
Contents lists available at ScienceDirect

Pharmacological Research

journal homepage: www.elsevier.com/locate/yphrs

Invited Review

Targeting oncogenic Raf protein-serine/threonine kinases in human cancers

Robert Roskoski Jr.
Blue Ridge Institute for Medical Research, 3754 Brevard Road, Suite 116, Box 19, Horse Shoe, North Carolina 28742-8814, United States

A R T I C L E I N F O

Chemical compounds studied in this article:
Binimetinib (PubMED CID: 10288191)
Cobimetanib (PubMED CID: 16222096)
Dabrafenib: (PubMED CID: 44462760)
Encorafenib: (PubMED CID
50922675)
Lifirafenib: (PubMED CID:89670174)
LY3009120 (PubMED CID: 71721540)
PLX7904: (PubMED CID: 901169945)
Sorafenib: (PubMED CID: 216239)
Trametinib
(PubMED CID: 11707110)
Vemurafenib: (PubMED CID: 42611257)

Keywords:
Catalytic spine
K/E/D/D
Melanoma
Protein kinase inhibitor classification
Protein kinase structure
Targeted cancer therapy

A B S T R A C T

The Ras-Raf-MEK-ERK signal transduction cascade is arguably the most important oncogenic pathway in human
cancers. Ras-GTP promotes the formation of active homodimers or heterodimers of A-Raf, B-Raf, and C-Raf by an
intricate process. These enzymes are protein-serine/threonine kinases that catalyze the phosphorylation and
activation of MEK1 and MEK2 which, in turn, catalyze the phosphorylation and activation of ERK1 and ERK2.
The latter catalyze the regulatory phosphorylation of dozens of cytosolic and nuclear proteins. The X-ray crystal
structure of B-Raf–MEK1 depicts a face-to-face dimer with interacting activation segments; B-Raf is in an active
conformation and MEK1 is in an inactive conformation. Besides the four traditional components in the Ras-Raf-
MEK-ERK signaling module, scaffolding proteins such as Kinase Suppressor of Ras (KSR1/2) play an important
role in this signaling cascade by functioning as a scaffold protein. RAS mutations occur in about 30% of all
human cancers. Moreover, BRAFV600E mutations occur in about 8% of all cancers making this the most prevalent
oncogenic protein kinase. Vemurafenib and dabrafenib are B-RafV600E inhibitors that were approved for the
treatment of melanomas bearing the V600E mutation. Coupling MEK1/2 inhibitors with B-Raf inhibitors is more
effective in treating such melanomas and dual therapy is now the standard of care. Vemurafenib and cobime-
tanib, dabrafenib and trametinib, and encorafenib plus binimetinib are the FDA-approved combinations for the
treatment of BRAFV600E melanomas. Although such mutations occur in other neoplasms including thyroid,
colorectal, and non-small cell lung cancers, these agents are not as effective in treating these non-melanoma
neoplasms. Vemurafenib and dabrafenib produce the paradoxical activation of the MAP kinase pathway in wild
type BRAF cells. The precise mechanism for this activation is unclear, but drug-induced Raf activating side-to-
side dimerization appears to be an essential step. Although 63%–76% of all people with advanced melanoma
with the BRAF V600E mutation derive clinical benefit from combination therapy, median progression-free survival
lasts only about nine months and 90% of patients develop resistance within one year. The various secondary
resistance mechanisms include NRAS or KRAS mutations (20%), BRAF splice variants (16%), BRAFV600E/K am-
plifications (13%), MEK1/2 mutations (7%), and non-MAP kinase pathway alterations (11%). Vemurafenib and
dabrafenib bind to an inactive form of B-Raf (αC-helixout and DFG-Din) and are classified as type I½ inhibitors.
LY3009120 and lifirafenib, which are in the early drug-development stage, bind to a different inactive form of B-
Raf (DFG-Dout) and are classified as type II inhibitors. Besides targeting B-Raf and MEK protein kinases, im-
munotherapies that include ipilimumab, pembrolizumab, and nivolumab have been FDA-approved for the
treatment of melanomas. Current clinical trials are underway to determine the optimal usage of targeted and
immunotherapies.

1. The Ras-Raf-MEK-ERK (MAP kinase) signaling pathway

Protein kinases play pivotal roles in nearly every aspect of cell
physiology [1–3]. They regulate cell growth, cell division, cell migra-
tion, metabolism, nervous system function, the immune response, and
transcription. Because regulatory protein phosphorylation involves the

action of both protein kinases and phosphoprotein phosphatases,
phosphorylation-dephosphorylation is an overall reversible process.
Dysregulation of protein kinase signaling occurs in many diseases in-
cluding cancer, diabetes, and inflammatory disorders. Protein kinases
catalyze the following reaction:
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MgATP1–+protein–O:H → protein–O:PO3
2–+MgADP+H+

Note that the phosphorylium ion (PO3
2–), and not the phosphate

group (OPO3
2–), is transferred from ATP to the protein substrate. Based

upon the nature of the phosphorylated −OH group, these enzymes are
classified as protein-serine/threonine or protein-tyrosine kinases [4]. A
small group of dual-specificity protein kinases such as MEK1/2 cata-
lyzes the phosphorylation of ERK1/2 at tyrosine before threonine in the
ERK activation segment sequence Thr-Glu-Tyr [5,6]. These dual-speci-
ficity protein catalysts are members of the protein-serine/threonine
kinase family.

The Ras-Raf-MEK-ERK signal transduction cascade is arguably the
most important oncogenic pathway in human cancers [7–11]. This
highly conserved pathway transmits signals from extracellular growth
factors and cytokines into intracellular signaling modules. The mitogen-
activated protein kinase (MAP kinase) cascade is triggered by a variety
of transmembrane receptors. Activated receptor protein-tyrosine ki-
nases such as epidermal growth factor receptor (EGFR) become phos-
phorylated at tyrosine residues and these phosphorylated sites attract
various adapter proteins and guanine nucleotide exchange factors
(GEFs) such as SOS (from Drosophila son of sevenless). The GEFs
mediate the transformation of inactive Ras-GDP to active Ras-GTP
within the inner leaflet of the plasma membrane [7–9]. Of importance,
essentially all of Ras biochemistry and signaling occurs within the
plasma membrane. The RAS (Rat sarcoma) gene family consists of three
members: KRAS (Kirsten rat sarcoma viral oncogene homolog), HRAS
(Harvey rat sarcoma viral oncogene homolog), and NRAS (neuro-
blastoma RAS viral (v-ras) oncogene homolog). These proteins toggle
between inactive and active forms; the conversion of inactive Ras-GDP
to active Ras-GTP turns the switch on while intrinsic Ras-GTPase ac-
tivity stimulated by the GTPase activating proteins (GAPs) such as NF1
(neurofibromin-1) turns the switch off.

The molecular weights of H-Ras, K-Ras, and N-Ras are about 21 kDa.
In contrast, GEFs and GAPs are large (150–300 kDa) multi-domain
proteins capable of an astounding variety of interactions with other
proteins, lipids, and regulatory molecules that control levels of active
and inactive Ras [9]. To activate downstream components of the MAP
kinase pathway, Ras-GTP stimulates the formation of active homo-
dimers or heterodimers of A-Raf, B-Raf, and C-Raf by an intricate

process (the Raf acronym corresponds to Rapidly accelerated fi-
brosarcoma, first described in mice). A-Raf, B-Raf, and C-Raf are pro-
tein-serine/threonine protein kinases that catalyze the phosphorylation
and activation of MEK1 and MEK2 where MEK corresponds to MAP/
ERK Kinase. MEK1 and MEK2, in turn, catalyze the phosphorylation
and activation of ERK (Extracellular signal-Regulated protein Kinase).

The Raf enzymes and MEK1/2 have very narrow substrate specifi-
city [5,6]. Accordingly, the only known substrates of the Raf enzymes
are MEK1/2 and the only known substrates of MEK1/2 are ERK1/2. To
further exemplify their dedicated substrate specificity, MEK1/2 are
unable to catalyze the phosphorylation of denatured ERK1/2 nor do
they catalyze the phosphorylation of peptides with the sequence cor-
responding to the activation segment of ERK1/2, the physiological
substrate. In contrast to the Raf and MEK enzymes, ERK1 and ERK2
have broad substrate specificity and they can catalyze the phosphor-
ylation of hundreds of different proteins [11]. The Kinase Suppressor of
Ras protein kinases (KSR1/2) are the closest relatives of the Raf family
kinases [4]. KSR1/2 are impaired protein kinases (but not kinase dead)
that function as scaffolds to assemble Raf, MEK, and ERK to increase
signaling efficiency [11]. The effect of KSR1/2 is context-dependent
and varies with the concentration of the various components of the
MAP kinase pathway; accordingly, these proteins can be stimulatory or
inhibitory.

The MAP kinase cascade consists of a tier of three protein kinases:
(i) MAPK kinase kinase (MAP3K), (ii) MAPK kinase (MAP2K), and (iii)
and MAPK. Although A/B/C-Raf are at the proximal end of the MAP
kinase cascade, COT (also known as cancer Osaka thyroid kinase or
MAP3K8), MEKK1/2/3, and MLK1/2/3/4 are other ERK1/2 MAP3Ks
that participate in specialized cell type and stimulation specific re-
sponses (Fig. 1) [13]. Ras-GTP has additional downstream effector
pathways including the phosphatidylinositol 3-kinase (PI3 kinase), the
Ral-GDS, as well as the MAP kinase modules [12,14,15]. Akt/PKB is
downstream from PI3 kinase. This suggests the strategy of combining
targeted inhibitors of Raf and MEK1/2 of the MAP kinase pathway
along with inhibition of PI3 kinase and Akt/PKB in the treatment of
various neoplasms.

Fig. 1. Ras effector modules including the evolutionarily conserved MAP kinase Ras-Raf-MEK-ERK pathway. GEF action increases the level of Ras-GTP and NF1
activity decreases the level of Ras-GTP. The dashed lines indicate that several steps may be involved. GEF, guanine nucleotide exchange factor; NF1, neurofibromin-1.
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2. Activation of the Ras-MAP kinase pathway in human
malignancies including melanomas

RAS mutations occur in about 30% of all cancers [16]. KRAS mu-
tations occur in about 70% of pancreatic ductal adenocarcinomas, 40%
of colorectal cancers, 20% of papillary thyroid cancers, 10% of acute
myelogenous and acute lymphoblastic leukemias, 35% of non-small cell
lung cancers (NSCLC), and 10% of breast and ovarian cancers [17].
Moreover, NRAS mutations occur in about 15% of anaplastic thyroid
cancers and follicular thyroid cancers and 20% of malignant mela-
nomas; mutations of HRAS occur in about 20% of urothelial bladder
and 2% of renal cell carcinomas [17]. Although investigators have tried
to develop Ras inhibitors for decades, it is only recently that there has
been a modicum of success [18–22]. However, no inhibitors of Ras per
se have yet entered clinical trials. As an alternative, combinations of Raf
and MEK inhibitors that target the MAP kinase pathway have been
developed. So far, these inhibitors have been approved for the treat-
ment of advanced melanoma with activating mutations in BRAF; the
term advanced in the oncology setting usually means unresectable and/
or metastatic.

Mutational activation of the Ras-Raf-MEK-ERK pathway occurs in
more than 90% of skin melanomas [23,24]. The Cancer Network con-
sortium examined the genetic background of cutaneous melanomas in
331 patients based upon DNA, RNA, and protein analysis [24]. They
found that the incidence of BRAF mutations was 52%, that of NRAS
mutations was 28%, and that of NF1mutations was 14%; they classified
the balance of cases as Triple-WT (wild type). The gain-of-function
BRAF and NRAS mutations and the loss-of-function NF1 mutations ac-
tivate the MAP kinase pathway. In addition to melanoma, BRAF mu-
tations occur in other cancers. Such mutations occur in 10–70% of
thyroid cancers (depending upon the histology), about 10% of color-
ectal cancers, and 3–5% of NSCLC [25–28].

The finding that activating BRAF mutations occur in the majority of
melanomas [29] prompted the pursuit of B-Raf inhibitors [30]. Sor-
afenib was initially developed as a C-Raf kinase inhibitor (reflected in
its name sorafenib). However, sorafenib is a multikinase inhibitor with
actions against Flt3, Kit, and VEGFR1/2/3. Numerous clinical trials of
sorafenib were performed in patients with advanced or metastatic
melanoma. Eisen et al. reported that sorafenib produced favorable
clinical responses in fewer than 5% of patients with melanoma [31]. Its
activity against B-Raf (wild type and V600E mutants) is less than that
against C-Raf, which explains in part the lack of efficacy in the treat-
ment of melanoma patients. It is currently FDA-approved for the
treatment of liver, renal cell, and differentiated thyroid carcinomas
(www.brimr.org/PKI/PKIs.htm). In contrast, Chapman et al. described
a clinical trial that compared vemurafenib (also known as PLX4032)
with dacarbazine (a cytotoxic DNA-alkylating agent) in a total of 675
randomized melanoma patients with the BRAFV600E mutation [32].
They found that the response rate for vemurafenib was 48% while that
for dacarbazine was 5%. Adverse side effects of vemurafenib included
arthralgia (joint pain), diarrhea, fatigue, nausea, and skin rash along
with the generation of keratoacanthomas, which are well-differentiated
squamous cell skin carcinomas. These tumors are readily identified,
simple to excise, and not metastatic. However, the development of such
tumors is clearly an undesired outcome. Fatigue, rash, and diarrhea are
adverse events that occur with nearly all small molecule protein kinase
inhibitors [33]. Vemurafenib was FDA-approved for the treatment of
BRAF V600E melanomas in 2011.

Dabrafenib was the second B-Raf inhibitor to enter clinical trials in
comparison with dacarbazine. Hauschild et al. observed that the overall
response rate for dabrafenib was 50% while that for dacarbazine was
6% [34]. Dabrafenib produced a progression-free survival of 5.1
months compared with 2.7 months for dacarbazine. Adverse events
were similar to those of vemurafenib. However, dabrafenib is prone to
cause fever [34] while vemurafenib is associated with photosensitivity
[32]. Dabrafenib was FDA-approved for the treatment of patients with

advanced melanomas with the BRAFV660E mutation in 2013 (www.
brimr.org/PKI/PKIs.htm). As described for vemurafenib, about 20% of
patients receiving dabrafenib develop keratoacanthomas. These dis-
orders are treated by surgical excision and these drugs can be continued
without dose adjustments. However, both of these drugs are ineffective
in the treatment of patients lacking the BRAFV600E mutation.

Vemurafenib and dabrafenib produce the paradoxical activation of
the MAP kinase pathway in wild type BRAF cells [5,11]. It is para-
doxical in the sense that a B-Raf antagonist results in the activation of
the pathway. This paradoxical activation leads to drug-induced skin
lesions (keratoacanthomas and squamous cell carcinomas) as noted
above. Owing to this paradoxical activation, both vemurafenib and
dabrafenib promote growth and metastasis of tumor cells bearing RAS
mutations in animal studies and are contraindicated for the treatment
of cancer patients with wild type BRAF, including patients with acti-
vating RAS mutations. The exact mechanism of paradoxical activation
is unclear despite extensive experimentation, but drug-induced Raf di-
merization appears to be an essential step. In one scheme, it is hy-
pothesized that a B-Raf inhibitor triggers the formation of a Ras-de-
pendent B-Raf–C-Raf heterodimer. Activation then follows when the B-
Raf inhibitor is not able to effectively inhibit both protomers of the
dimer, leaving the unoccupied C-Raf protomer activated and allowing
ATP binding and catalytic activity. In a second scheme Raf activation is
the result of transactivation. Drug binding to one member of the Raf
homodimer or heterodimer inhibits one partner but results in the
transactivation of the second drug-free partner as a result of a con-
formational change. Thus, effective inhibition of the transactivated
partner is necessary for abrogating the paradoxical activation. Ac-
cording to either scheme, a pan-Raf inhibitor with true cellular activ-
ities against all Raf isoforms is thought to be essential for minimizing
paradoxical activation. In order to eliminate the drawbacks associated
with paradoxical MAP kinase pathway activation and to provide ther-
apeutic benefit to people with RAS mutant cancers, it will be necessary
to identify drugs that are potent inhibitors of B-RafV600E, B-Raf, and C-
Raf.

Although the majority of people with advanced melanoma with the
BRAF V600E mutation derive clinical benefit, median progression-free
survival is only six months and 90% of patients develop resistance
within one year [33]. This rapid development of secondary resistance
has prompted the exploration of other inhibitors of the MAP kinase
pathway. One of these was trametinib, which is a potent inhibitor of
MEK1/2. In a clinical trial with 322 advanced melanoma patients
possessing BRAFV600E/K mutations, Flaherty et al. discovered that tra-
metinib resulted in an improved overall response rate (22% vs. 8%) and
progression-free survival (4.8 vs. 1.5 months) when compared with
groups receiving cytotoxic dacarbazine or paclitaxel [35]. Peripheral
edema, rash, and diarrhea were the principal trametinib adverse events,
which were easily managed. Mild grade 1/2 ocular toxicity (blurred
vision) occurred in 9% of the patients most likely resulting from serous
retinopathy, a reversible disorder. In contrast to vemurafenib and
dabrafenib therapy, these trametinib patients did not develop sec-
ondary skin neoplasms.

In a clinical trial with 97 patients, Kim et al. found significant
clinical activity with trametinib in B-Raf-inhibitor–naive patients that
were previously treated with chemotherapy, immunotherapy, or both
[36]. However, they found minimal clinical activity with trametinib as
a second-line treatment in patients who were previously treated with a
B-Raf inhibitor. These investigators suggested that B-Raf-inhibitor re-
sistance mechanisms also confer resistance to MEK-inhibitor mono-
therapy. Accordingly, the FDA approved trametinib initially (2013) for
the treatment of patients who had not received targeted B-Raf inhibitor
therapy (www.brimr.org/PKI/PKIs.htm).

In a clinical trial involving 247 patients with advanced melanoma
with BRAFV600 mutations, Flaherty et al. compared trametinib and
dabrafenib monotherapy with the combination of these two drugs [37].
They observed that the frequency of complete or partial responses was

R. Roskoski Pharmacological Research 135 (2018) 239–258

241



76% for the combination group while it was 54% for monotherapy
groups. Moreover, median progression-free survival was 9.4 months for
the combination therapy group while it was 5.8 months for the
monotherapy groups. Pyrexia, or fever, was much more common in the
combination cohort when compared with the monotherapy groups
(71% vs. 26%). The occurrence of hyperkeratosis (9% vs. 30%) and
cutaneous squamous cell carcinomas (7% vs. 19%) was decreased in the
combination therapy cohort when compared with the monotherapy
group; however, these results did not achieve statistical significance
(P= 0.09). The protective effect of dual therapy may be due to the MEK
inhibitor blockade of the paradoxical activation of the MAP kinase
pathway produced by dabrafenib. The combination of dabrafenib and
trametinib was approved by the FDA for the treatment of BRAFV600E/K

in 2014 (www.brimr.org/PKI/PKIs.htm).
Larkin et al. reported on the findings of a clinical trial consisting of

495 patients with previously untreated advanced BRAFV600-mutation
positive melanoma receiving both vemurafenib and cobimetanib or
vemurafenib plus placebo (the control group) [38]. The frequency of
complete or partial responses (68% vs. 45%) and the duration of
median progression-free survival (9.9 vs. 6.2 months) was better in the
dual-therapy cohort when compared with the control group. The in-
cidence of keratoacanthomas was 1% in the combination group com-
pared with 8% in the vemurafenib-only group while the incidence of
cutaneous squamous cell carcinomas in the combination group was 2%
compared with 11% in the control group. This represents an unusual
situation where a combination therapy produced fewer adverse events
than a monotherapy [33]. The studies of Larkin et al. [38] and Flaherty
et al [37] indicate that the use of the combination of the B-Raf and
MEK1/2 inhibitors is more effective than that of B-Raf or MEK1/2 in-
hibitor monotherapy.

Dummer et al. reported on the findings of a clinical trial consisting
of 577 patients with advanced BRAFV600-mutation positive melanoma
that was previously untreated or that had progressed on or after first-
line immunotherapy [39]. Patients were randomly assigned to receive
either oral encorafenib once daily plus oral binimetinib twice daily
(encorafenib plus binimetinib cohort), oral encorafenib once daily
(encorafenib cohort), or oral vemurafenib twice daily (vemurafenib
cohort). With a median follow-up of 16.6 months, median progression-
free survival was 14.9 months in the encorafenib plus binimetinib co-
hort and 7.3 months in the vemurafenib cohort. The overall response
rate was 63%. The most common grade 3–4 adverse events seen in the
encorafenib plus binimetinib group were increased γ-glutamyl-
transferase activity (a liver enzyme) in 9% of patients, increased crea-
tine phosphokinase (chiefly a muscle enzyme) in 7% of patients, and
hypertension in 6% of patients. These investigators concluded that
encorafenib plus binimetinib and encorafenib monotherapy showed
favorable efficacy compared with vemurafenib. Moreover, they con-
cluded that encorafenib plus binimetinib appears to have an improved

tolerability profile compared with encorafenib or vemurafenib. As a
consequence of these findings, the FDA approved the combination of
encorafenib and binimetinib for the treatment of BRAFV600E/K-positive
advanced melanoma in 2018 (www.brimr.org/PKI/PKIs.htm).

The FDA has approved three B-Raf and MEK1/2 inhibitor combi-
nations for the treatment of patients with advanced melanomas that
possess a BRAFV600 mutation (about 50% of all advanced melanoma
patients): (i) vemurafenib and cobimetanib, (ii) dabrafenib and tra-
metinib, and (iii) encorafenib and binimetinib. The use of drug com-
binations is now the standard of care for such patients [40]. It is unclear
whether any of these drug combinations is superior to the others. The
choice between dabrafenib and trametinib versus vemurafenib and
cobimetanib may depend upon patient-related factors; in the former
case, it is the ability to tolerate fever and in the latter case it is the
ability to tolerate cutaneous side effects. However, en-
corafenib–binimetinib seems to have the most attractive toxicity pro-
file, with a much lower frequency of fever and photosensitivity in pa-
tients when compared with other two B-Raf–MEK inhibitor
combinations [39]. Perhaps differences in overall survival will be ob-
served as these studies are continued. The addition of a MEK inhibitor
to a B-Raf inhibitor allows for a greater therapeutic dosage of the latter
and increases overall effectiveness.

In addition to targeted therapies, the use of parenterally adminis-
tered immune checkpoint therapies has emerged in the effective
treatment of melanomas [41,42]. Ipilimumab is a monoclonal antibody
that activates the immune response by targeting cytotoxic T-lympho-
cyte antigen-4 (CTLA-4), which is a protein that down regulates the
immune response. Pembrolizumab is a humanized monoclonal anti-
body that activates the immune response by targeting the programmed
cell death-1 (PD-1) receptor. Nivolumab, which is a human IgG4 anti-
PD-1 monoclonal antibody, is another checkpoint inhibitor. All three of
these immune checkpoint inhibitors are FDA-approved for the treat-
ment of advanced melanomas regardless of BRAF mutation status
(Table 1). For patients with documented BRAFV600 mutations, selection
between immune checkpoint therapy and targeted therapy is currently
problematic owing to the lack of results from ongoing clinical trials
comparing the two approaches. The studies documented in this section
show that significant strides have been made in the past seven years in
the treatment of metastatic melanomas and additional studies are un-
derway that may add to the effectiveness of both targeted and immune
checkpoint modalities. Another possibility to improve clinical outcomes
is to combine immune checkpoint and targeted therapies. Some of the
initial clinical trials combining targeted and immunotherapy were un-
successful owing to toxicities, but subsequent trials using different
protocols are in progress. Moreover, targeted and immunotherapies
might be combined together or given sequentially. The outcomes of
immunotherapy (ipilimumab and nivolumab) followed by B-Raf tar-
geted therapy (dabrafenib and trametinib), or vice versa, are being

Table 1
Selected FDA-approved therapies for advance melanomasa.

Agent Mechanism Indications

Targeted therapies
Vemurafenib B-RafV600E/K inhibitor As monotherapy or in combination with cobimetinib for BRAFV600E/K-mutant disease
Dabrafenib B-RafV600E/K inhibitor As monotherapy or in combination with trametinib for BRAFV600E/K-mutant disease
Encorafenib B-RafV600E/K inhibitor In combination with binimetinib for BRAFV600E/K-mutant disease
Trametinib MEK1/2 inhibitor As monotherapy or in combination with dabrafenib for BRAFV600E/K-mutant disease
Cobimetinib MEK1/2 inhibitor In combination with vemurafenib for BRAFV600E/K-mutant disease
Binimetinib MEK1/2 inhibitor In combination with encorafenib for BRAFV600E/K-mutant disease
Immunotherapies
Ipilimumab Anti-CTLA-4 antibodyb As monotherapy or in combination with nivolumab
Pembrolizumab Anti-PD-1 antibodyc As monotherapy
Nivolumab Anti-PD-1 antibodyc As monotherapy or in combination with ipilimumab

a Data from Ref. [42].
b CTLA-4, cytotoxic T-lymphocyte-associated antigen 4.
c PD-1 programmed cell death protein-1.
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compared in an ongoing clinical trial (NCT02224781).

3. Properties of the Raf protein-serine/threonine kinases and
KSR1/2

3.1. Primary, secondary, and tertiary structures of the Raf family kinases
and KSR1/2

As noted in Section 1, the Raf family consists of three enzymes: A-,
B-, and C-Raf while KSR1 and KSR2 are the closest relatives of the Raf
family. Each of the Raf proteins shares three conserved regions (CR)
appropriately named CR1, CR2, and CR3. CR1 consists of a Ras-binding
domain (RBD) followed by a cysteine-rich domain (CRD). CR1 interacts
with Ras and with membrane phospholipids during Raf activation. CR2
is a serine-threonine rich segment that is able to bind to the regulatory
protein 14-3-3 following the phosphorylation of specific serine residues
(S214/S365/S259 in A/B/C-Raf, respectively) [5]. The 14-3-3 protein
bound at these sites is inhibitory; dephosphorylation of these phos-
phoserine residues is required for enzyme activation. CR3 is the protein
kinase domain that is followed by a carboxyterminal tail (CTT) (Fig. 2).
CTT contains a serine residue that, when phosphorylated, is able to bind
an activating14-3-3 protein (S582/S729/S621 in A/B/C-Raf, respec-
tively). The BRS (B-Raf specific) domain is N-terminal to CR1; it med-
iates the interaction between it and the KSR proteins [43].

KSR1 and KSR2 contain five conserved domains (CA1–CA5). The
amino termini of KSR1 and KSR2 contain a CA1 segment that con-
tributes to their binding to B-Raf (Fig. 2) [44]. A coiled-coil and sterile-
α-motif (CC-SAM) within this region contribute to membrane binding.
CA2 is a proline-rich segment of unknown function. CA3 is a cysteine-
rich segment that contributes to membrane localization through its
binding to phospholipids; it is similar to the CRD of the Raf family. CA4
is a serine/threonine rich segment that contributes to ERK1/2 binding,
a process that requires active Ras. CA4 is similar to the CR2 region of
the Raf family and CA5 corresponds to the protein kinase domain.

The catalytic domain of each of the human Raf family kinases
consists of 261 amino acid residues, which is about the average size of a
protein kinase lacking any inserts. Based upon the primary structures of
about five dozen protein-tyrosine and protein-serine/threonine kinases,
Hanks and Hunter subdivided protein kinases into 12 domains (I-VIA,
VIB-XI) [45]. Domain I of protein kinases contains a glycine-rich loop

(GRL) with a GxGxΦG signature, where Φ refers to a hydrophobic re-
sidue and is phenylalanine in the case of the Raf enzymes. The glycine-
rich loop connects the β1- and β2-strands that make up a portion of the
roof of the ATP/ADP-binding site. The flexible glycine-rich loop allows
for both ATP binding and ADP release during each catalytic cycle.
Domain II of the Raf enzymes contains a conserved Ala-Xxx-Lys (AVK)
sequence in the β3-strand and Hanks domain III contains a conserved
glutamate in the αC-helix (B-Raf E501) that forms a salt bridge with the
conserved β3-lysine (B-Raf K483) in all active protein kinases (Fig. 3A)
as well as many dormant protein kinase conformations (Fig. 3C). Do-
main V of the Raf enzymes contains a QWCEG hinge that connects the
small and large lobes.

Domain VIB within the large lobe of the Raf enzymes contains a
conserved HRD sequence, which forms part of the catalytic loop HRD
(x)4N (Table 2). Domain VII of the Raf enzymes contains a DFG sig-
nature and domain VIII of B/C-Raf contains an APE sequence while that
of A-Raf contains an AAE sequence; the DFG is the beginning of the Raf
activation segment while the AxE corresponds to its end. These 30-re-
sidue segments exhibit different conformations in the active and in-
active states. Domains IX–XI make up the αE–αI helices (Fig. 3A/C/E).
The X-ray crystallographic structure of the catalytic subunit of murine
protein kinase A (PKA) produced an invaluable blueprint for for-
mulating the roles of the 12 Hanks domains and the structure has shed
light on the underlying biochemistry of the entire protein kinase su-
perfamily (PDB ID: 2CPK) [46,47]. All protein kinases possess a small
amino-terminal and a large carboxyterminal lobe that are connected by
the hinge segment [1]. The amino-terminal lobe of all protein kinases
contains five β-strands (β1–5) and an important regulatory αC-helix
and the carboxyterminal lobe of active enzymes contains seven con-
served helices (αD–αI and αEF) along with four β-strands (β6–β9)
(Fig. 3A). Of the hundreds of protein kinase structures that have been
reported, all of these enzymes contain the protein kinase fold as first
described for PKA [1,46,47].

All active protein kinases possess a K/E/D/D (Lys/Glu/Asp/Asp)
amino acid signature that is required for catalysis (Table 2) [1]. The
lysine and glutamate occur within the amino-terminal lobe and the two
aspartate residues occur within the carboxyterminal lobe. ATP binds
next to the hinge within the cleft between the two lobes and interacts
with each lobe. Comprehensive analyses indicate that a salt bridge
between the β3-lysine and the αC-glutamate is required for the

Fig. 2. Architecture of A/B/C-Raf, KSR1/2,
and MEK1/2. AS, activation segment; BRS, B-
Raf specific sequence; CL, catalytic loop; CR,
conserved region; CRD, cysteine-rich domain;
CC-SAM, coiled-coil and sterile-α-motif; CTT
carboxyterminal tail; EBD, ERK-binding do-
main; NES, nuclear export sequence; NRR, ne-
gative regulatory region; PRD, proline-rich
domain; RBD, Ras-binding domain; STRD,
serine-threonine rich domain.
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formation of an active protein kinase conformation, which corresponds
to an “αCin” arrangement as shown for active B-Raf (Fig. 3A). These
residues in many inactive enzymes fail to form this salt bridge and
thereby form an inactive “αCout” structure (See Ref. [1] for details). The
αCin conformation is necessary, but not sufficient, for the expression of
catalytic activity. Although the β3-K483 and αC-E501 of dormant B-Raf
form a salt bridge (Fig. 3C), molecular measurements show that this
corresponds to an αC-dilated structure as described later in this Section.
Moreover, the activation segment of B-Raf with the αC-dilated structure
has an inactive DFG-Dout conformation that blocks ATP and protein
substrate binding.

The large carboxyterminal lobe contains catalytic loop residues
within domain VIb that play essential structural and catalytic roles.
Additionally, two Mg2+ ions participate in each catalytic cycle of sev-
eral protein kinases [48–50] and two Mg2+ ions are presumably re-
quired for the proper functioning of the Raf enzymes. By inference, the
DFG-D594 (the second D of K/E/D/D) binds to Mg2+(1), which in turn
binds to the β- and γ-phosphates of ATP. The asparagine at the end of
the catalytic loop (HRD(x)4N) binds to Mg2+(2). Mg2+(2) is bound to
the enzyme with high affinity while Mg2+(1) binds with lower affinity.

The two Mg2+ ions neutralize the negative charges of the phosphate
groups. While Mg2+(1) appears to be critical for the phosphoryl
transfer, Mg2+(2) binds first as a complex with ATP [50]. In the active
conformation, the DFG-D is directed inward toward the active site
where it can bind Mg2+(1) as depicted in Fig. 4A. In contrast, the DFG-
D of inactive B-Raf is pointed outward producing an inactive DFG-Dout

structure (Fig. 4B).
The relative location of the β3-strand and αC-helix is an important

structural parameter and this has led to the DFG-Din and DFG-Dout

classification. Additionally, Vijayan et al. examined the structures of
about 200 hundred protein kinases and they divided the DFG-Dout

structures into (i) classical and (ii) nonclassical groups [51]. This di-
vision was necessary owing to the differences in the location of the
activation segment DFG-D and DFG-F in the eukaryotic kinome. They
described two measurements that differentiated between the classical
and nonclassical DFG-Dout groups and named them D1 and D2. D1 is the
distance between the αC-atom of the HRD(x)4N-asparagine at the end
of the catalytic loop and of the DFG-F of the activation segment and D2
is the distance between the αC-atom of the αC-E residue and the DFG-F.
The protein kinase exhibits a classical DFG-Dout structure provided that

Fig. 3. (A) and (B) Active B-Raf; PDB ID: 4MNE (C) and (D) Inactive B-Raf with αCin and DFG-Dout; PDB ID: 1UWH (E) and (F) Inactive B-Raf with αCout and DFG-Din;
PDB ID: 4XV1. AS, activation segment; CL, catalytic loop; CS, catalytic spine; RS, regulatory spine. All figures except for 1, 2, and 9 were prepared using the PyMOL
Molecular Graphics System Version 1.5.0.4 Schrödinger, LLC.
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D2 is greater than 9 Å; classical DFG-Dout structures have long Phe/Glu
distances (D2≥ 9.0 Å) and short Phe/Asn distances (D1≤ 7.2 Å).

The D2 value in the structure of dormant αCout/DFG-Din B-Raf (PDB
ID: 3OG7, bound to vemurafenib) equals 9.7 Å (Fig. 4C); accordingly,
this is within the classical DFG-Dout group. These investigators mea-
sured the distance from the α-carbon atom of αC-E and DFG-D, which
we named D3, and found that a D3 measurement of less than 9 Å re-
presents the αCin structure while those with a D3 measurement greater
than 10.5 Å represent an αCout configuration while values within this
range were classified as αC-dilated. The structure of inactive αC-di-
lated/DFG-Din B-Raf (PDB ID: 3OG7, free protomer) has a D3 value of
10.0 Å (Fig. 4D), which corresponds to the αC-dilated classification.
The structure of active αCin/DFG-Din B-Raf (PDB ID: 2FB8) has D1, D2,
and D3 values of 9.0 Å, 5.6 Å, and 8.6 Å, respectively; these values are
consistent with an active αCin/DFG-Din classification (Fig. 4E). The
structure of inactive αC-dilated/DFG-Dout has D1, D2, and D3 values of
5.5 Å, 11.8 Å, and 9.3 Å, respectively (Fig. 4F). Its D2 value is greater
than 9 Å indicative of an DFG-Dout structure and its D3 value falls be-
tween 9 Å and 10.5 Å indicative of an αC-dilated structure. The elec-
trostatic bond between β3-K483 and αC-E501 is broken in the inactive
B-Raf αCout configuration. However, Vijayan et al. reported that this
salt bridge occurs in ≈ 90% of DFG-Dout structures and they call these
αC-dilated structures to differentiate them from αCin configurations
[51]. The distance between the β3-lysine ε-amino group and αC-glu-
tamate carboxyl group, which we called D4, is 3.3 Å in the αCin/DFG-
Din structure (PDB ID: 2FB8), 2.6 Å in the αC-dilated/DFG-Din structure
(3OG7), 8.4 Å in the αCout /DFG-Din structure (3OG7), and 3.0 Å in the
αC-dilated/DFG-Dout structure.

The protein kinase activation segment, which is typically 20–30
residues in length with an average value of about 23 residues [52],
plays an important role in the catalytic cycle [53]. DFG-F at the origin
of the segment interacts with the αC-helix and the conserved HRD-H of
the catalytic loop. These components are linked hydrophobically as
described in Section 3.2 and form part of a regulatory spine. For most
protein kinases, the phosphorylation of one–three residues within the
activation segment converts an inactive enzyme to a catalytically active

enzyme [54,55]. The Raf family contains two phosphorylatable re-
sidues within the activation segment (Table 2) ; Zhang and Guan dis-
covered that B-Raf activation requires the phosphorylation of activation
segment T598 and S601 [56].

The B-Raf HRD(x)4N-D catalytic-loop aspartate (D576), which is the
first D of the K/E/D/D signature, functions as a base and removes a
proton from the protein-serine/threonine−OH group thereby enabling
the nucleophilic attack of –O: onto the γ-phosphorus atom of ATP
(Fig. 5) [57]. The activation segment, when it is in its open con-
formation, helps to position the protein substrate. β3-K483 forms salt

Fig. 4. (A) DFG-Din structure. (B) DFG-Dout structure. (C—F) D1/2/3/4 measurements. D1 is the distance between the α-carbon atom of the terminal asparagine of
the catalytic loop and the α-carbon atom of DFG-F; D2 is the distance from the α-carbon atom of the αC-E and that of DFG-F; D3 is the distance from the α-carbon
atom of the αC-E and DFG-D; D4 is the distance from the ε-amino group of β3-K and the carboxyl group of αC-E.

Fig. 5. Inferred mechanism of the B-Raf–catalyzed protein kinase reaction.
HRD-D594 abstracts a proton from the protein-serine substrate allowing for its
nucleophilic attack onto the γ-phosphorus of ATP. 1 and 2 label the two Mg2+

ions shown as dots. AS, activation segment. The figure was prepared from PDB
IDs 3QHR 1GY3, but the residues correspond to those of human B-Raf.
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bridges with αC-E501 and the α- and β-phosphates of ATP. Extra-
polating from PKA [1,49], Mg2+(1) and DFG-D486 bind to the β- and γ-
phosphates while Mg2+(2) and β3-K483 bind to the α- and γ-phos-
phates of ATP thereby aiding catalysis.

The following provides a synopsis of Raf activation. In the absence
of upstream signaling activity in normal cells, Raf is hypothesized to
adopt a monomeric closed and dormant conformation owing to the
intramolecular interaction between the N-terminal regulatory segment
and C-terminal protein kinase domain [58]. Following growth factor
stimulation and the conversion of Ras-GDP to Ras-GTP in the plasma
membrane, Raf is attracted to the membrane concomitant with the
formation of a Raf-Ras-GTP complex involving the Ras-binding domain
within the amino-terminus of Raf (Fig. 2). Raf kinases become activated
following phosphorylation of specific residues such as T599 and S602 in
B-Raf and side-to-side homodimerization or heterodimerization invol-
ving kinase domain contacts. The dimerization interface includes the
αC-helix of each kinase including the C-terminal R509 of B-Raf. The
point at which activation segment phosphorylation occurs is unclear.
However, following dimerization and activation segment phosphor-
ylation, wild type Raf enzymes become active.

The protein kinase domains of KSR1 and KSR2 have the same
overall architecture as the Raf family enzymes (Fig. 2). However, ar-
ginine residues substitute for the conserved β3-lysines of classical
protein kinases leading to the notion that KSR1/2 are pseudokinases.
Brennan et al. have performed experiments indicating that KSR2 pos-
sesses protein kinase activity [59]. In contrast to metabolic enzymes
such as hexokinase with turnover numbers of hundreds or thousands
per second, protein kinases are functional with turnover numbers of a
few per minute because the relative concentration of kinase and sub-
strate (which may be present in a one-to-one ratio during autopho-
sphorylation) is similar.

3.2. The hydrophobic spines of the Raf kinase family and KSR1/2

Kornev et al. studied the structures of 23 protein kinases and they
determined the role of several essential residues by a local spatial
pattern alignment algorithm [60,61]. They characterized and named
four hydrophobic residues as a regulatory or R-spine and eight hydro-
phobic residues as a catalytic or C-spine. Both spines contain amino
acid residues from the small and large lobes. The R-spine contains one
residue from the activation segment (DFG-F) and another from the
regulatory αC-helix, both of which are major components that assume
active and inactive conformations. The C-spine positions ATP within
the active site cleft to enable catalysis and the R-spine within the car-
boxyterminal lobe anchors the catalytic loop and activation segment in
an active state. Moreover, the precise alignment of both spines is re-
quired for the assembly of an active enzyme as described for the ALK
receptor protein-tyrosine kinase, the cyclin-dependent protein-serine/
threonine kinases, EGFR, ERK1/2, the Janus kinases, Kit, MEK1/2,
PDGFRα/β, RET, ROS1, Src, and VEGFR1/2/3 [5,11,14,48,62–72].

Extending from the bottom to the top, the R-spine of protein kinases
consists of the catalytic loop HRD-H (RS1), the activation loop DFG-F
(RS2), an amino acid four residues C-terminal to the conserved αC-
glutamate (RS3), and a hydrophobic amino acid at the beginning of the
β4-strand (RS4) [60]. The backbone NeH group of the HRD-H forms a
hydrogen bond with an invariant aspartate carboxylate group within
the αF-helix (RS0). Again, extending from the bottom to the top of the
R-spine, Meharena et al. named the R-spine residues as RS0, RS1, RS2,
RS3, and RS4 [73]. The R-spine of active B-Raf with DFG-Din is linear
(Fig. 3B). In contrast, the R-spine of dormant B-Raf with DFG-Dout is
broken with a displaced RS2 residue (Fig. 3D). The R-spine of B-Raf
with αCout has RS3 displaced rightward from RS2 and RS4. The dis-
tinction between the spine in active B-Raf and αCout B-Raf is subtle
(Fig. 3B and D) [74]. The protein kinase C-spine contains amino acid
residues from both the N-terminal and C-terminal lobes; moreover, the
adenine base of ATP completes the C-spine [61]. The two residues of

the N-terminal lobe that interact with the ATP adenine include a con-
served alanine from the signature AxK of the β3-strand (CS8) and an
invariant valine at the beginning of the β2-strand (CS7). Moreover, a
residue from the β7-strand (CS6) on the floor of the adenine pocket
interacts hydrophobically with the ATP adenine. Based upon the study
of dozens of crystal structures, we find that essentially all steady-state
ATP-competitive protein kinase inhibitors interact with CS6. The CS6
residue is found between two hydrophobic residues (CS4 and CS5) that
altogether constitute the β7-strand. The CS6 residue interacts with the
CS3 residue that occurs near the beginning of the αD-helix of the C-
terminal lobe. CS5/6/4 immediately follow the catalytic loop aspar-
agine (HRD(x)4N) so that these residues can be readily identified in the
primary structure. The CS3 and CS4 residues interact hydrophobically
with CS1 and CS2 within the αF-helix to complete the C-spine (Fig. 3B)
[61]. The hydrophobic αF-helix, which spans the entire C-terminal
lobe, anchors both the C- and R-spines. Moreover, both spines play a
critical role in anchoring the protein kinase catalytic residues in a
functional state. CS7 and CS8 in the amino-terminal lobe form part of
the “ceiling” of the adenine-binding pocket while CS6 in the carbox-
yterminal lobe forms part of the “floor” of the binding pocket.

Based upon the findings of site-directed mutagenesis experiments,
Meharena et al. identified three shell (Sh) residues in the PKA catalytic
subunit that stabilize the R-spine, which they designated as Sh1, Sh2,
and Sh3 [73]. The Sh2 residue corresponds to the canonical gatekeeper
residue of protein kinases. The gatekeeper residue plays a crucial role in
controlling access to the so-called back pocket [75,76] or hydrophobic
pocket II (HPII) [76,77]. In contrast to the identification of the APE,
DFG, or HRD signatures, which is based upon the primary structure
[45], the two spines were identified by their spatial locations in active
or dormant protein kinases [60,61]. Table 3 provides a list of the spine
and shell residues of the human (i) Raf family, (ii) KSR1/2, (iii) MEK1/
2, and (iv) murine PKA. Small molecule protein kinase inhibitors often
interact with residues within the C-spine as well as with R-spine and
shell residues [78].

4. Interaction of Raf, KSR, and MEK

MEK1 and MEK2 are dual specificity protein kinases that catalyze
the phosphorylation of a tyrosine and threonine within the activation
segment of ERK1/2 [6,11]. These enzymes contain a short (≈ 70 re-
sidues) amino-terminal sequence that occurs before the protein kinase
domain. This N-terminal sequence contains an ERK-binding domain
(EBD), a nuclear export sequence (NES), and a negative regulatory re-
gion (NRR) as depicted in Fig. 2. The protein kinase domain is followed
by a carboxyterminal tail that contains 31 amino acid residues. Their
key catalytic and structural residues are listed in Table 2 and residues of
the regulatory and catalytic spines are listed in Table 3.

Besides the four traditional components in the Ras-Raf-MEK-ERK
signaling module, scaffolding proteins such as Kinase Suppressor of Ras
(KSR1/2) play an important role in this signaling cascade. KSR func-
tions as a crucial scaffolding protein to coordinate the assembly of Raf-
MEK-ERK complexes. Humans possess two KSR genes (KSR1 and KSR2).
Their primary structures indicate that KSR1/2 belong to the protein-
serine/threonine kinase family. It was first believed that these proteins
were catalytically inactive owing to the absence of essential amino acid
residues. Although most active protein kinases possess HRD (His-Arg-
Asp) or YRD (Tyr-Arg-Asp) at the beginning of the catalytic loop, KSR1/
2 have HKD (His-Lys-Asp) in its place in humans (Table 2), Drosophila
(UniProtKB Q24171), and C. Elegans (UniProtKB Q19380). Further-
more, the essential β3-lysine residue within most protein kinases, in-
cluding the KSR of Drosophila and C. Elegans, is replaced by an arginine
in human KSR1 and KSR2 (R637/R692). Note the presence of these
paradoxical mutations; we have the substitution of arginine for lysine
within the β-strand and the substitution of lysine for arginine within the
catalytic loop. Despite these mutations, KSR1 [79] and KSR2 [59] ex-
hibit some enzyme activity.
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Wan et al. determined the X-ray crystal structure of a B-Raf side-to-
side dimer containing sorafenib (Fig. 6 A and B) [80]. The interacting
residues in the homodimers involved (i) six residues following the im-
portant αC-helix (506RKTRHV511), (ii) three residues in the β3-strand
(515LFM517), and (iii) four residues within the αE-helix: D565, Y566,
A569, and K570. Hydrogen bonds form from one monomer’s R506,
T508, F516 with residue R509 of the partner (Fig. 6F). Moreover, H510
and V511 from the αC-β4 back loop of one dimer interact hydro-
phobically with L515 and M517 from the back loop of the partner
dimer. These residues are conserved within the Raf family kinases and
KSR1/2. It is hypothesized that the formation of side-to-side dimers is
required for the activation of wild type Raf family protein kinases [5].
However, it is unclear whether this occurs before or after phosphor-
ylation of the activation segment (T599 and S602 in B-Raf). There are
three possible combinations of Raf homodimers (A-A, B-B, C-C) and

three possible combinations of Raf heterodimers (A-B, A-C, B-C). B–C
and C–C appear to be the most important signaling dimers.

McKay et al. studied the interaction of KSR1 with B-Raf and MEK
[81]. Based upon site-directed mutagenesis and co-immunoprecipita-
tion studies, they identified MEK1 M308 and I310 as residues important
for binding with KSR1. Based upon the X-ray crystal structure of the
KSR2–MEK1 complex (PDB ID: 2Y4I), these two MEK1 residues make
hydrophobic contact with KSR2 L822, Q839, and I883. They also dis-
covered that MEK1 M308/I310 contribute to its interaction with B-Raf.
In cells, the KSR1–MEK1 interaction is constitutive under basal condi-
tions and serves to sequester MEK1 from participating in signaling. In
signaling cells, however, KSR1 facilitates B-Raf interaction with MEK
through the formation of a MEK–KSR1–B-Raf ternary complex. KSR1 of
the ternary complex binds to ERK. ERK has the potential to catalyze the
phosphorylation of inhibitory feedback sites within B-Raf and KSR2.

Table 3
Spine and shell residues of human (i) A/B/C-Raf, (ii) KSR1/2, (iii) MEK1/2 and (iv) murine PKA.

Symbol KLIFS
No.

A-Raf B-Raf C-Raf KSR1 KSR2 MEK1 MEK2 PKAa

Regulatory spine
β4-strand (N-lobe) RS4 38 F369 F516 F408 F772 F725 F129 F133 L106
C-helix (N-lobe) RS3 28 L358 L505 L397 Y661 Y714 L118 L122 L95
Activation loop F of DFG (C-lobe) RS2 82 F448 F595 F487 F751 F804 F209 F213 F185
Catalytic loop His/Tyr (C-lobe) RS1 68 H426 H574 H466 H731 H784 H184 H192 Y164
F-helix (C-lobe) RS0 None D491 D638 D530 D803 D856 D245 D249 D220
R-shell
Two residues upstream from the gatekeeper Sh3 43 I380 I527 I419 I684 I737 I141 I145 M118
Gatekeeper, end of β5-strand Sh2 45 T383 T529 T421 T686 T739 M143 M147 M120
αC-β4 loop Sh1 36 V346 V511 V403 E667 E720 V127 V131 V104
Catalytic spine
β3-AxK motif (N-lobe) CS8 15 A334 A481 A373 A637 A690 A95 A99 A70
β2-strand (N-lobe) CS7 11 V324 V471 V363 V627 V680 V82? V86 V57
β7-strand (C-lobe) CS6 77 F436 F583 F475 F740 F793 L197 L201 L173
β7-strand (C-lobe) CS5 78 L437 L584 L476 Y741 Y794 V198 V202 I174
β7-strand (C-lobe) CS4 76 I435 I582 I474 V739 V792 I196 I200 L172
D-helix (C-lobe) CS3 53 L390 L537 L429 L694 L747 L151 L155 M128
F-helix (C-lobe) CS2 None L502 L649 L541 L814 L867 S252 S256 L227
F-helix (C-lobe) CS1 None V498 V645 V534 V810 I864 M256 L260 M231

a From Ref. [60,61].

Fig. 6. (A) and (B) B-Raf side-to-side dimers. (C) KSR2–MEK1 face-to-face dimer. (D) MEK1–B-Raf–B-Raf–MEK1 tetramer. (E) B-Raf–MEK1 face-to-face dimers. (F)
Salt bridges between the B-Raf side-to-side dimers. The cyan residues belong to the vemurafenib-bound protomer and the gray residues belong to the apo-protomer.
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Rajakulendran et al. hypothesized that KSR activates B-Raf fol-
lowing the formation of side-to-side heterodimers [82]. Based upon
analytical ultracentrifugation, they reported that KSR and Raf form
heterodimers, which was abolished by the KSR2 R732H mutation at the
dimer interface. Using Drosophila S2 cells, they discovered that in-
creasing the content of KSR resulted in MEK phosphorylation that was
Ras-independent. Mutation of four other residues in the hypothesized
KSR dimerization domain (G700W, F739 A, M740W, and Y790 F) also
abolished MEK phosphorylation as a result of the failure to activate B-
Raf. They hypothesized that KSR has two distinct functions; it first
activates Raf following their heterodimerization and it also recruits
MEK to facilitate downstream signaling.

Brennan et al. performed structural and biochemical experiments to
determine the mechanism of KSR2-stimulated MEK1 phosphorylation
as catalyzed by B-Raf [59]. Based upon gel filtration studies, they de-
monstrated that KSR2–MEK1 exist as tetramers and dimers in solution.
MEK1–KSR2 heterodimers assemble into tetramers through a KSR2
side-to-side homodimer interface centered on Arg718. The equilibrium
between the dimers and tetramers indicates a weak KSR2 side-to-side
homodimer interaction. They determined the crystal structure of the
rabbit KSR2-human MEK1 complex and discovered that their active
sites face each other and the heterodimer interface includes their acti-
vation segments and αG-helices. MEK1–KSR2 form face-to-face het-
erodimers that involve a hydrogen bond between the carbonyl group of
KSR2 K821 and the NeH group of G225 as well as hydrophobic inter-
actions with residues from each member’s αG-helix involving KSR2
A881 and Q885 with MEK1 L235 and Q236 (Fig. 6C). These in-
vestigators reported that the KSR2 scaffold assembles a MEK1–KSR2–B-
Raf ternary complex that is responsible for promoting MEK1 phos-
phorylation by B-Raf. Brennan et al. discovered that a KSR2 Arg718His
mutation abolishes the activation of MEK1 by B-Raf thereby demon-
strating the importance of the KSR2 dimer interface in the overall
process of MEK1 activation [59].

Brennan et al. found that adding a kinase-dead B-Raf (β3-K483S)
mutant to KSR2-MEK1 increases MEK1 phosphorylation 15-fold [59]. A
KSR2 inhibitor (ASC24) blocks 70% of total MEK1 phosphorylation, but
less than 10% of MEK1 S218/S222 activation segment phosphorylation.
Sorafenib, a Raf multikinase inhibitor, blocks 30% of total MEK1
phosphorylation, but more than 90% of MEK1 S218/S222-specific
phosphorylation. They inferred that KSR2 is the major enzyme re-
sponsible for MEK1 phosphorylation and this results from a B-Raf (β3-
K483S)-induced increase in KSR2 enzymatic activity. KSR2-mediated
phosphorylation of MEK1 outside of the activation segment may enable
B-Raf–mediated phosphorylation of the MEK1 activation segment S218
and S222. These experiments demonstrate that KSR2 possesses catalytic
activity despite lacking the canonical residues in the β3-strand and
catalytic loop as noted above. B-Raf forms active side-to-side homo-
dimers [58] and B-Raf apparently stimulates KSR2 activity allosterically
by forming similar heterodimers. KSR2 promotes the release of the
MEK1 activation segment for phosphorylation. Brennan et al. hy-
pothesize that regulatory B-Raf interacts with KSR2 in cis to introduce a
conformational change in KSR2 thereby facilitating phosphorylation of
MEK1 by an independent catalytic B-Raf molecule in trans (Fig. 7A).

Lavoie et al. studied the interaction of B-Raf, MEK1/2, and KSR1
[43]. They discovered that MEK1 or MEK2 induces B-Raf–KSR1 kinase
domain side-to-side dimerization and this process was independent of
MEK catalytic activity. The ability of MEK1 to promote B-Raf–KSR1
complex formation was dependent on KSR–MEK interaction and was
abolished by mutations involving αG-helix dimerization residues. B-
Raf–KSR1 complex formation was also dependent on the ability of these
two proteins to form side-to-side dimers. These investigators hypothe-
sized the existence of two functionally unique MEK proteins, i.e., an
activator MEK that binds to KSR1 and stimulates dimerization with B-
Raf and a substrate MEK that interacts with and is phosphorylated in a
reaction catalyzed by B-Raf. This scheme is illustrated in Fig. 7B.

Both schemes begin with a KSR side-to-side homodimer with each

protomer bound face-to-face with MEK (Fig. 7A and B). In scheme I, a
regulatory Raf displaces a KSR-MEK heterodimer and binds to
MEK–KSR to form a ternary complex; the KSR2–Raf interact in a side-
to-side fashion while MEK1–KSR2 interact in a face-to-face manner. An
active catalytic Raf homodimer catalyzes the phosphorylation of MEK
within the ternary complex. The initial state in scheme II resembles that
of scheme I. Now B-Raf displaces a MEK–KSR face-to-face heterodimer
to form a ternary complex; in this ternary complex, B-Raf is activated by
its side-to-side interaction with KSR. The activated B-Raf then catalyzes
the phosphorylation of substrate MEK. It is unclear at which step B-Raf
activation segment phosphorylation occurs during the activation pro-
cess. Whether scheme I, scheme II, a combination of them, or other
schemes for MEK activation are employed by nature will require ad-
ditional experimentation. Thus, future work will be required to firmly
establish the mechanism that leads to MEK activation in a process in-
volving Raf, MEK, and KSR.

Haling et al. determined the X-ray crystal structure of the B-
Raf–MEK1 complex and found a tetramer that consisted of a dimer of
the B-Raf–MEK1 complex (Fig. 6D) [83]. Two central B-Raf protomers
form a side-to-side transactivating dimer while the MEK1–B-Raf portion
consists of a face-to-face dimer with MEK1 that involves the interaction
of the respective activation segments (Fig. 6E). The B-Raf G615 car-
bonyl group hydrogen bonds with the NeH group of MEK1 V225 and
the NeH group of B-Raf I617 hydrogen bonds with the carbonyl group
of MEK1 S222 (not shown). These investigators discovered that the B-
Raf I617R mutation completely disrupts its binding to MEK1. The ac-
tivation of MEK1 requires the phosphorylation of S218 and S222 within
the activation segment [6]. The face-to-face interactions also involve
interactions between the αEF and αG-helices. The activation segment of
B-Raf is in an active (but unphosphorylated) and open conformation
while that of MEK1 is in an inactive closed conformation. The face-to-
face interactions resemble those formed between KSR2 and MEK1.
However, B-Raf and MEK1 exist in solution as a stable tetramer
(MEK1–B-Raf–B-Raf–MEK1) while KSR2 and MEK1 exist as a dimer
(MEK1–KSR2) and tetramer (MEK1–KSR2–KSR2–MEK1) in equili-
brium.

5. FDA-approved B-Raf and MEK1/2 inhibitors

5.1. Classification of protein kinase-drug complexes

Dar and Shokat defined three classes of small molecule protein ki-
nase antagonists and labeled them types I, II, and III [84]. The type I
inhibitors bind within the ATP pocket of an active protein kinase; the
type II inhibitors bind to an inactive protein kinase with the activation
segment DFG-D pointing away from the active site (DFG-Dout) while the
type III inhibitors bind to an allosteric site, which is not part of the
active site [85] and is external to the ATP-binding site. Zuccotto sub-
sequently defined type I½ inhibitors as drugs that bind to an inactive
protein kinase with the DFG-D pointed inward (DFG-Din) toward the
active site (in contrast to the DFG-Dout conformation) [86]. The dor-
mant enzyme may display an αC-helixout conformation, a closed acti-
vation segment, or a nonlinear or broken regulatory spine. Gavrin and
Saiah subsequently divided allosteric inhibitors into two types: III and
IV [87]. The type III inhibitors bind within the cleft between the small
and large lobes and next to, but independent of, the ATP binding site
while type IV allosteric inhibitors bind elsewhere. Moreover, Lamba
and Gosh defined bivalent antagonists as those inhibitors that span two
distinct parts of the protein kinase domain as type V inhibitors [88]. For
example, an inhibitor that bound to the ATP-binding site as well as the
peptide substrate site would be classified as a type V inhibitor. To
complete this classification, we named inhibitors that bind covalently
with the target enzyme as type VI antagonists [78]. For example, afa-
tinib is a type VI covalent inhibitor of EGFR that is FDA-approved for
the treatment of NSCLC. Mechanistically, this drug binds initially and
reversibly to an active EGFR conformation (like a type I inhibitor) and
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then the thiol group of EGFR C797 attacks the drug to form an irre-
versible covalent adduct [78].

Owing to the diversity of inactive conformations when compared
with the conserved active protein kinase conformation, it was hy-
pothesized that type II inhibitors would be more selective than type I
inhibitors, which bind to the canonical active conformation. The as-
sessment of Vijayan et al. corroborate this hypothesis [51] while those
of Kwarcinski et al. and Zhao et al. do not [89,90]. Type III allosteric
inhibitors bind next to the adenine binding pocket [87]. Owing to the
greater variance in this region when compared with the ATP binding
pocket, type III antagonists have the potential to be more selective than
type I, I½, or II inhibitors. The studies of Kwarcinski et al. suggest that
antagonists that bind to the αCout conformation (type I½ inhibitors)
may be more selective than type I and II inhibitors [89]. FDA-approved
αCout inhibitors include neratinib – an ErbB2/HER2 antagonist – and
lapatinib – an EGFR/ErbB1 and ErbB2/HER2 antagonist – both drugs of
which are used in the treatment of advanced breast cancer. However,
their studies suggest that not all protein kinases are able to assume the
αCout conformation while they indicate that all kinases are able to
adopt the DFG-Dout conformation.

We previously divided the type I½ and type II inhibitors into A and
B subtypes [78]. As described in Section 6, sorafenib is a type II in-
hibitor of B-Raf (PDB ID: 1UWH). This drug binds to the DFG-Dout

configuration of the protein kinase domain and extends into the back
cleft. We classified drugs that extend into the back cleft as type IIA
inhibitors. In contrast, we classified drugs that (i) bind to the DFG-Dout

conformation and (ii) do not extend into the back cleft as type IIB in-
hibitors. Based upon limited data, the possible significance of this dis-
tinction is that type A inhibitors bind to their target enzyme with a
longer residence time when compared with type B inhibitors [78].

Type II inhibitors bind to their target protein kinase with the DFG-D
directed away from the active site [2,78,91] and they are usually the
easiest to identify by inspection. As a consequence, the DFG-D and DFG-
F switch places and the change in location of the phenylalanine residue
creates a large allosteric site that interacts with a portion of type II
antagonists such as sorafenib. The adenine-binding site occurs within
the front pocket and does not project past the gate area into the back

pocket. In Section 6, we will see that the B-Raf antagonists studied in
this paper are type I½ and type IIA inhibitors.

Ung et al. examined a range of structural features based upon the
disposition of the αC-helix and the DFG motif to define the conforma-
tion space of the catalytic domain of protein kinases [74]. They note
that the αC-helix can move from its active αCin position to the αCout

position by tilting and rotation. Similarly, the DFG motif can move from
its active DFG-Din position to the inactive DFG-Dout position. These
investigators defined five different protein kinase conformations: αCin-
DFG-Din (CIDI), αCin-DGF-Dout (CIDO), αCout-DFG-Din (CODI), αCout-
DFG-Dout (CODO), and ωCD representing structures with variable DFG-
D intermediate states or variable positions of the αC-helix. CIDI re-
presents the catalytically active state with an intact R-spine. Type I
protein kinase inhibitors compete with ATP for its binding pocket and
interact with the hinge region. CIDO has the DFG motif flip that re-
shapes the ATP-binding site and displaces DFG-F thereby breaking the
R-spine (Fig. 3D). Many type II protein kinase inhibitors occupy the
DFG-pocket and form hydrogen bonds with the DFG-D backbone amide
and the αC-E carboxylate. CODI denotes the αCout and DFG-Din con-
formation and has an intact R-spine. The folding of the activation loop
deforms the protein-substrate binding site while also displacing the αC-
helix to its dilated or to its out configuration. The movement of the αC-
helix allows for the binding of vemurafenib to B-Raf as described in
Section 6. CODO has both αCout and DFG-Dout with a distorted R-spine.
There are only limited structural data on the CODO conformations and
few known bound ligands. ωCD structures are highly heterogeneous
with diverse DFG-D intermediate states and variable αC-helix posi-
tioning. ωCD configurations may represent transition states among the
various primary conformations.

5.2. Drug-ligand binding pockets

Liao [77] and van Linden et al. [92] divided the region between the
protein kinase amino-terminal and carboxyterminal lobes where ATP
binds into a front cleft or pocket, a gate area, and a back cleft. The back
pocket or HPII (hydrophobic pocket II) includes the gate area and back
cleft (Fig. 8). The front cleft includes the adenine pocket, the hinge

Fig. 7. (A) Regulatory and catalytic Raf. Reproduced from Ref. [59] with copyright permission of Springer Nature. (B) Activator and substrate MEK1. Reproduced
from Ref [43]. with copyright permission of Springer Nature.
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residues, the glycine-rich loop, the extension connecting the hinge re-
sidues to the large lobe αD-helix, and the amino acid residues within
the catalytic loop (HRD(x)4N). The gate area includes the β3-strand of
the small lobe and the proximal portion of the activation segment in-
cluding DFG. The back cleft extends to the αC-helix, the αC-β4 back
loop, portions of the β4- and β5-strands of the amino-terminal lobe and
a section of the αE-helix within the carboxyterminal lobe.

van Linden et al. identified several sub-pockets that are found in
these three regions [92]. For example, the front cleft includes an ade-
nine-binding pocket (AP) adjacent to two front pockets (FP-I and FP-II).
FP-I occurs between the solvent-exposed extension that connects the
hinge residues to the αD-helix and the xDFG-motif (where x is the re-
sidue immediately before the activation segment DFG) and FP-II is
found between the glycine-rich loop and the β3-strand at the top of the
cleft. Back pocket I (BP-I), which can be divided into two subpockets
(BP-I-A and BP-I-B), is located in the gate area between the xDFG-motif,
the β3- and β4-strands, the conserved β3-K of the AxK signature, and
the αC-helix. The smaller BP-I-A occurs at the top of the gate area and is
bordered by residues of the β3- and β5-strands including the β3-AxK
and the αC-helix. The larger BP-I-B is found at the center of the gate
area permitting access to the back cleft. BP-I-A and BP-I-B occur in the
DFG-Din and DFG-Dout conformations (Fig. 8).

BP-II-A-in and BP-II-in occur within the back cleft in the DFG-Din

conformation [77]. These pockets are bordered by the large lobe DFG-
motif and the small lobe αC-helix, the αC-β4 back loop, and the β4- and
β5-strands. Major modification of BP-II-A-in and BP-II-in takes place to
produce BP-II-out in the DFG-Dout configuration; this conversion occurs
with a change in the location of DFG-F. The resulting compartment is
named back pocket II-out (BP-II-out); it is found where the DFG-F oc-
curs in the DFG-Din configuration. BP-II-B is bordered by the αC-helix
and β4-strand in both the DFG-Din and DFG-Dout conformations. Back
pocket III (BP-III) is found only in the DFG-Dout conformation. This
compartment occurs on the floor of BP-II-out between the activation
segment DFG-Dout motif, the conserved catalytic loop HRD-H, the β6-
strand, and the αE-helices of the large lobe and the αC-β4 back loop
and the αC-helices of the small lobe. Two pockets that are partially
solvent exposed (BP-IV and BP-V) occur between the small lobe αC-
helix and the large lobe DFG-Dout motif, the catalytic loop, the β6-
strand, and the activation segment (Fig. 8).

van Linden et al. formulated a comprehensive summary of drug and
ligand binding to more than 1200 human and mouse protein kinase
domains [92]. Their KLIFS (kinase–ligand interaction fingerprint and
structure) directory includes an alignment of 85 ligand binding-site

residues occurring in both the amino-terminal and carboxyterminal
lobes; this catalog expedites the classification of drugs and ligands
based upon their binding characteristics and facilitates the detection of
related interactions. Moreover, these investigators devised a standard
amino acid residue numbering system that facilitates the comparison of
many protein kinases. Table 3 specifies the relationship between the
KLIFS database numbering and the catalytic spine, shell, and regulatory
spine amino acid residue nomenclature. Moreover, this group estab-
lished a valuable free and searchable web site that is regularly updated
thereby providing comprehensive information on protein kinase inter-
action with drugs and ligands (klifs.vu-compmedchem.nl/).

6. Structures of Raf-drug complexes

Vemurafenib (Fig. 9A) is a 7-azaindole derivative that is FDA-ap-
proved for the treatment of BRAFV600E/K mutant (i) advanced mela-
noma or (ii) Erdheim-Chester disease (Table 4). The latter malady is a
rare illness characterized by the abnormal proliferation of histiocytes (a
tissue macrophage or a dendritic cell); about half of the people with this
illness possess the BRAFV600E mutation. The name vemurafenib is de-
rived from V600E mutant B-Raf inhibition. The drug is a multikinase
inhibitor with activity against B-RafV600E, SRMS, ACK1, MAP4K5, and
FGR (www.brimr.org/PKI/PKIs.htm). Bollag et al. provided a compre-
hensive summary that led to the development of vemurafenib [93].
These investigators screened small molecules (150–350 Da) with fewer
than eight hydrogen bond donors and acceptors with few rotatable
bonds against five different protein kinases to identify potential scaf-
folds. Some 238 compounds were selected for co-crystal structure
analysis and more than 100 structures of protein kinases with PIM1 and
FGFR1 were determined while the methodology for preparing B-Raf
crystals was being developed. A 3-substituted 7-azaindole was chosen
for further optimization based upon its binding to PIM1. After finding
the most favorable compounds based upon binding affinity, selectivity,
and pharmacokinetic properties as well as solving the X-ray crystal
structures of more than 100 compounds bound to B-Raf, vemurafenib
was the final product.

The X-ray structure of vemurafenib bound to B-RafV600E (PDB ID:
3OG7) shows that the N1 nitrogen of the azaindole group forms a hy-
drogen bond with the carbonyl group of Q530 (the first hinge residue),
the N7 NeH group of the drug makes a hydrogen bond with C532 (the
third hinge residue), and the sulfonamide oxygen forms hydrogen
bonds with the NeH groups of DFG-F595 and DFG-G596 (Fig. 10A).
The drug makes hydrophobic contact with I463 at the end of the β1-

Fig. 8. Location of the protein kinase domain drug-binding pockets. AP, adenine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hydrophobic pocket II; T/
GK, threonine/gatekeeper. Adapted from Refs. [77,92].
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strand, V471 in the β2-strand after the G-rich loop, β3-strand A481 and
K483, L505 in the αC-helix (RS3), L514 in the αC-β4 back loop, I527
near the end of the β5-strand, W531 within the hinge, and F583 within
the β7-strand (CS6). The drug makes van der Waals contact with DFG-
D594. Vemurafenib binds within the front pocket (FP-I), gate area (BP-
I-A, BP-I-B), and back cleft (BP-II-A-in, BP-II-in). The drug binds to an
inactive conformation (αCout) with DFG-Din and is therefore classified
as a type I½ inhibitor [78].

Dabrafenib (Fig. 9B) is an aminopyrimidine thiazole derivative that
is FDA-approved as a single agent for the treatment of unresectable or
metastatic melanoma with BRAFV600E/K mutations or as part of a
combination of drugs (with trametinib) for the treatment of metastatic
melanoma or NSCLC with BRAFV600E/K mutations (Table 4). Rheault
et al. described the development of this medicinal from a lead thiazole
compound that involved modification of a headgroup and tail to im-
prove its pharmacokinetic properties while preserving favorable target
selectivity and potency [94]. The X-ray structure of dabrafenib bound
to B-RafV600E (PDB ID: 4XV2) shows that the N1 of the pyrimidine forms
a hydrogen bond with the NeH group of C532 of the hinge and the 2-
amino group attached to the pyrimidine forms a hydrogen bond with
the C532 carbonyl group while one of the sulfonamide oxygens forms a
hydrogen bond with the β3-strand K483 and the other sulfonamide
oxygen forms a hydrogen bond with the NeH group of DFG-F595

(Fig. 10B). The drug makes hydrophobic contact with I463 at the end of
the β1-strand, F468 within the G-rich loop, V471 within the β2-strand,
the β3-strand A481 (CS8) and K483, L505 within the αC-helix (RS3),
L514, L515, and F516 in the αC-β4 loop, I527 within the β5-strand,
Q530 and W531 within the hinge, F583 within the β8-strand (CS6). The
drug also makes van der Waals contact with DFG-D594. Dabrafenib
binds within the front pocket (FP-I), gate area (BP-I-B), and the back
pocket (BP-II-A-in, BP-II-in). The drug binds to an inactive conforma-
tion (αCout) with DFG-Din and is therefore classified as a type I½ in-
hibitor.

Sorafenib (Fig. 9C) is a pyridine carboxamide bis aryl-urea deriva-
tive that is FDA-approved for the treatment of hepatocellular carci-
nomas, renal cell carcinomas, and differentiated thyroid carcinomas
that are refractory to radioiodine treatment. The agent is a multikinase
inhibitor with activity against B/C-Raf, B-RafV600E, Flt3, Kit, RET,
VEGFR1/2/3, and PDGFRβ (Table 4) [95,96]. It was initially developed
as a Raf inhibitor as indicated by its name (sorafenib). Its effects against
renal cell carcinomas is most likely related to its inhibition of the
VEGFR family of receptor protein-tyrosine kinases. The X-ray crystal
structure of sorafenib bound to B-Raf shows that the pyridine N1 forms
a hydrogen bond with the NeH group of C532 and the carboxamide
NeH forms a hydrogen bond with the carbonyl group of C532 within
the hinge. The αC-E501 forms a hydrogen bond with each of the urea

Fig. 9. Structures of selected Raf (A–G) and MEK inhibitors (H–J).

Table 4
Selected properties of orally effective Raf multikinase and MEK inhibitors.

Name, code, trade name Selected targets Typea Formula MW (Da) D/Ab RBc FDA-approved indications (year of initial approval)d

Vemurafenib, PLX4032,
Zelboraf

A/B/C-Raf, B-Raf V600E, SRMS,
ACK1, MAP4K5, FGFR

I½ C22H24BrFN4O2 489.9 2/7 7 Melanoma with BRAFV600Emutation and Erdheim-
Chester disease (2011)

Dabrafenib, GSK2118436,
Tafinlar

B-Raf I½ C23H20F3N5O2S2 519.6 2/11 6 Melanoma (2013) and NSCLC (2017) with BRAF
mutations

Sorafenib, BAY 43-9006,
Nexavar

B/C-Raf, B-Raf V600E, Kit, Flt3, RET,
PDGFRβ, VEGFR1/2/3,

IIA C21H16ClF3N4O3 464.8 3/7 5 Hepatocellular carcinoma, RCC, DTC (2005)

LY3009120 A/B/C-Raf IIA C23H29FN6O 424.5 3/6 6 Clinical trial NCT02014116 for melanoma and other
advanced cancers

PLX7904 B-Raf I½ C24H22F2N6O3S 512.5 2/10 8 No current clinical trials
Lifirafenib B-Raf IIA C25H17F3N4O3 478.4 2/8 3 Clinical trial NCT02610361 for solid tumors
Encorafenib B-Raf ? C22H27ClFN7O4S 540.0 3/10 10 Melanoma B-RafV600E/K with binimetinib (2018)
Cobimetinib, GDC-0973 MEK1/2 III C21H21FIN3O2 531 4/7 4 Melanoma B-RafV600E/K with vemurafenib
Trametinib, GSK1120212 MEK1/2 III C32H23FIN5O4 615.0 2/6 5 Melanoma (2013) & NSCLC (2017) with BRAF

mutations
Binimetinib, MEK-162 MEK1/2 ? C17H15BrF2N4O3 441.2 3/7 6 Melanoma B-RafV600E/K with encorafenib (2018)

aType of inhibitor based upon the drug-kinase structure as described in Ref. [78].
bD, no. of hydrogen bond donors; A, no. of hydrogen bond acceptors.
cNo. of rotatable bonds.
dDTC, differentiated thyroid cancer; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma.
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NeH groups and the urea oxygen forms a polar bond with the NeH
group of DFG-D594. The drug makes hydrophobic interactions with
I463 at the end of the β1-strand, V471 within the β2-strand, A481 (CS8)
and K483 in the β3-strand, V504 and L505 (RS3) within the αC-helix,
Q530 and W531 within the hinge, L567 and I572 before the catalytic
loop, HRD-H574 of the catalytic loop, F583 (CS6), and DFG-F595.
Sorafenib binds within the front pocket, gate area, and back pocket (BP-
I-B, BP-II-out, and BP-III). Because it binds to the DFG-Dout configura-
tion and extends into the back pocket, it is classified as a type IIA in-
hibitor.

LY3009120 (Fig. 9D) is a pyridopyrimidine phenyl urea derivative
that is in clinical trials for melanoma and other advanced cancers
(Table 4). This agent has demonstrated antitumor activity in xenograft
studies with KRAS or NRAS mutant neoplasms as well as vemurafenib-
resistant melanomas [97,98]. It is also effective against B-Raf β3-αC
deletions that have been found in pancreatic and thyroid tumors [99].
LY3009120 inhibits monomeric and dimeric B-Raf with similar po-
tency. The X-ray crystal structure of LY3009120 bound to B-Raf shows
that N1 of the pyridopyrimidine moiety forms a hydrogen bond with
the NeH group of C532 and the methylamino NeH group forms a
hydrogen bond with the carbonyl group of C532, the third hinge re-
sidue. Each of the two urea NeH groups makes polar contact with E501
while the urea oxygen forms a polar bond with DFG-D594. The drug
makes hydrophobic contact with V471 of the β2-strand, A481 (CS8)
and K483 within the β3-strand, L505 (RS3) within the αC-helix, L513 in
the αC-β4 back loop, I527 within the β5-strand, Q530 and W531 within
the hinge, L567 before the catalytic loop, HRD-H574 (RS1), I592 before
the activation segment, and DFG-F595 (RS2). LY3009120 binds within
the front pocket, gate area, and back pocket (BPeIeB and BP-III). Note
that its binding to B-Raf closely resembles that of sorafenib (Fig. 10C
and D). Because it binds to the DFG-Dout configuration and extends into
the back pocket, it is classified as a type IIA inhibitor [78].

PLX7904 (Fig. 9E) is a 7-azaindole derivative that is a next gen-
eration B-Raf inhibitor that is in its early stages of development; this

agent has greater potency against B-Raf V600E than vemurafenib [100].
It is considered to be a paradox breaker because it suppresses mutant B-
Raf without activating the MAP kinase pathway in cells that possess
RAS mutations or elevation of receptor protein-tyrosine kinase activity.
The X-ray crystal structure shows that the N7 NeH group of the
azaindole forms a hydrogen bond with the carbonyl group of the first
hinge residue (Q530) and the N1 of the azaindole forms a hydrogen
bond with the NeH group of the third hinge residue (C532). One of the
sulfamide oxygens forms hydrogen bonds with the NeH groups of both
DFG-F595 and DFG-G596 (Fig. 10E). The drug makes hydrophobic
contact with I463 at the end of the β1-strand, V471 near the beginning
of the β2-strand, β3 A481 (CS8) and K483, αC-L505 (RS3), L514 and
F516 in the αC-β4 loop, I527 of the β5-strand, W531 (the second hinge
residue), F583 (CS6), and DFG-F595. The drug also makes van der
Waals contact with DFG-D594. The drug binds within the front pocket
(FP-I), gate area (BP-I-A, BP-I-B), and back pocket (BP-II-A-in, BP-II-in).
Note that the binding of PLX7904 to B-Raf closely resembles the
binding of vemurafenib (PLX4032) to the enzyme (Fig. 10A and E).
PLX7904 is a type I½ inhibitor that binds to a αCout–DFG-Din (CODI)
inactive conformation.

Lifirafenib (Fig. 9F) is a fused tricyclic benzimidazole (Fig. 9F) that
inhibits both B-Raf and EGFR and is in its early stages of development
[101]. The IC50 values of the drug for B-RafV600E (23 nM), wild type B-
Raf (32 nM), C-Raf (7 nM), A-Raf (5.6 nM), and EGFR (29 nM) are in the
low nM range. These data demonstrate that lifirafenib is a pan-Raf in-
hibitor, which suggests that it will not give rise to the paradoxical ac-
tivation of the MAP kinase pathway. Tang et al. reported that lifirafenib
was effective in the treatment of the human BRAFV600E WiDr colorectal
xenograft model [101]. Owing to the presence of B-RafV600E-mutations
along with increased activity of EGFR in some forms of colorectal
cancer, this single agent has the potential to block each of these on-
cogenic activities. The X-ray crystal structure shows that the nitrogen
atom on the pyridine lactam groups forms a hydrogen bond with the
carbonyl group of C532 while the N1 of the pyridine forms a hydrogen

Fig. 10. Structures of B-Raf–drug complexes. The carbon atoms of the drugs are colored yellow. CL, catalytic loop; GRL, glycine-rich loop. The dashed lines depict
polar bonds.
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bond with the NeH of C532 (Fig. 10F). Moreover, the nitrogen atom
from the benzimidazole forms a hydrogen bond with the carboxyl group
of the αC-E501. The drug makes hydrophobic contact with the β1-
strand I463 before the G-rich loop, V471 near the proximal portion of
the β2-strand, the β3 A481 (CS8) and K483, L505 (RS3) within the αC-
helix, I513 and L514 in the back loop, I527 within the β5-strand, Q530
and W531 within the hinge, L567 before the catalytic loop, HRD-H574
(RS1), F583 (CS6), and DFG-F595 (RS2). Lifirafenib also makes van der
Waals contact with DFG-D582. The agent binds to the front pocket, the
gate area (BP-I-A and BP-I-B), and back pocket (BP-III). The drug binds
to the DFG-Dout conformation of B-Raf and extends into the back pocket
thereby making it a type IIA inhibitor.

Encorafenib (Fig. 9G) is an imidazole pyridine derivative that is
FDA-approved for the treatment of BRAFV600E/K-mutant melanoma in
combination with binimetinib. Its cellular profiles resemble the αCout B-
Raf inhibitors, but its X-ray crystal structure has not been reported to
confirm this notion. Encorafenib, binimetinib, and cetuximab combi-
nation therapy is being clinically tested in the treatment of BRAFV600E-
mutant metastatic colon cancer. Cetuximab is a chimeric human/mouse
monoclonal antibody directed against EGFR that is FDA-approved for
the treatment of wild type KRAS mutant colon cancer. The rationale for
this study is that the combined inhibition of EGFR and the Ras-Raf-
MEK-ERK pathway will be more efficacious in the treatment of these
cancers than inhibition of either EGFR or the MAP kinase pathway.
Table 4 lists the three MEK inhibitors that have been FDA-approved for
the treatment of BRAFmutant melanomas and their structures are given
in Fig. 9. The current standard of care for BRAF mutant melanoma is to
use a combination of B-Raf and MEK inhibitors. The superiority of one
combination compared with others has not been determined.

7. Classes of BRAF mutants

In addition to the BRAFV600E mutation, approximately 200 other B-
Raf mutant alleles have been discovered in human neoplasms [102].
Yao et al. divided oncogenic BRAF mutants into three classes that de-
termine their sensitivity to targeted inhibitors [103]. Class 1 mutants
(BRAFV600 mutations) signal as monomers, are Ras-independent, and
are sensitive to current Raf monomer inhibitors such as vemurafenib or
dabrafenib. Class 2 BRAFmutants signal as constitutive dimers, are Ras-
independent, and are resistant to vemurafenib. Cells bearing these
mutations may be sensitive to Raf dimer and/or MEK inhibitors. Class 3
mutants have low or absent protein kinase activity, are Ras-dependent,
and are sensitive to ERK-dependent feedback of Ras. These mutations
increase their binding to Ras and their activation requires coexistent
mechanisms for Ras activation in the tumor cell in order to function.
Class 3 mutants are not independent tumor drivers. Accordingly, they
act as amplifiers of the Ras signal that are induced by RAS mutations,
NF1 loss, or activation of receptors. Class 3 BRAF mutants coexist with
mutations in RAS or NF1 in melanomas; these tumors may be sensitive
to MEK inhibitors. The majority of class 3 mutants in epithelial tumors
(non-melanomas) are not associated with Ras/NF1 alterations and they
may be effectively treated with targeted combinations that include in-
hibitors of the receptor protein-tyrosine kinases that are responsible for
driving Ras activation. Selected Class1–3 mutations and their location
within B-Raf are listed in Table 5.

The class 1 BRAFV600E mutation is the dominant mutation of this
gene in human cancers [102]. This stimulatory mutation is located in
the activation segment and its location suggests that it disrupts the
structure of a dormant segment thereby converting it to an active
conformation. The B-RafV600E mutant does not require Ras activity nor
dimerization to assume an active state; the mutant monomer is func-
tionally active. However, these mutants also have the potential to form
homo- and heterodimers. Several class 2 mutations involve the prox-
imal portion of the activation segment and are associated with high or
intermediate activity. Although these mutants function as Ras-in-
dependent dimers, it is difficult to understand how mutations in the

activation segment can promote side-to-side dimer formation owing to
the distance of the mutant residues from the αC- and αE-helices and the
β3-strand residues that make up the interface. It is possible that mul-
tiple distinct, but complementary, mechanisms are responsible for the
activation of the class 2 mutants. Class 2 R462 and I463 mutations
occur immediately before the G-rich loop, G464 is the first G-loop re-
sidue, and G469 occurs at the end of the loop. These have intermediate
or high activity and function as dimers independent of Ras; because
they possess significant catalytic activity, they have the potential to
function as homodimers or as heterodimers with C-Raf. Class 3 G466
and S467 mutations occur near the end of the G-rich loop and have
impaired activity; these mutants form Ras-dependent dimers. The
G469 A/V/S mutant had high activity, but the G469E mutant has im-
paired activity. Mutations in the BRAF G-rich loop most likely function
as an activator of C-Raf in a side-to-side heterodimerization manner
thereby leading to increased MAP kinase pathway activity [83]. Addi-
tional biochemical and structural work will be required to define the
precise mechanisms that these mutants use to promote MAP kinase
pathway activation.

8. Epilogue

8.1. Amplification in the Ras-Raf-MEK-ERK signaling cascade

One theoretical consequence of a protein kinase signaling cascade is
that of amplification. One protein kinase can conceivably catalyze the
phosphorylation of thousands of protein substrate molecules. If the
substrate is also a protein kinase, it can also catalyze the phosphor-
ylation of thousands of substrate molecules, thereby leading to ampli-
fications exceeding 1× 106. Moreover, such regulatory amplifications
can occur on a millisecond time scale [104]. The initial definition of a
cascade is that of a series of waterfalls. The amount of water that goes
over the last waterfall is the same as that going over the first waterfall
and amplification does not occur. As noted next, however, amplification
can occur in physiological signal-transduction cascades.

Fujioka et al. measured the content of Ras, Raf, MEK, and ERK in
human HeLa cells. Note that the Raf content is much lower than that of
the components of this signaling module and they found that the Ras
content is 30-fold greater than that of Raf (Table 6) [105]. They also
found that the MEK content is about 110 times that of Raf, but the ERK
content is only 69% that of MEK. Thus, in the ERK signaling module,
the potential of a 110-fold amplification from Raf to MEK is possible. In
contrast, this degree of amplification from MEK to ERK is implausible.
Fujioka et al. discovered that EGF stimulation of HeLa cells leads to the
activation of 50% of Ras, 50% of Raf, 5% of MEK, and ≈ 60% of ERK.
This finding demonstrates that EGF produced an approximate 10-fold
amplification of MEK from Raf and an 8-fold amplification of MEK from
ERK. These results show that a substantial 81-fold amplification from
Raf to ERK occurred, but not a hypothetical increase of several orders of
magnitude. For protein kinases in general, the concentration of the
kinase and the kinase substrates are usually within one or two orders of
magnitude of each other and overall pathway amplification is not as
great as first imagined. These results emphasize the notion that protein
kinases do not need high turnover numbers to function within the cell.

8.2. Resistance to the Raf and MEK1/2 inhibitors

As noted by Winer and colleagues “Biologically, the cancer cell is
notoriously wily; each time we throw an obstacle in its path, it finds an
alternate route that must then be blocked” [106]. Both vemurafenib
and dabrafenib produce favorable responses in about 50% of melanoma
patients with BRAFV600E/K mutations [42]. However, this indicates that
50% of such patients have primary resistance and the basis for this
resistance is unknown. The ability of vemurafenib and dabrafenib to
cause tumor regression in a large proportion of patients with BRAF-
mutant advanced melanoma provides strong support for the notion that
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the oncogenic B-RAF protein is a dominant driver of tumor growth and
maintenance. However, the vast majority of benign cutaneous nevi
harbor the same BRAFV600E mutation [107]. It appears that the BRAF
mutation may be an initiating event in melanoma tumorigenesis. Our
current understanding of melanocyte biology suggests that the nevi are
benign because the BRAF mutation alone (without cooperating muta-
tions) induces senescence [108]. That additional factors may be in-
volved in the pathogenesis of melanomas may explain why only about
one-half of all patients with advanced disease respond to these drugs.

In 132 patients with secondary, or acquired, resistance to vemur-
afenib (64% of patients) or dabrafenib (36%), resistance mechanisms
were identified in 57% of these individuals [109]. The various sec-
ondary resistance mechanisms include NRAS or KRAS mutations (20%),
BRAF splice variants (16%), BRAFV600E/K amplifications (13%), MEK1/
2 mutations (7%), and non-MAP kinase pathway alterations (11%). The
non-MAP kinase pathway alterations include activation of the PI3 ki-
nase/Akt pathway, amplification of the MITF transcription factor, and
overexpression of PDGFR or the insulin-like growth factor receptor. It is
likely that mechanisms for resistance to combined Raf and MEK in-
hibitors are similar to those described for Raf inhibitors [42]. In tumors
other than melanomas possessing BRAFV600E mutations, such as in
colorectal and thyroid cancers, the response rates to vemurafenib or
dabrafenib inhibitors are low [58]. In comparison with melanoma, in-
creased upstream receptor protein-tyrosine kinase expression and ac-
tivity (mostly through EGFR in colorectal cancers and ErbB2/
HER2–ErbB3/HER3 signaling in thyroid cancers) has been reported to
account for the unexpected unresponsiveness. Following Raf inhibitor
treatment, feedback reactivation of upstream receptors and Ras is more
pronounced in these neoplasms thereby enhancing Raf dimerization
and thus limiting the effect of αCout inhibitors such as vemurafenib.

The MAP kinase pathway is evolutionarily conserved and the
blockade of the pathway likely evokes many changes to restore

pathway integrity. All cells including cancer cells typically express
multiple receptor protein-tyrosine kinases that mediate signals that
converge on essential downstream cell-survival effectors including the
MAP kinase and PI3 kinase pathways. Accordingly, an increase in cy-
tokines, growth factors, or hormones may confer drug resistance to
inhibitors of oncogenic protein kinases that also activate the MAP ki-
nase and PI3 kinase pathways. Wilson et al. studied a panel of ErbB2/
HER amplified, EGFR mutated, MET amplified, PDGFR amplified, FGFR
amplified, and BRAF mutated human cancer cell lines and discovered
that most of them could be made resistant to previously inhibitory
drugs by exposing them to one or more receptor ligands [110]. They
examined the effects of six different receptor ligands that are widely
expressed in various tumors including hepatocyte growth factor (HGF),
EGFR, fibroblast growth factor, PDGF, neuregulin-1 (ligand for ErbB3/
HER3 and ErbB4/HER4), and insulin-like growth factor. They found
that HGF, fibroblast growth factor, and neuregulin-1 were the most
broadly active ligands in promoting drug resistance followed by EGF. In
contrast, insulin-like growth factor and PDGF had relatively little effect
in these cell lines. These investigators discovered that HGF confers re-
sistance to vemurafenib in BRAF-mutant melanoma cells.

In follow-up experiments, Caenepeel et al. examined three
BRAFV600E melanoma cell lines to determine whether HGF would confer
resistance to vemurafenib [111]. They discovered that vemurafenib
blocked the proliferative capacity of all three cell lines and that HGF
normalized cell proliferation in the presence of the B-Raf antagonist.
They examined the effects of the receptor ligands listed in the previous
paragraph on the ability to confer vemurafenib resistance and dis-
covered that fibroblast growth factor conferred some resistance, but it
was not as effective as HGF. These investigators also discovered that
HGF also conferred drug resistance to dabrafenib and the combination
of dabrafenib and trametinib in several patient-derived BRAFV600E cell
lines. They also found that HGF conferred resistance against trametinib
in four of six patient-derived NRAS-mutant cell lines. To confirm the
role of MET signaling in mediating the HGF rescue, they discovered that
a selective MET antagonist restored the vemurafenib antiproliferative
effect. These workers discovered that vemurafenib treatment of mutant
melanoma cells induced marked increases in MET and GAB1 transcript
and protein levels. They found a significant increase in GAB1 (a MET
adaptor protein) in response to a MEK inhibitor. Together, these results
suggest that the increases in MET and GAB1 may ready BRAF-mutant
cells for the HGF response. These studies suggest that the combination
treatment with B-Raf, MEK, and MET inhibitors (such as crizotinib)
might be efficacious in the treatment of BRAF-mutant melanomas.

Table 5
Classification of selected BRAF mutantsa.

Class Mutation Location of mutation Kinase activity Comments

1 V600E/K/D/R Activation segment High Occurs most frequently in melanomas
2 R462I G-rich loop Intermediate
2 I463S G-rich loop Intermediate
2 G464E/V/R G-rich loop Intermediate Breast cancer G464V
2 G469 A/V/S G-rich loop High/Intermediate NSCLC G649 A; G649 V melanoma
2 E586K β7–β8 loop High
2 F595L DFG Intermediate
2 L597Q/R/S/V Activation segment High/ Intermediate Melanoma L597R; NSCLC L597V
2 A598V Activation segment Active
2 T599I Activation segment Intermediate
2 K601E/N/T Activation segment High Melanoma K601E
2 A727V Distal to αI Intermediate
2 B-Raf fusions High
3 G466 A/E/V/R G-rich loop Impaired Stomach cancer G466V
3 S467 A/E/L G-rich loop Impaired
3 G469E G-rich loop Impaired
3 K438M Proximal to β1 Impaired
3 D594 A/E/G/H/N/V DFG None Melanoma D594N
3 G596 A/C/D/R DFG Impaired Colorectal cancer G596R

a Data from Ref. [102].

Table 6
Concentration of Ras, Raf, MEK, and ERK in HeLa cellsa.

Total (nM) Activated (nM)b

Ras 400 200
Raf 13 6.5
MEK 1400 70
ERK 960 550

a Data from Ref. [105].
b Concentration of activated component following EGF stimulation.
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Monitoring the levels of MET and tumor HGF may have clinical utility
for identifying patients that are most likely to benefit from such com-
bination therapy.

Because mutations, overexpression, and dysregulation of protein
kinases play central roles in the pathogenesis of numerous human ail-
ments including autoimmune, inflammatory, and nervous diseases as
well as cancer, this enzyme family has become one of the most im-
portant drug targets during the past two dozen years [1,112]. More-
over, there are more than 175 different orally effective protein kinase
inhibitors in clinical trials worldwide [113]; a complete listing can be
found at www.icoa.fr/pkidb/. There are about three dozen FDA-ap-
proved medicines (www.brimr.org/PKI/PKIs.htm) that are directed
against about 20 different protein kinases. Moreover, drugs targeting an
additional 20 protein kinases are in clinical trials worldwide [30,113].
Owing to the hundreds of cancer amplicons and disease loci that have
been mapped in the human genome [4], one can anticipate a sub-
stantial increase in the number of enzymes that will be targeted for the
treatment of additional illnesses. Despite the success in the use of Raf
and MEK targeted therapies in the treatment of melanoma as well as
other targeted therapies in the treatment of other cancers, the almost
universal development of drug resistance is a vexing problem that can
only be solved with additional experimentation.
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