notably, 
the KRAS–CRD interaction interface is similar in size to the 
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KRAS–RBD interface and contains nine hydrogen bonds. In 
addition, the KRAS:CRAF/RAF1(RBD-CRD) structure deter-
mined by Tran and colleagues is nearly identical to the recently 
reported HRAS:CRAF/RAF1(RBD-CRD) structure at 2.8 Å, 
indicating that all RAS isoforms are likely to interact with the 
CRAF/RAF1(RBD–CRD) in a similar manner (78).

Surface plasmon resonance–binding studies and muta-
tional analysis of residues at the KRAS–CRD interface 
indicted that although the RBD is primarily responsible for 
the high-affinity interaction between KRAS and CRAF/RAF1, 
the presence of the CRD increases the binding affinity by 
two-fold (70). Moreover, proper interaction between the CRD 
and KRAS was found to be required for full RAF activation, 
as mutation of residues in either the CRD (T178A) or in the 
short linker between the RBD and CRD (L136A) reduced 
KRAS-stimulated CRAF/RAF1 kinase activity in mammalian 
cells by 50% (70). The importance of the RAS–CRD interac-
tion was further indicated by the analysis of more distantly 
related RAS-like proteins in the RAS GTPase subfamily. The 
RAS superfamily consists of the RAS, RHO, RAB, ARF, and 

RAN subfamilies, and although members of the RAS sub-
family such as MRAS, RRAS, RRAS2, RAL, RHEB, RAP1, 
RIT, and RIN can bind RAF, they only weakly promote RAF 
activation (79). Sequence comparison of these RAS subfamily 
GTPases with the conventional RAS family members shows 
high sequence homology in the switch-I region, but signifi-
cant sequence divergency in the interswitch region and the 
C-terminal helix, which constitute the main RAS–CRD inter-
action interface (Fig. 4B and C; ref. 70). The lack of sequence 
conservation at the interaction interface is likely to result in 
suboptimal binding to the RAF CRD, even though contact 
with the RBD can be mediated by the conserved switch-
I region. The sequence differences at the CRD-interacting 
interface provide an explanation for why these RAS subfamily 
GTPases cannot fully activate RAF and further support a role 
for the RAS–CRD interaction in the RAF activation process.

In the active RAS–RAF complex, not only does the CRD 
contact RAS, it is also predicted to interact with the plasma 
membrane via hydrophobic and basic residues found in two 
loops of the CRD (12, 80). Notably, despite being the smallest 
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Figure 4.  Structure of KRAS complexed with CRAF/RAF1 RBD-CRD and sequence analysis of RBD-CRD interacting residues in members of RAS 
subfamily. A, Crystal structure of GppNHp-bound KRAS in complex with CRAF/RAF1 RBD-CRD shown in cartoon representation (PDB ID: 6XI7). KRAS, 
RBD, and CRD are shown in blue, cyan, and green, respectively. Switch regions have the same color scheme as in Fig. 1. B, KRAS with residues interact-
ing with the RAF RBD (cyan) and CRD (green) shown in stick representation. C, Sequence alignment of residues in the switch and interswitch regions in 
members of the RAS subfamily. Partially and fully conserved residues are highlighted in yellow and red, respectively. The switch and interswitch regions 
are indicated above the alignment. Residues highlighted in green show a lack of conservation in the interswitch region among RAS isoforms and other 
members of the RAS subfamily.

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/12/4/899/3113575/899.pdf by U

niversity of Padua (U
niversita D

egli Studi di Padova) user on 17 O
ctober 2022



908 | CANCER DISCOVERY APRIL  2022 AACRJournals.org

Simanshu and Morrison REVIEW

domain in the RAF kinases at approximately 50 amino acids, 
the CRD is now realized to be a critical regulatory element, 
interacting with 14-3-3 and the RAF kinase domain in the 
autoinhibited state and with RAS and the plasma membrane 
during the RAF activation process (Figs. 5B, C, and 6). As men-
tioned above, the membrane-binding loops of the CRD are 
occluded in the RAF autoinhibited conformation; however, 
CRD residues that contact KRAS are largely exposed, poised 
to contact RAS upon RBD binding. Together, binding interac-
tions between RAS and the RBD and CRD at the plasma mem-
brane would be predicted to disrupt the RAF autoinhibited 
state, thereby facilitating the formation of active RAF dimers.

TARGETING BRAF–MEK AND KSR–MEK  
COMPLEXES: INSIGHTS FROM 
STRUCTURAL BIOLOGY

Recent structures of RAF-containing complexes have also 
shed light on the mechanism of action for allosteric MEK 
inhibitors. In particular, high-resolution crystal structures of 
allosteric MEK inhibitors bound to complexes containing the 
isolated BRAF kinase domain and MEK have been reported, 
showing that as with the full-length BRAF–MEK complexes 
described above, the BRAF and MEK kinase domains are in 
the canonical inactive kinase conformation and that they 
interact in a face-to-face manner with juxtaposed active sites 

(81). Analysis of a panel of eight inhibitors revealed that 
despite being structurally diverse, they all bind to the previ-
ously characterized MEK allosteric site that extends along the 
length of the MEK activation segment helix (82, 83). The bind-
ing pocket is formed primarily by MEK; however, BRAF does 
make contributions in that BRAF residues N660, N661, and 
R662 in the pre-αG-helix loop close off one end of the pocket 
and BRAF-binding shapes the MEK portion of the pocket by 
altering the position of the MEK αC-helix as well as the acti-
vation segment helix. When bound to the pocket, all of the 
tested inhibitors position a polar or hydrogen bond–accepting 
group to interact with S212 in the MEK activation segment, 
thereby stabilizing the activation segment in a conformation 
that is resistant to RAF-mediated phosphorylation on acti-
vating sites. Of the eight allosteric MEK inhibitors studied, 
only two contact BRAF directly, trametinib and CH5126766/
VS6766 (81), with CH5126766/VS-6766 reported to stabilize 
MEK and RAF in these inactive complexes (84, 85). Interest-
ingly, structures of trametinib bound to KSR-MEK have also 
been reported and show that trametinib makes contacts with 
residues in the KSR pre-αG-helix loop (86).

The KSR proteins (KSR1 and KSR2) are members of the 
larger RAF kinase family, and they possess a pseudokinase 
domain that can bind MEK in a manner similar to the 
catalytically active RAF kinase domain (74). Recent struc-
tural studies of several allosteric MEK inhibitors bound to 
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complexes containing KSR and MEK have demonstrated 
that the inhibitor compounds also bind to the MEK allos-
teric pocket in these complexes, and that the presence of 
KSR increases the size of the pocket by modifying the posi-
tion of the MEK activation segment to an extended out-
ward conformation (86). Importantly, this remodeling of 
the pocket was found to impact binding affinities, kinetics, 
and drug residency times, with trametinib exhibiting the 
slowest dissociation kinetics from the KSR–MEK complexes. 
Together, these structural studies identify the MEK–KSR 
and MEK–BRAF complexes as biologically relevant targets 
of the allosteric MEK inhibitors. Based on these structures, 
next-generation allosteric MEK inhibitors are being devel-
oped that recognize specific MEK complexes as well as those 

that combine various properties of the current inhibitors. 
For example, a trametinib analogue, known as trametiglue, 
has been designed to retain the potency of trametinib as well 
as its off-rate kinetics on KSR–MEK complexes, but similar 
to CH5126766/VS67666, also stabilize and potentially trap 
BRAF–MEK complexes in the inactive state. Further work 
with these and other allosteric MEK inhibitors may lead to 
more effective treatment therapies.

UNRESOLVED ISSUES AND 
FUTURE DIRECTIONS

The recently determined RAS and RAF structures have 
significantly advanced our understanding of RAS and RAF 
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regulation; however, outstanding issues still remain, and 
the new structures themselves pose some additional ques-
tions. In particular, it is unclear whether all RAF family 
members will exhibit a similar autoinhibited conformation 
as is observed for BRAF, and little is known regarding the 
regulatory mechanisms that determine the formation of RAF 
homodimers versus heterodimers, in particular, the heter-
odimeric BRAF–CRAF/RAF1 complexes that predominate in 
RAS-driven signaling. Moreover, in the context of the plasma 
membrane and RAS binding, whether regions other than the 
RAF kinase domain make contacts that modulate the dynam-
ics of dimerization is not known, nor is the extent to which 
full-length RAF dimers impact the organization of RAS com-
plexes at the membrane.

In addition to providing key regulatory insights, these 
structures have also provided important new information 
relevant to therapeutic drug targeting. For example, with 
mounting structural and biochemical evidence supporting 
isoform and mutation-specific differences in oncogenic RAS 
alleles, it is becoming increasingly apparent that a single 
therapeutic strategy will not work for all RAS-driven cancers. 
Understanding and exploiting these isoform and mutation-
specific differences may reveal distinct vulnerabilities, ena-
bling the development of more refined treatment regimens 
for specific cancer types. In addition, the autoinhibited RAF 
structures have also demonstrated the potential feasibility 
of designing inhibitors that stabilize the inactive “compact 
configuration” of the RAF kinase domain by engaging not 
only the ATP-binding site, but also residues in the P-loop and 
kinase domain C-lobe to mimic ATP binding. Moreover, simi-
lar approaches to trap RAF and/or other components within 
the autoinhibited RAF complexes in an inactive state may 
prove advantageous, as is predicted for the next-generation 
allosteric MEK inhibitors described above. Thus, based on 
these initial structural studies, it is exciting to envision a 
multidisciplinary approach that combines structural biology 
with cell-based signaling analyses to spur the development of 
new compounds and inhibitors to combat aberrant RAS- and 
RAF-dependent signaling in tumor cells.
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