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A B S T R A C T

ERK1 and ERK2 are key protein kinases that contribute to the Ras-Raf-MEK-ERK MAP kinase signalling module.
This pathway participates in the control of numerous processes including apoptosis, cell proliferation, the im-
mune response, nervous system function, and RNA synthesis and processing. MEK1/2 activate human ERK1/2 by
first catalyzing the phosphorylation of Y204/187 and then T202/185, both residues of which occur within the
activation segment. The phosphorylation of both residues is required for enzyme activation. The only Raf
substrates are MEK1/2 and the only MEK1/2 substrates are ERK1/2. In contrast, ERK1/2 catalyze the phos-
phorylation of many cytoplasmic and nuclear substrates including transcription factors and regulatory mole-
cules. The linear MAP kinase pathway branches extensively at the ERK1/2 node. ERK1/2 are proline-directed
kinases that preferentially catalyze the phosphorylation of substrates containing a PxS/TP sequence. The de-
phosphorylation and inactivation of ERK1/2 is catalyzed by dual specificity phosphatases, protein-tyrosine
specific phosphatases, and protein-serine/threonine phosphatases. The combined functions of kinases and
phosphatases make the overall process reversible. To provide an idea of the complexities involved in these
reactions, somatic cell cycle progression involves the strict timing of more than 32,000 phosphorylation and
dephosphorylation events as determined by mass spectrometry. The MAP kinase cascade is perhaps the most
important oncogenic driver of human cancers and the blockade of this signalling module by targeted inhibitors is
an important anti-tumor strategy. Although numerous cancers are driven by MAP kinase pathway activation,
thus far the only orally effective approved drugs that target this signaling module are used for the treatment of
BRAF-mutant melanomas. The best treatments include the combination of B-Raf and MEK inhibitors (dabrafenib
and trametinib, encorafenib and binimetinib, vemurafenib and cobimetanib). However, resistance to these an-
tagonists occurs within one year and additional treatment options are necessary. Owing to the large variety of
malignancies that are driven by dysregulation of the MAP kinase pathway, additional tumor types should be
amenable to MAP kinase pathway inhibitor therapy. In addition to new B-Raf and MEK inhibitors, the addition of
ERK inhibitors should prove helpful. Ulixertinib, MK-8353, and GDC-0994 are orally effective, potent, and
specific inhibitors of ERK1/2 that are in early clinical trials for the treatment of various advanced/metastatic
solid tumors. These agents are effective against cell lines that are resistant to B-Raf and MEK1/2 inhibitor
therapy. Although MK-8353 does not directly inhibit MEK1/2, it decreases the phosphorylation of ERK1/2 as
well as the phosphorylation of RSK, an ERK1/2 substrate. The decrease in RSK phosphorylation appears to be a
result of ERK inhibition and the decrease in ERK1/2 phosphorylation is related to the inability of MEK to
catalyze the phosphorylation of the ERK–MK-8353 complex; these decreases characterize the ERK dual me-
chanism inhibition paradigm. Additional work will be required to determine whether ERK inhibitors will be
successful in the clinic and are able to forestall the development of drug resistance of the MAP kinase pathway.

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

Protein kinases play pivotal regulatory roles in nearly every aspect

of cell biology [1–3]. They control cell growth, cell proliferation, cell
survival, differentiation, the immune response, metabolism, nervous
system function, and transcription. Because protein phosphorylation
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involves the action of both protein kinases as well as phosphoprotein
phosphatases, phosphorylation-dephosphorylation is an overall re-
versible process. To provide an idea of the complexities involved in
these reactions, somatic cell cycle progression involves the precise
timing of more than 32,000 phosphorylation and dephosphorylation
reactions as determined by mass spectrometry [4]. Moreover, the dys-
regulation of protein kinase signaling occurs in many diseases including
cardiovascular, inflammatory, and neurodegenerative disorders as well
as cancers. Owing to the importance of the overactivity of protein ki-
nases in the pathogenesis of a variety of common diseases, it is esti-
mated that about of 20–33% of all drug discovery programs target
protein kinases. These enzymes catalyze the following reaction:

MgATP1– + protein–O:H → protein–O:PO3
2– + MgADP + H+

Based upon the identity of the substrate, these enzymes are classi-
fied as protein-tyrosine or protein-serine/threonine kinases [5]. En-
zymes such as MEK1/2, which catalyze the phosphorylation of tyrosine
and then threonine in the activation segment of ERK1/2, make up a
small group of so-called dual-specificity protein kinases [6,7]. These
dual-specificity enzymes are evolutionarily classified as protein-serine/
threonine kinases.

The MAP kinase signalling module is perhaps the most important
oncogenic driver of human malignancies [8–12]. This evolutionarily
conserved pathway relays extracellular signals to intracellular signaling
cascades. The MAP kinase pathway is activated by a variety of trans-
membrane receptors. For example, the activated epidermal growth
factor receptor (EGFR) becomes auto-phosphorylated at tyrosine re-
sidues that interact with guanine nucleotide exchange factors (GEFs)
such as SOS (from Drosophila son of sevenless) as well as other adaptor

proteins. The GEFs facilitate the conversion of dormant Ras-GDP to the
functional Ras-GTP in the plasma membrane [13–15]. It is important to
note that generally all of Ras biochemistry and signaling occur within
the inner leaflet of the plasma membrane. The RAS (Rat sarcoma) gene
family includes three members: HRAS, KRAS, and NRAS. These Ras
proteins toggle between inactive and active forms; the conversion of
dormant Ras-GDP to active Ras-GTP turns the switch on and the in-
trinsic Ras-GTPase activity promoted by the GTPase activating proteins
(GAPs) such as NF1 (neurofibromin-1) turns the switch off.

The molecular weight of each of the three Ras proteins is about
21 kDa. In contrast, the molecular weights of the multidomain GEFs and
GAPs are large (150–300 kDa) thereby permitting an astonishing
variety of interactions with lipids, proteins, and regulatory molecules
that control the levels of dormant and active Ras [15]. To activate
downstream members of the MAP kinase module, Ras-GTP stimulates
the formation of active homodimers or heterodimers made up of A-Raf,
B-Raf, and C-Raf by an intricate process (the Raf acronym corresponds
to Rapidly accelerated fibrosarcoma, first described in mice). The Raf
enzymes are protein-serine/threonine protein kinases that catalyze the
phosphorylation and activation of MEK1 and MEK2 where MEK cor-
responds to MAP/ERK Kinase. The MEK proteins, in turn, catalyze the
phosphorylation and activation of ERK1 and ERK2 (Extracellular
Signal-Regulated protein Kinases).

The A/B/C-Raf enzymes and MEK1/2 have very narrow substrate
specificity [15–19]. Accordingly, the only known Raf substrates are
MEK1/2 and the only known MEK1/2 substrates are ERK1/2. To fur-
ther exemplify their narrow substrate specificity, MEK1/2 are unable to
catalyze the phosphorylation of denatured ERK1/2 and they are unable
to catalyze the phosphorylation of peptides with the sequence

Fig. 1. Ras-GTP effector modules including the evolutionarily conserved Ras-Raf-MEK-ERK MAP kinase 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.
Adapted from Ref. [12] with copyright permission from Elsevier.
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corresponding to the activation segment of ERK1/2, the physiological
substrate. In contrast to the Raf and MEK enzymes, ERK1/2 have wide
substrate specificity that allows them to catalyze the phosphorylation of
hundreds of different cytosolic and nuclear proteins [19,20]. The linear
MAP kinase pathway branches extensively at the ERK1/2 node. The
Kinase Suppressors of Ras (KSR1/2) are the closest relatives of the Raf
family kinases (www.kinase.com/human/kinome). KSR1/2 are im-
paired protein kinases (but not kinase dead) that are able to function as
scaffolds that assemble Raf, MEK, and ERK to increase signaling effi-
ciency [21]. The outcome of KSR1/2 function is context-dependent and
varies with the concentration of the various members of the MAP kinase
pathway; as a result, these proteins can be stimulatory or inhibitory.

The MAP kinase module consists of a hierarchical tier of three
protein kinases: (i) MAP3K (MAPK kinase kinase), (ii) MAP2K (MAPK
kinase), and (iii) and MAPK. Although A/B/C-Raf are near the proximal
end of the MAP kinase cascade, MEKK1/2/3, COT (also known as
Cancer Osaka Thyroid kinase or MAP3K8), and MLK1/2/3/4 are other
ERK1/2 MAP3Ks that participate in cell type and stimulation specific
responses (Fig. 1). Ras-GTP has additional downstream effector path-
ways including the phosphatidylinositol 3-kinase (PI3 kinase) and Ral-
GDS modules [22–24]. PKB/Akt is downstream from PI3 kinase. The
MAP kinase pathway contains short-term negative feedback servo-
mechanism loops that include the phosphorylation of Raf enzymes as
well as MEK1/2 as catalyzed by ERK1/2. Long-term feedback results
from the synthesis of DUSP5/6 (dual specificity phosphatases-5/6) that
catalyze the dephosphorylation and inactivation of ERK1/2 within the
nucleus and cytoplasm [25]; activation of ERK1/2 thus dampens the
stimulatory response. The existence of parallel downstream pathways
suggests a strategy of combining targeted inhibitors of Raf, MEK, or
ERK of the MAP kinase pathway along with inhibition of PI3 kinase or
PKB/Akt in the treatment of various neoplasms [26].

2. Treatment of human malignancies with Raf and MEK inhibitors

RAS mutations occur in about 33% of all cancers [27,28]. KRAS
mutations occur in about 70% of pancreatic ductal adenocarcinomas,
40% of colorectal cancers, 35% of non-small cell lung cancers (NSCLC),
20% of papillary thyroid cancers, 10% of breast and ovarian cancers,
and 10% of acute myelogenous and acute lymphoblastic leukemias.
Additionally, NRAS mutations occur in about 20% of melanomas and
15% of anaplastic thyroid cancers and follicular thyroid cancers; mu-
tations of HRAS occur in about 20% of urothelial bladder carcinomas
and 2% of renal cell carcinomas. Although investigators have attempted
to develop Ras inhibitors for decades, only recently has there been a
modicum of success [29–34]. This is related to the lack of a reasonably
sized Ras drug-binding pocket. However, no direct Ras inhibitors have
yet entered clinical trials. Alternatively, combinations of Raf and MEK
inhibitors that target the MAP kinase pathway have been developed.
Thus far, these inhibitors have been approved for the treatment of ad-
vanced melanomas with activating mutations in BRAF; the term ad-
vanced in the oncology setting usually means unresectable, metastatic,
or both. Owing to the large variety of malignancies that are driven by
the MAP kinase pathway, one anticipates that Raf and MEK inhibitors
will be used to treat additional cancers.

There is considerable interest in developing ERK1/2 inhibitors as
therapeutic agents. Because Raf and MEK inhibitors are effective and
the MAP kinase pathway is linear (Ras-Raf-MEK-ERK), ERK represents a
logical and valid target. Inhibiting the terminal kinase of the MAP ki-
nase pathway represents a promising strategy for the treatment of a
broad spectrum of malignancies that harbor pathway-activating ma-
chinery. Moreover, resistance to Raf and MEK inhibitors is very often
the result of reactivation of this signaling module so that ERK represents
another target that may forestall acquired resistance to such antagonists
as well as producing a primary therapeutic response. The discovery of
clinically effective ERK1/2 inhibitors has lagged far behind the devel-
opment Raf and MEK inhibitors despite being druggable entities.

The estimated number of new cases of skin melanomas in the United
States in 2018 was 91,000 and the estimated number of deaths was
9300 (https://seer.cancer.gov/statfacts/html/melan.html). It is one of
the more common malignancies ranking below lung, breast, prostate,
and colorectal cancers. At the time of diagnosis, about 84% have lo-
calized disease, 9% have spread to regional lymph nodes, 4% have
distant metastasis, and 4% are unstaged. The overall five-year survival
is about 92%. This malignancy is most frequently diagnosed among
people aged 65–74 and is more common in men than women (ratio
3:2). It occurs in individuals of fair complexion and those who have
been exposed to sunlight over long periods of time. The incidence in
Caucasians is about ten-fold greater than any other racial/ethnic group.
The rates for new melanoma of the skin cases have been rising 1.5%
over the last ten years, but the death rates have been falling 1.2% each
year from 2006–2015.

Mutational oncogenic activation of the Ras-Raf-MEK-ERK pathway
occurs in a wide variety of cancers including more than 90% of skin
melanomas [35,36]. The Cancer Network consortium studied the ge-
netic background of skin melanomas in 331 patients based upon DNA,
RNA, and protein analysis [36]. They reported that the occurrence of
BRAFmutations was 52%, that of NRASmutations was 28%, and that of
NF1mutations was 14%; they classified the remainder of cases as triple-
WT (wild type). Both the gain-of-function BRAF and NRAS mutations
and the loss-of-function NF1 mutations result in the activation of the
MAP kinase pathway. BRAF mutations occur in 10–70% of thyroid
cancers (depending upon the histology), about 10% of colorectal can-
cers, and 3–5% of NSCLC cases [37–40].

The observation that activating BRAF mutations occur in the ma-
jority of melanomas [41] provided the rationale for the development of
B-Raf inhibitors [42]. Sorafenib was initially developed as a C-Raf
protein kinase inhibitor (reflected in its name sorafenib). However, this
drug is a VEGFR1/2/3, Kit, PDGFR, RET, and Flt3 multikinase inhibitor.
Several clinical trials examined the efficacy of sorafenib in patients with
metastatic melanomas, but the results were not encouraging. For ex-
ample, sorafenib produced a favorable clinical response in fewer than
5% of patients with melanomas [43]. Its activity against BRAFV600E

mutants and the wild type enzymes was less than its activity against C-
Raf, which explains in part its lack of effectiveness in the treatment of
these patients. Sorafenib is currently FDA-approved for the treatment of
renal cell, differentiated thyroid, and liver carcinomas. In another
clinical trial, Chapman et al. compared vemurafenib with dacarbazine
(a DNA-alkylating agent) in 675 randomized melanoma patients car-
rying the BRAFV600E mutation [44]. They reported that the overall re-
sponse rate for vemurafenib was 48% compared with that for da-
carbazine of 5%. Adverse effects of vemurafenib included nausea,
diarrhea, fatigue, joint pain (arthralgia), and skin rashes along with the
formation of (i) well-differentiated squamous cell skin carcinomas or
(ii) keratoacanthomas. Such tumors can be readily identified by in-
spection and are easy to excise. Nevertheless, the formation of these
tumors is clearly an undesired result. Diarrhea, fatigue, and skin rashes
are adverse incidents that are associated with the treatment of many
protein kinase inhibitors [45]. Vemurafenib was approved by the FDA
for the treatment of BRAFV600E melanomas in 2011.

Dabrafenib was the second small molecule B-Raf inhibitor that en-
tered clinical trials in comparison with cytotoxic dacarbazine.
Hauschild et al. reported that the response rate for dabrafenib was
about 50% compared with that for dacarbazine of about 6% [46]. The
dabrafenib progression-free survival was 5.1 months while that for
dacarbazine was 2.7 months. The adverse events produced by dabra-
fenib were comparable to those produced by vemurafenib. However,
vemurafenib is associated with a photosensitivity response [44] while
dabrafenib is likely to produce fever [46]. Dabrafenib was approved by
the FDA for the treatment of patients with advanced melanomas with
the BRAFV660E mutation in 2013 (www.brimr.org/PKI/PKIs.htm). As
was the case for vemurafenib, about 20% of patients receiving dabra-
fenib develop keratoacanthomas. The keratoacanthomas are treated by
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surgical excision and these drugs can be continued without any dose
adjustment. However, each of these drugs is ineffective in the treatment
of patients who lack the BRAFV600E mutation.

Dabrafenib and vemurafenib each produce the paradoxical activa-
tion of the MAP kinase pathway in wild type BRAF cells [12,16,19]. It is
contradictory in the sense that a B-Raf antagonist, which is one com-
ponent of the module, results in the overall activation of the pathway.
Such paradoxical activation leads to drug-induced skin lesions (kera-
toacanthomas) as noted above. Owing to paradoxical activation, both
dabrafenib and vemurafenib promote growth and metastasis of tumor
cells bearing RAS mutations in animal studies and they are contra-
indicated for the treatment of cancer patients with wild type BRAF,
including patients with activating RAS mutations. The precise me-
chanism of MAP kinase pathway activation is unclear despite extensive
experimentation, but drug-induced Raf dimerization appears to be an
essential component of this process. See Refs. [16,19] for a discussion of
the possible mechanisms that result in this paradoxical response to B-
Raf inhibitors.

Although nearly all patients with melanomas with the BRAFV600E

mutation derive clinical benefit, median progression-free survival is
only six months and more than 90% of patients develop resistance
within one year [45]. This rapid incidence of secondary resistance
prompted the study of other MAP kinase pathway inhibitors. One of
first of these alternative inhibitors was trametinib, which is a potent
antagonist of MEK1/2. In a clinical trial with 322 melanoma patients
possessing BRAFV600E/K mutations, Flaherty et al. reported that trame-
tinib produced 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 [47]. Peripheral
edema, diarrhea, and skin rashes were the principal trametinib adverse
events, which were easily managed. Mild grade 1 or 2 ocular toxicity
(blurred vision) was reported in 9% of the patients most likely resulting
from serous retinopathy, a reversible disorder. In contrast to dabrafenib
or vemurafenib, the trametinib patients failed to develop secondary
skin neoplasms.

In a clinical trial with 97 patients, Kim et al. reported that trame-
tinib had significant clinical activity in B-Raf-inhibitor–naive patients
who were previously treated with chemotherapy, immunotherapy, or
both [48]. Conversely, they found that trametinib had minimal activity
as a second-line treatment in patients who were previously treated with
a B-Raf inhibitor. Consequently, these authors suggested that B-Raf-
inhibitor resistance mechanisms also confer resistance to MEK-inhibitor
monotherapy. Accordingly, the FDA approved trametinib initially
(2013) as a monotherapy for patients who had not received B-Raf in-
hibitor therapy (www.brimr.org/PKI/PKIs.htm).

In a clinical trial involving 247 patients with advanced BRAFV600-
positive melanoma, Flaherty et al. compared dabrafenib or trametinib
monotherapy with the combination of these two drugs [49]. They found
that the incidence of complete or partial responses for the combination
cohort was 76% while it was 54% for monotherapy groups. Further-
more, median progression-free survival for the combination therapy
group was 9.4 months while it was about 5.8 months for the mono-
therapy groups. Pyrexia (fever) was much more common in the com-
bination cohort when compared with the monotherapy groups (71% vs.
26%). The occurrence of cutaneous squamous cell carcinomas (7% vs.
19%) and hyperkeratosis (9% vs. 30%) was decreased in the combi-
nation therapy cohort when compared with the monotherapy group;
these results, however, did not achieve statistical significance
(P= 0.09). The better response to 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 trametinib and
dabrafenib was approved by the FDA for the treatment of BRAFV600E/K-
driven melanomas in 2014 (www.brimr.org/PKI/PKIs.htm).

Larkin et al. reported on the results of a clinical trial consisting of
495 patients with treatment-naive advanced BRAFV600-mutation posi-
tive melanoma receiving both cobimetanib and vemurafenib or

vemurafenib plus placebo (the control group) [50]. The duration of
median progression-free survival (9.9 vs. 6.2 months) and the fre-
quency of complete or partial responses (68% vs. 45%) was better in the
dual-therapy group when compared with the control cohort. The in-
cidence of cutaneous squamous cell carcinomas in the combination
group was 2% compared with 11% in the control group while the in-
cidence of keratoacanthomas was 1% in the combination group com-
pared with 8% in the vemurafenib-only group. This represents an
unusual situation where a combination therapy produced fewer adverse
events than a monotherapy [45]. The studies of Flaherty et al. [49] and
Larkin et al. [50] demonstrated 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 inhibitor monotherapy.

Dummer et al. reported on the results of a clinical trial that involved
577 patients with advanced BRAFV600-mutation positive melanoma that
was treatment-naive or that had progressed on or after first-line im-
munotherapy [51]. Patients were assigned randomly to receive either
encorafenib once daily with binimetinib twice daily (encorafenib and
binimetinib cohort), encorafenib once daily (encorafenib cohort), or
vemurafenib twice daily (vemurafenib cohort). With a median follow-
up of 16.6 months, median progression-free survival was 7.3 months in
the vemurafenib cohort and 14.9 months in the encorafenib and bini-
metinib cohort. The most common grade 3–4 adverse events seen in the
encorafenib and binimetinib group were hypertension in 6% of pa-
tients, increased creatine phosphokinase activity (chiefly a muscle en-
zyme) in 7% of patients, and increased γ-glutamyltransferase activity (a
liver enzyme) in 9% of patients. These investigators concluded that
encorafenib monotherapy or encorafenib and binimetinib combination
therapy showed more favorable efficacy when compared with vemur-
afenib monotherapy. Furthermore, they inferred that encorafenib and
binimetinib together appear to have an improved tolerability profile
when compared with encorafenib or vemurafenib alone. As a result of
these findings, the FDA approved encorafenib and binimetinib combi-
nation therapy 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 BRAFV600-mutation positive patients with
advanced melanomas (about 50% of all advanced melanoma patients):
(i) dabrafenib and trametinib, (ii) vemurafenib and cobimetanib, and
(iii) encorafenib and binimetinib. The use of these drug combinations is
now the standard of care for these melanoma patients [52]. It is unclear
whether one of these drug combinations is superior to the others. The
choice between vemurafenib and cobimetanib versus dabrafenib and
trametinib may depend upon patient-related factors; in the former case,
it is the ability to tolerate cutaneous side effects and in the latter case it
is the ability to tolerate fever. However, encorafenib–binimetinib seems
to have a better toxicity profile, with a much lower incidence of fever
and photosensitivity in patients when compared with other two B-
Raf–MEK inhibitor combinations [51]. As these studies are continued,
perhaps differences in overall survival will be observed. The addition of
a MEK inhibitor allows for a greater dose of the B-Raf inhibitor, which
increases the overall therapeutic effectiveness.

Besides orally effective protein-kinase inhibitor therapies, the use of
intravenous immune checkpoint inhibitors represents an effective
melanoma treatment [53,54]. Pembrolizumab is a monoclonal antibody
that stimulates an immune response against malignancies by inhibiting
the lymphocyte programmed cell death-1 (PD-1) receptor. Nivolumab,
which is a human IgG4 anti-PD-1 monoclonal antibody, is another
checkpoint inhibitor. In contrast, ipilimumab is a monoclonal antibody
that stimulates the immune response by blocking the cytotoxic T-lym-
phocyte antigen-4 (CTLA-4), which is a regulator of the immune re-
sponse. Each of these three immune checkpoint inhibitors is approved
by the FDA for the treatment of melanomas irrespective of BRAF mu-
tation status. For patients with documented BRAFV600 mutations, se-
lection between immune checkpoint therapy or targeted therapy is
currently challenging because of the absence of results from current
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clinical trials comparing the two treatment modalities. These studies
show that significant progress has been made in the treatment of ad-
vanced/metastatic melanomas and more clinical studies are underway
that potentially add to the effectiveness of both immune checkpoint and
targeted treatments. Another option to improve therapeutic outcomes is
to combine both protein kinase antagonist and CAR (chimeric antigen
receptor) T cell or immune checkpoint therapies [55,56]. Initial clinical
trials combining targeted therapy and immunotherapy were un-
successful because of toxicities, but ensuing clinical trials using dif-
ferent strategies are in progress. Moreover, immunotherapy and tar-
geted therapies may be given sequentially or they might be combined.
The outcomes of B-Raf/MEK1/2 inhibitor therapy (dabrafenib and
trametinib) followed by immunotherapy (nivolumab and ipilimumab),
or vice versa, are being studied in an ongoing clinical trial
(NCT02224781). ERK1/2 antagonists that are in clinical trials are
considered in Section 6.

3. ERK1/2 structures

3.1. Catalytic residues in the amino-terminal and carboxyterminal lobes

Human ERK1 and ERK2, which are 84% identical in their amino
acid sequence, share many, if not all, functions [57]. Like nearly all
protein kinases, ERK1/2 contain distinctive amino-terminal and car-
boxyterminal extensions that provide important functional specificity.
ERK1 contains an insertion of 17 amino acid residues in its amino-
terminal portion. The ERK1/2 family contains an insertion of 32/35
amino acid residues within the protein kinase domain (kinase insert
domain) that provides additional operational specificity. Human ERK1
is made up of 379 amino acid residues while rat and mouse ERK1 is
made up of 380 residues. Human ERK2 is made up of 360 amino acid
residues while the rat and mouse enzymes are made up of 358 residues.
There is more variation in ERK1 and ERK2 in a given species that there
is among either ERK1 or ERK2 among the three species. Moreover, the
human, rat, and mouse enzymes seem to be functionally equivalent.

Like all protein kinases, ERK1/2 have a small N-terminal lobe and
large C-terminal lobe that contain several conserved α-helices and β-
strands as first described in PKA [58,59]. The small amino-terminal
lobe contains a five-stranded antiparallel β-sheet (β1–β5) [60,61]. The
small lobe also contains an important regulatory αC-helix that occurs in
active or dormant orientations. The amino-terminal lobe contains a
glycine-rich (GxGxΦG) ATP-phosphate-binding loop, sometimes termed

the P-loop, which is located between the β1- and β2-strands (Fig. 2A
and C). The Φ represents a hydrophobic residue, which is tyrosine in
human, rat, and mouse ERK1/2. The glycine-rich loop covers and an-
chors the non-transferable ATP α- and β-phosphates. The β1- and β2-
strands overlay the adenine base of ATP. A conserved valine residue
follows the glycine-rich loop (GxGxΦGxV56/V39 in human ERK1/2)
that interacts hydrophobically with the adenine base of ATP (all residue
numbers, unless otherwise noted, correspond to the human isoforms
even when experiments were performed with enzymes from other
species). The β3-strand contains a conserved AxK sequence, the lysine
of which (K71/54 of ERK1/2) helps to anchor the α- and β-phosphates
of ATP. A conserved glutamate occurs near the middle of the αC-helix
(E88/71 in ERK1/2) in protein kinases. The presence of an electrostatic
bond between the β3-strand lysine and the αC-helix glutamate is a
prerequisite for the formation of the activated state and corresponds to
the “αCin” conformation (Fig. 2A). The αCin conformation is necessary,
but it is not sufficient for the expression of full kinase activity. However,
the absence of this electrostatic bond indicates that the kinase is in-
active and it is called the “αCout” conformation (Fig. 2C). States be-
tween the αCin and αCout conformation are called αC-dilated or αC-
out–like [62,63]. The carboxyterminus of the αC-helix is anchored to
the αC-β4 back loop. The ERK1/2 αC-β4 back loop residues H97/80
and N99/82 of the amino-terminal lobe, in turn, are anchored to the
large lobe αE-helix residues Q149/132, R152/135, and Y156/139; this
portion of the back loop is the only part of the amino-terminal lobe that
dynamically belongs to the carboxyterminal lobe [61].

The large C-terminal lobe is mainly α-helical (Fig. 2A) with eight
conserved segments (αD–αI, αEF1, αEF2) [64]. Although the GHI
segment can contribute to the tethering of protein substrates and to
protein-protein interactions, it is not as dynamic as the activation seg-
ment. Active protein kinases also contain four short conserved β-strands
(β6-β9). The β6 and β9-strands may be absent in inactive enzyme
conformations (Fig. 2C). The β7-strand occurs on the floor of the ade-
nine binding pocket and the second residue of this strand interacts
hydrophobically with virtually all ATP-competitive protein kinase an-
tagonists. The primary structure of the β-strands occurs between those
of the αE- and αF-strand helices. The C-terminal lobe contains the
catalytic residues associated with the phosphoryl transfer from ATP to
the ERK1/2 substrates. The C-terminal tail of ERK2 forms a helix that
borders the αC-helix (Fig. 2A) and functions to stabilize the active en-
zyme and contributes to catalysis [65].

Hanks and Hunter identified 12 subdomains (I–VIa, VIb–XI) with

Fig. 2. (A) Diagram of the frontal projection of active ERK2. 1 and 2 label Mg+2(1) and Mg2+(2). ATP occurs below the glycine-rich loop. (B) Depiction of the
residues of the active ERK2 C-spine, R-spine, gatekeeper, and x of the xDFG motif shown as spheres. The carbon atoms of the gatekeeper and xDGF-x are yellow. (C)
Inactive ERK2. (D) Spine and shell residues of inactive ERK2. The PDB ID is given in the title. The carbon atoms of the C-spine are sky gray, those of the R-spine are
cyan; the shell residues are shown in a stick format with carbon atoms in dark blue. The dashed lines represent a hydrogen bond. AS, activation segment; BL, αC-β4
back loop; C-t, C-terminal end; CL, catalytic loop; FL, β3-αC front loop; KID, kinase insert domain; GRL, glycine-rich loop; N-t, N-terminal end. Figs. 2,3, and 6 were
prepared using the PyMOL Molecular Graphics System Version 1.5.0.4 Schrödinger, LLC.

R. Roskoski Pharmacological Research 142 (2019) 151–168

155



conserved amino acid residue signatures that make up the catalytic core
of protein kinases [66]. Of these, the following four amino acids, which
define a K/E/D/D (Lys/Glu/Asp/Asp) motif, illustrate the catalytic
properties of ERK1/2. A conserved β3-strand lysine (K71/54 in ERK1/
2, the K of K/E/D/D) forms salt bridges with the α- and β-phosphates of
ATP (Fig. 3). The E of K/E/D/D is the αC-helix glutamate that forms an
electrostatic bond with the β3-strand lysine. Asp166/149, which are
Lowry-Brönsted bases (proton acceptors) occurring within the catalytic
loop, play an important role in catalysis; this aspartate is the first D of
K/E/D/D. Gibbs and Zoller observed that mutation of the equivalent
residue in yeast PKA resulted in a kcat (0.05 s–1) that was about 0.3%
that of the wild-type enzyme (16.9 s–1) [67]. Madhusudan et al. inferred
that this aspartate abstracts the proton from the −OH group of the
protein substrate thereby enabling the nucleophilic attack of oxygen on
the γ-phosphorus atom of ATP [68]. Furthermore, Zhou and Adams
suggested that this aspartate places the substrate hydroxyl group in a
position that enables an in-line nucleophilic attack [69]. See Ref. [70]
for an overview of the enzymology of protein kinases.

The second D of the K/E/D/D signature, Asp184/167, is the first
residue of the activation segment. The activation segment, which is
generally 35–40 residues long, is one of the most important regulatory
elements in protein kinases [71]. This segment influences both protein
substrate binding and overall catalytic efficiency. The activation seg-
ments of nearly all protein kinases begin with DFG and the segments of
most protein kinases including ERK1/2 end with APE. The primary
structure of the catalytic loop of ERK2, which is proximal to the β6- and
β7-strands, consists of HRDLKPSN. The primary structure of the acti-
vation segment occurs after that of the catalytic loop and before that of
the αF-helix. Waas and Dalby reported that two Mg2+ ions – Mg2+(1)
and Mg2+(2) – are required for the catalytic activity of rat ERK2 [72].
The activation segment DFG-D binds to one magnesium ion – Mg 2+(1)
– while the catalytic loop HRD(x)4N-asparagine binds to the second
magnesium ion – Mg2+(2). Mg2+(1) interacts with the α- and β-phos-
phates of ATP while Mg2+(2) generally interacts with the α- and γ-
phosphates of the nucleotide.

The middle of the activation segment, which is its most diverse part
in various protein kinases in terms of length and sequence, is known as
the activation loop in protein kinases in general, but as the activation
lip in ERK2 [65,73]. This segment in ERK1/2 contains a phosphor-
ylatable tyrosine that is two residues downstream from a

phosphorylatable threonine. Both covalently bound phosphates are
required to maintain the high activity state. The beginning of the ac-
tivation segment is near the amino-terminus of the αC-helix and the
conserved HRD component of the catalytic loop. Although the αC-helix
belongs to the amino-terminal lobe, it occupies a strategically im-
portant position between the two lobes. The negatively charged tyr-
osine and threonine phosphates serve as structural organizers of the
active site [73]. ERK2 pY187 forms the proline-directed specificity
pocket. In the dormant unphosphorylated enzyme state, the activation
segment (lip) is folded to block the proline-binding site. The ERK2
pT185 phosphate forms a salt bridge with R70 of the αC-helix that
enables the formation of the αC-helix E71 and the β4-strand K54 polar
bond corresponding to the αCin active state.

ERK1/2 catalyze the phosphorylation of protein-substrate serine/
threonine residues that occur in the sequence S/T-P [74]. Proline at the
P+ 1 position is a consistent primary sequence determinant of ERK1/2
substrates. The phosphorylation site is labeled 0 (zero), the residue
immediately after the phosphorylation site is labeled +1, and the re-
sidue immediately before the phosphorylation site is labeled –1. The
propensity for proline at the P+ 1 site arises from the structure of the
ERK1/2 activation segment protein-binding site. Several protein ki-
nases such as PKA contain a pocket for a large hydrophobic residue
immediately following the phosphorylatable serine or threonine residue
[75,76]. However, the X-ray crystal structure of activated ERK2 shows a
shallow surface depression at the site where the ERK2 phosphotyrosine
occupies the pocket seen in other kinases [73,77]. Proline is the pre-
ferred P+1 substrate component because its preferred backbone
structure places the side chain away from the kinase surface lacking the
hydrophobic-residue–binding pocket. Using synthetic peptides as sub-
strates, a detailed analysis of substrate specificity reveals that PxS/TP
represents the optimal primary sequence for ERK1/2 phosphorylation
with proline at the +1 and –2 positions [74].

ERK1/2 interact with two separate docking domains (D-site and F-
site) that occur within their protein substrates, their proximal activating
enzymes, and their inactivating phosphatases. ERK1/2 contain a D-site
recruitment site (DRS) that binds to the D-site docking domain of
substrates and an F-site recruitment site (FRS) that binds to the F-site
docking domain of substrates. Some substrates possess both docking
sites while others have a D-docking site or an F-docking site [78]. The
D-site recruitment site of ERK1/2 occurs on the back of the enzyme as

Fig. 3. Inferred mechanism of the ERK-catalyzed protein ki-
nase reaction. HRD-D149 abstracts a proton from the protein-
serine substrate allowing for its nucleophilic attack onto the γ-
phosphorus atom of ATP. 1 and 2 label the two Mg2+ ions
shown as dots. AS, activation segment. The figure was pre-
pared from PDB IDs 3QHR 1GY3 corresponding to human
CDK2, but the residues correspond to those of human ERK2.
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usually viewed; it contains a hydrophobic component and a negatively
charged region. The F-site recruitment site of ERK1/2, which binds to a
substrate F-docking site, occurs in front of the enzyme near the acti-
vation segment. The F-site was first characterized as an FxFP sequence
that was found in ERK1/2 substrates [78]. This site is conserved in
several ERK1/2 interacting proteins including (i) the transcription
factors c-Fos, Sap1, Elk1, Lin1, (ii) dual specificity protein phosphatases
such as MKP1 (DUSP1) and MKP4 (DUSP4), and (iii) the kinase sup-
pressor of Ras (KSR) [78,79]. In contrast to most protein kinases with
only an activation segment protein-substrate recognition sequence, we
observe that ERK1/2 possess two additional protein-substrate recogni-
tion sequences. See Ref. [19] for a summary of the location, structure,
and properties of the substrate docking sites and the ERK1/2 recruit-
ment sites.

The activation segment exhibits an extended or open conformation
in all active enzymes and closed conformation in many dormant en-
zymes. The first two residues of the activation segment of various
protein kinases exist in two different conformations. In the dormant
activation segment conformation of many protein kinases, DFG-D ex-
tends away from the active site. This is called the “DFG-Dout” con-
formation. The aspartate side chain of active protein kinases extends
toward the ATP-binding pocket and coordinates Mg2+(1). This corre-
sponds to the “DFG-Din” conformation. It is the ability of aspartate to
bind (DFG-Din) or not bind (DFG-Dout) to Mg2+(1) in the active site that
is significant. The DFG-Dout conformation is much more common in
protein-tyrosine kinases than protein-serine/threonine kinases [80].
See Ref. [81] for details concerning these two activation segment
conformations. However, the inactive conformations of ERK1/2 exist in
the DGF-Din conformation with a closed activation segment, with an
αCout conformation, with an altered glycine-rich loop, or a combination
of these configurations. Functionally important ERK1/2 residues are
listed in Table 1.

3.2. The ERK1/2 protein kinase hydrophobic skeletons

Kornev et al. [82,83] analyzed the structures of active and inactive
conformations of two dozen protein kinases and determined function-
ally important residues by a local spatial alignment algorithm. This
analysis reveals a structure of eight hydrophobic residues that con-
stitute a catalytic or C-spine and four non-consecutive hydrophobic
residues that constitute a regulatory or R-spine. Each spine consists of
residues derived from both the N- and C-terminal lobes. The spines
provide a firm, but flexible, connection between the lobes. The R-spine

contains residues from the activation segment and the αC-helix, whose
conformations are important in defining active and inactive states. The
C-spine governs catalysis by directing ATP binding. The C-spine dictates
the positioning of ATP and the R-spine interacts with the protein sub-
strate enabling catalysis. The proper alignment of the spines is neces-
sary, but it is not sufficient, for the assembly of an active protein kinase.

The ERK1/2 regulatory spines consist of a residue from the begin-
ning of the large lobe catalytic loop HRD-histidine (H164/147), from
the large lobe activation segment DFG-F (F185/168), from the C-
terminal end of the small lobe αC-helix (L92/75), and from the small
lobe β4-strand (I103/86). L92/75 and comparable residues from other
protein kinases are four residues C-terminal to the conserved αC-helix
glutamate. The backbone of H164/147 is anchored to a conserved as-
partate residue (D227/210) in the αF-helix by a hydrogen bond.
Meharena et al. named the R-spine residues RS0, RS1, RS2, RS3, and
RS4 going from the base to the apex [84]. We named the catalytic spine
residues going from the bottom to the top as CS1–8 [85].

Table 2 lists the residues of the spines in human and rat ERK1and
ERK2 and the catalytic subunit of murine PKA and Fig. 2B and D shows
the location of the catalytic and regulatory spines of active human and
dormant rat ERK2, respectively. Although K54 and E71 of dormant
ERK2 fail to form a salt bridge, surprisingly, the R-spines in active ERK2
and inactive ERK2 are linear and nearly superimposable (Fig. 2C). See
Refs. [86,87] for a summary of the properties of the spine residues of
the ALK receptor protein-tyrosine kinase, Refs. [88,89] for those of the
CDK (cyclin-dependent kinase) family of protein/serine kinases, Ref.
[90–92] for those of the EGFR family of protein-tyrosine kinases, Ref.
[93] for those of the Janus kinase (JAK) non-receptor protein-tyrosine
kinases, Ref. [94] for those of the Kit receptor protein-tyrosine kinase,
Ref. [17] for those of the MEK1/2 dual-specificity protein kinases, Ref.
[95] for those of the PDGFRα/β protein-tyrosine kinases, Refs. [12,16]
for those of the RAF protein-serine/threonine kinase, Ref. [96] for those
of the RET receptor protein-tyrosine kinase, Ref. [97] for those of the
ROS1 orphan receptor protein-tyrosine kinase, Refs. [98,99] for those
of the Src non-receptor protein-tyrosine kinase, and Ref. [100] for those
of the VEGFR1/2/3 protein-tyrosine kinases. The importance of the
interaction of therapeutic protein kinase antagonists with the C- and R-
spine residues cannot be overemphasized as documented in these ci-
tations.

The catalytic spine of protein kinases consists of two residues from
the small lobe and six residues from the large lobe (Fig. 2B). The
binding of the adenine base of ATP in its binding pocket brings the two
parts of the C-spine together, allowing the two lobes of the enzyme to

Table 1
Important residues in the human and rat ERK1/2.

Human ERK1 Human ERK2 Rat ERK1 Rat ERK2 Inferred function

Protein kinase domain 42–330 25–313 43–331 23–311 Catalyzes substrate phosphorylation
Glycine-rich loop GEGAYG 49–54 32–37 50–55 30–35 Anchors ATP α- and β-phosphate
The β3-lysine or the K of K/E/D/D 71 54 72 52 Forms salt bridges with ATP α- and β-phosphates and with

αC-E
The αC-glutamate, or the E of K/E/D/D 88 71 89 69 Forms salt bridges with β3-K
Hinge residues 123–126 106–109 124–127 104–107 Connects N- and C-lobes
Gatekeeper residue Q122 Q105 Q123 Q103 Stabilizes enzyme & limits access to back pocket
Catalytic loop HRDLKPSN 164–171 147–154 165–172 145–152 Plays both structural and catalytic roles
Catalytic HRD 164–166 147–149 165–167 145–147 Beginning of the catalytic loop
Catalytic HRD-D and the D of K/E/D/D 166 149 167 147 Catalytic base
Catalytic loop HRD(x)4N-N 171 154 172 152 Chelates Mg2+(2)
Activation segment DFG-D and the second D of K/E/D/

D
184–186 167–169 185–187 165–157 Chelates Mg2+(1)

Activation segment phosphorylation sites T202, Y204 T185, Y187 T203, Y205 T183, Y185 Phosphorylation required for activation
APE at the end of the activation segment 212–214 195–197 213–215 193–195 Interacts with the αHI loop and stabilizes the activation

segment
Kinase insert domain (KID) 257–291 243–274 258–292 241–272 Binds substrates with FxFP motif
No. of residues 379 360 380 358
Molecular Weight (kDa) 43.1 41.4 40.0 41.3
UniProtKB accession no. P27361 P28482 Q63844 P63086
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close [83,101]. The assembly of the C-spine poises the enzyme for
catalysis. The two residues of the small lobe of ERK1/2 that bind to the
adenine component of the nucleotide substrate include the conserved
valine within GxGxΦGxV56/39 (CS7) of the β2-strand and A69/52
(CS8) from the conserved AxK motif of the β3-strand. Moreover, L173/
156 (CS6) from the middle of the β7-strand interacts hydrophobically
with the adenine base in the active enzyme. L172/155 (CS5) and I174/
L157 (CS4), hydrophobic residues that flank L173/156 (CS6), interact
with L129/112 (CS3) at the beginning of the αD-helix. The αD-helix
CS3 residues interact hydrophobically with the adjacent I174/L157
(CS4) and M238/221 (CS1) of the αF-helix. Both the C-spine and R-
spine interact with the hydrophobic αF-helix, which serves as a central
scaffold for the assembly of the entire protein kinase molecule. Besides
the hydrophobic interactions with the adenine moiety, the exocyclic 6-
amino nitrogen of ATP characteristically forms a hydrogen bond with a
backbone residue in the hinge that connects the small and large lobes.
Most small-molecule inhibitors of protein kinases that compete with
ATP binding also make hydrogen bonds with the backbone residues of
the hinge [85].

Using site-directed mutagenesis, Meharena et al. described three
residues in murine PKA that stabilize the R-spine, which they labeled
Sh1, Sh2, and Sh3 (Sh refers to shell) [84]. The Sh1 V104 G mutant had
5% of the catalytic activity of wild type PKA while the Sh2/Sh3
M120 G/M118 G double mutant was completely inactive. These results
suggest that the shell residues promote an active protein kinase struc-
ture. The Sh1 residue of protein kinases is located in the αC-β4 back
loop. The Sh2 or gatekeeper occurs at the end of the β5-strand im-
mediately before the hinge, and Sh3 occurs two residues upstream from
the gatekeeper in the β5-strand.

The name gatekeeper denotes the role that this residue plays in
controlling access to a hydrophobic pocket next to the adenine binding
site [102,103] that is occupied by portions of many small molecule
protein kinase antagonists. Based upon the local spatial pattern align-
ment data [84], only three of the 14 amino acid residues in PKA sur-
rounding RS3 and RS4 are conserved. These shell residues stabilize and
strengthen the protein kinase regulatory spine. To reiterate, many
therapeutic ATP-competitive steady-state protein kinase inhibitors in-
teract with catalytic spine (CS6/7/8), shell (Sh1 and Sh2), and reg-
ulatory spine (RS1/2/3) residues. The gatekeeper residue in ERK1/2 is
glutamine 122/105 and this residue is found in the Sh2 position (the
P20 residue) in about eight protein kinases making it an uncommon
gatekeeper residue [104]. About 77% of human protein kinases have a

relatively large (e.g., Leu, Met, Phe) residue in this position while the
remainder have smaller gatekeeper residues (e.g., Thr, Val).

3.3. Phosphorylation and activation of ERK1/2

A portion of the protein kinase catalytic site lies in the deep cleft
between the amino-terminal and carboxyterminal lobes. In the cataly-
tically inactive form of the enzyme, the lobes are modestly tilted away
from each other. In the catalytically active form of the enzyme, the
lobes are closer together, but the two lobes of protein kinases are able to
move relative to one another during the catalytic cycle; this movement
allows for the binding of ATP and the release ADP [75]. In the case of
rat ERK2, the lobes rotate 5.4° closer when going from the unpho-
sphorylated dormant to the phosphorylated active conformation
[65,73]. After the ATP and protein substrate bind, additional changes in
the closed enzyme bring residues into the catalytically active state fa-
cilitating the phosphoryl transfer from ATP to the protein substrate
(Fig. 3). The αC-helix is bound to the small lobe β-sheet core and the
lobe moves as a rigid body that opens and closes as part of the catalytic
cycle. The catalytic loop contains most of the catalytic machinery while
the DFG-D plays the important role of binding Mg2+(1).

The conversion of dormant ERK1/2 to the active enzyme form re-
quires the phosphorylation of two residues within the activation loop as
catalyzed by MEK1/2. These two residues occur in the sequence Thr-
Glu-Tyr (T-E-Y). All MAP kinases contain a Thr-Xxx-Tyr sequence in
their activation segment; the p38 isoforms contain Thr-Gly-Tyr and the
JNK isoforms contain Thr-Pro-Tyr. MEK1/2 first catalyze the phos-
phorylation of the tyrosine residue in the ERK1/2 activation segments
[105,106]. Then tyrosine-phosphorylated ERK1/2 dissociates from
MEK1/2 and subsequently re-associates with the same or another active
MEK1/2 that then catalyzes the phosphorylation of the activation-seg-
ment threonine, which is two residues upstream from the ERK1/2
phosphotyrosine [105–107]. Anderson and colleagues [108] discovered
that ERK2 can be completely deactivated by treatment with either
CD45 – a protein phosphatase specific for phosphotyrosine [109], or by
phosphatase 2 A – a protein phosphatase specific for phosphoserine/
threonine [110,111]. Furthermore, they demonstrated that MAP kinase
is fully active only when both the tyrosyl and threonyl residues are
phosphorylated. Taylor et al. refer to the process of going from the
dormant to active conformation (and vice versa) as a dynamic mole-
cular switch [112].

Table 2
Human and rat ERK1/2 spine and shell residues.

Symbol KLIFS No.a Human ERK1/2 Rat ERK1/2 Murine PKAb

Regulatory spine
β4-strand (N-lobe) RS4 38 I103/86 I104/84 L106
αC-helix (N-lobe) RS3 28 L92/75 L93/73 L95
Activation loop DFG-F (C-lobe) RS2 82 F185/168 F186/166 F185
Catalytic loop HRD-H/Y (C-lobe)b RS1 68 H164/147 H165/145 Y164
αF-helix (C-lobe) RS0 None D227/210 D228/208 D220
Shell residues
Two residues upstream from the gatekeeper Sh3 43 I120/103 I121/101 M118
Gatekeeper, end of the β5-strand Sh2 45 Q122/105 Q123/103 M120
αC-β4 back loop Sh1 36 I101/84 I102/82 V104
Catalytic spine
β3-strand A of the AxK motif (N-lobe) CS8 15 A69/52 A70/50 A70
β2-strand V (N-lobe) CS7 11 V56/39 V57/37 V57
β7-strand (C-lobe) CS6 77 L173/156 L174/154 L173
β7-strand (C-lobe) CS5 76 L172/155 L173/153 L172
β7-strand (C-lobe) CS4 78 I174/L157 I175/L155 I174
αD-helix (C-lobe) CS3 53 L129/112 L133/113 M128
αF-helix (C-lobe) CS2 None I234/217 I235/215 L227
αF-helix (C-lobe) CS1 None M238/221 M239/219 M231

a Ref. [122].
b Refs. [82–84].
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4. Classification of protein kinase-drug complexes

Dar and Shokat described three categories of protein kinase in-
hibitors and classified them as types I, II, and III [103]. Accordingly,
type I antagonists bind in the adenine-binding pocket of an active
protein kinase; type II antagonists bind to an inactive protein kinase
with the activation segment DFG-D pointing away from the active site
(DFG-Dout); type III antagonists bind to an allosteric site that is separate
from the adenine-binding pocket. Zuccotto later defined type I½ an-
tagonists as drugs or ligands that bind to an inactive protein kinase with
the activation segment DFG-D directed inward (DFG-Din) toward the
active site (in contrast to the DFG-Dout conformation of type II in-
hibitors) [113]. An inactive protein kinase may display a closed acti-
vation segment, an αCout conformation, a nonlinear or broken reg-
ulatory spine, an abnormal glycine-rich loop, or various combinations
thereof. Gavrin and Saiah then divided allosteric inhibitors into types III
and IV [114]. Type III inhibitors bind within the cleft between the
amino-terminal and carboxyterminal lobes and next to, but in-
dependent of, the ATP binding site while type IV inhibitors bind outside
of the cleft that connects the small and large lobes. Furthermore, Lamba
and Gosh defined bivalent antagonists as those inhibitors that span two
distinct regions of the protein kinase domain as type V inhibitors [115].
For example, an antagonist that bound to the adenine-binding pocket as
well as the SH2 domain of Src would be classified as a type V inhibitor
[116]. To complete this taxonomy, we labeled antagonists that bind
covalently with their target enzyme as type VI inhibitors [85]. For ex-
ample, afatinib is a covalent type VI inhibitor of mutant EGFR that is
used for the treatment of NSCLC. Mechanistically, this drug initially
binds to an active EGFR conformation (like a type I inhibitor) and then
the C797 –SH group of the receptor attacks the drug to form an irre-
versible covalent adduct (PDB ID: 4G5J) [85].

Owing to the multitude of inactive protein kinase conformations
when compared with the conserved active conformation, it was sur-
mised that type II inhibitors would be more selective than type I in-
hibitors, which bind to a conserved active conformation. The analysis of
Vijayan et al. support this proposal [62] while those of Zhao et al. and
Kwarcinski et al. do not [117,118]. By definition, type III allosteric
inhibitors bind adjacent to the adenine binding pocket [114]. Because
of the greater variability of this region when compared with the ade-
nine-binding site, type III inhibitors have the potential to possess
greater selectivity than type I, I½, or II inhibitors. Furthermore,
Kwarcinski et al. suggested that inhibitors that bind to the αCout con-
formation (type I½ inhibitors) may be more selective than type I or II
antagonists [117]. Abemaciclib, palbociclib, and ribociclib (all CDK4/6
antagonists) are FDA-approved αCout inhibitors. However, Kwarcinski
et al. inferred that not all protein kinases are able to assume the αCout

conformation while they suggested that all protein kinases are able to
adopt the DFG-Dout conformation [117]. In contrast, Hari et al. pro-
vided evidence that many kinases are unable to adopt the DFG-Dout

conformation [80]. A tally of more than 1250 protein kinase X-ray
crystal structures in 2014 indicated that 85% of them have a DFG-Din

conformation, 10% have a DFG-Dout conformation, and 5% have a DFG-
D dilated or out-like conformation [62,63]. They also reported that 55%
of protein kinase structures exhibit the αC-helix in structure, 33% have
the αC-helix out structure, and 11% have an αC-helix dilated or out-like
structure. Thus far, wildtype ERK1/2 structures have not been observed
with the DFG-Dout conformation [80].

We previously divided type I½ and type II inhibitors into A and B
subtypes [85]. Agents that extend into the back cleft past the gate-
keeper residue are classified as type A inhibitors. In contrast, drugs that
do not extend into the back pocket as are classified as type B inhibitors.
Based upon incomplete findings, the possible significance of this dif-
ference is that type A inhibitors may bind to their target enzyme with
longer residence times [119] as compared with type B inhibitors [85].
Sorafenib is a multikinase and VEGFR type IIA inhibitor that is ap-
proved by the FDA for the treatment of renal cell carcinomas [85].

Sunitinib is a multikinase and VEGFR type IIB inhibitor that is also
approved by the FDA for the treatment of renal cell carcinomas. The
former has a residence time of 64min while that of the latter has a
residence time of less than 2.9min.

Ung et al. studied a variety of structural features using the location
of the DFG-motif and the αC-helix to define the conformational space of
the protein kinase catalytic domain [120]. Their studies describe the
movement of the DFG motif from its active DFG-Din location to the
dormant DFG-Dout location. Correspondingly, the αC-helix can move
from its active αCin location to the dormant αCout position by tilting and
rotating. These investigators enumerated five different protein kinase
structures; these include (i) αCin-DFG-Din (CIDI), (ii) αCout-DGF-Din

(CODI), (iii) αCin-DFG-Dout (CIDO), (iv) αCout-DFG-Dout (CODO), and
(v) ωCD; the latter designation denotes structures with variable αC-
helix or DFG-D locations. CIDI designates the catalytically active con-
formation with a linear R-spine. In contrast, CIDO has the DFG-D 180°
rotation that creates a new hydrophobic pocket and displaces DFG-F
outward resulting in the fracture of the R-spine. CODI denotes the αCout

and DFG-Din configuration. This may ensue as a result of the activation
loop shifting the αC-helix to the αCout position. Alternatively, a drug or
ligand may move the αC-helix outward. The CODO conformation is
rarely observed. ωCD structures represent a heterogeneous group with
variable αC-helix positioning and diverse DFG-D intermediate states.
Moreover, Ung et al. hypothesize that the ωCD states represent tran-
sitions among the various primary configurations [120].

5. Drug-ligand binding pockets

Liao [121] and van Linden et al. [122] partitioned the region be-
tween the protein kinase amino-terminal and carboxyterminal lobes
into the front cleft (front pocket), the gate area, and the back cleft. The
gate area and back cleft signify the back pocket or hydrophobic pocket
II (HPII) (Fig. 4). The front cleft includes the hinge residues, the ade-
nine-binding pocket, the glycine-rich loop and the catalytic loop (HRD
(x)4N) residues. The gate area includes the β3-strand of the N-terminal
lobe and the proximal section of the activation segment including DFG
of the C-terminal lobe. The back-cleft extends to the αC-β4 loop, to

Fig. 4. Location of the protein kinase domain drug-binding pockets. AP, ade-
nine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hydrophobic
pocket II. Adapted from Ref. [122].
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portions of the β4- and β5-strands of the small lobe, and to a section of
the αE-helix within the large lobe. One of the difficulties in the design
of effective small molecule protein kinase inhibitors is to provide se-
lectivity that reduces unwanted off-target side effects [63], a process
that is aided by examining protein kinase-drug interactions
[42,123,124]. The binding pockets in the catalytic cleft play important
roles that are related to drug affinity and protein kinase inhibitor de-
sign. Hydrogen bonding and halogen bonding [125] also serve to in-
crease ligand-binding affinity. An important strategy to increase drug-
binding affinity is to exploit hydrophobic interactions, many of which
are described in Section 6.

van Linden et al. described several components that are found in the
front cleft, gate area, and back cleft (Table 3) [122]. Accordingly, the
front cleft contains an adenine-binding pocket (AP) and two front
pockets (FP-I and FP-II). The majority of ATP-competitive inhibitors use
a core scaffold to recognize key pharmacophoric features of the adenine
binding pocket. This scaffold is decorated with various chemical moi-
eties that extend into adjacent binding pockets. FP-I occurs between the
solvent-exposed hinge residues and the C-terminal lobe xDFG-motif
(where x is the amino acid residue immediately before the activation
segment DFG) and FP-II occurs between the glycine-rich loop and the
small lobe β3-strand at the ceiling of the cleft. BP-I-A and BP-I-B occur
within the gate area between the β3- and β4-strands, the conserved β3-
strand K of the AxK signature, and the αC-helix of the N-terminal lobe
and the xDFG-motif of the C-terminal lobe. The smaller BP-I-A pocket
occurs at the top of the gate area and it is enclosed by residues of the
β3- and adjacent β5-strands including the β3-AxK residues and the
regulatory αC-helix. The larger BP-I-B is found in the center of the gate
area allowing for access to the back cleft. Both BP-I-A and BP-I-B are
found in both the DFG-Din and DFG-Dout conformations. The x residue
of the xDFG signature as well as the gatekeeper residue serves to con-
nect the C- and R-spines (Fig. 2B) [122].

BP-II-A-in and BP-II-in are found within the back cleft of the DFG-
Din conformation [121]. These sub-pockets are enclosed by the C-
terminal lobe DFG-motif and the N-terminal lobe αC-helix, αC-β4 back
loop, and the β5- and β4-strands. A major modification of BP-II-A-in
and BP-II-in creates BP-II-out that is found in the DFG-Dout configura-
tion (not shown); this structural transformation results from the
movement of DFG-F. The newly formed region is called back pocket II-
out (BP-II-out); it occurs where the DFG-F is located in the DFG-Din

configuration. BP-II-B is bordered by the αC-helix and the adjacent β4-
strand in both the DFG-Din and DFG-Dout conformations. Back pocket III
(BP-III) occurs only in the DFG-Dout conformation. Because ERK1/2 fail
to assume the DFG-Dout structure, other components of its pockets and
subpockets are not considered here; see Refs. [122,123] for further
information.

van Linden et al. developed a comprehensive descriptor of ligand

and drug binding to more than 1200 human and mouse protein kinase
domains [122]. Their KLIFS (kinase–ligand interaction fingerprint and
structure) catalogue includes an alignment of 85 potential ligand
binding-site residues occurring in both the N-terminal and C-terminal
lobes; this catalogue facilitates the classification of ligands and drugs
based upon their binding characteristics and it helps in the detection of
related interactions. Moreover, these authors devised a uniform amino
acid residue numbering system that facilitates the comparison of dif-
ferent protein kinases. Table 2 specifies the correspondence between
the catalytic spine, shell, and regulatory spine amino acid residue no-
menclature and the KLIFS database residue numbers. Furthermore,
these investigators established a helpful free and searchable web site
that is regularly updated that provides valuable information on the
interaction of human and mouse protein kinases with ligands and drugs
(klifs.vu-compmedchem.nl/). At the end of 2018, the data base in-
cluded more than 4500 PDB structures. Additionally, Carles et al. es-
tablished a comprehensive directory of protein kinase inhibitors in
clinical trials [126]. They developed a free and searchable web site that
is regularly updated which includes inhibitor structures and their
physical properties, protein kinase targets, therapeutic indications, year
of first approval (if applicable), and trade name (http://www.icoa.fr/
pkidb/). The Blue Ridge Institute for Medical Research website, which
is regularly updated, depicts the structures and properties of all small
molecule protein kinase inhibitors that are approved by the FDA (www.
brimr.org/PKI/PKIs.htm).

6. Selected ERK1/2 inhibitors that are in clinical trials

Owing to the frequency of MAP kinase-driven malignancies, it is not
surprising that many clinical trials are related to inhibition of this
hierarchical three-tiered pathway. More than 300 clinical trials are
related to Raf inhibition (clinicaltrials.gov). The relevant diseases in-
clude breast, colorectal, renal cell, and other solid tumors, gliomas,
melanomas, and NSCLC. KRAS mutant colorectal cancers, esophageal
squamous cell carcinomas, and head and neck squamous cell carci-
nomas have also been targeted by Raf inhibitors. Additionally, more
than 300 clinical trials are related to the inhibition of MEK1/2. Disease
targets include those listed for the Raf inhibitor clinical trials with the
addition of pancreatic, prostate, and thyroid cancers, gastrointestinal
stromal tumors, various leukemias, and rheumatoid arthritis. ERK1/2
monotherapy or a combination of ERK1/2 inhibitors with MEK1/2 or
Raf inhibitors has the potential to expand the types of neoplasms that
can be treated with MAP kinase pathway-driven tumors. In contrast to
the large number of clinical trials involving Raf and MEK antagonists,
only about 35 clinical trials are related to the inhibition of ERK1/2
(Table 4).

Ulixertinib is an orally effective pyridine-pyrrole derivative
(Fig. 5A) that is under clinical evaluation for the treatment of advanced
solid tumors, pancreatic cancers, acute myelogenous leukemias, and
non-Hodgkin lymphomas. Germann et al. reported that the drug is a
potent ATP-competitive inhibitor of ERK1/2 with a Ki values of 0.3/
0.04 nM, respectively [127]. They reported that pERK1/2 levels in-
creased in various cancer cell lines in a concentration-dependent
fashion after 4 and 24 h of ulixertinib treatment. Despite prominent
concentration-dependent increases in pERK1/2 observed with 2 μM
ulixertinib treatment, phosphorylation of RSK1/2 (an ERK1/2 protein
substrate) was reduced at both 4 and 24 h, which is consistent with
sustained ERK1/2 inhibition. Total levels of DUSP6, the transcription of
which is regulated by ERK1/2, were also attenuated at 4 and 24 h. The
biosynthesis of DUSP6 represents a delayed negative feedback me-
chanism that results in the dephosphorylation of pERK and its in-
activation. In resting cells, ERK1/2 is found chiefly in the cytoplasm.
However, after phosphorylation, pERK1/2 migrates to the nucleus
where transcriptional factors are activated [19]. Treatment with ulix-
ertinib resulted in elevated pERK1/2 levels in the nucleus and cyto-
plasm. Despite increased pERK1/2 in both compartments, pRSK levels

Table 3
Location of selected catalytic cleft residues.

Description Location KLIFS residue no.a

GxGxΦG Front cleft 4–9
β2-strand V (CS7) Front cleft 11
β3-strand A (CS8) Front cleft 14,15
HRD with DFG-Din Front cleft 68–70
HRD(x)4N-N Front cleft 75
β7-strand CS6 Front cleft 77
Gatekeeper Gate area 45
β3-strand K three residues before αC-helix Gate area 17
αC-β4 penultimate back loop residue Gate area 36
The x of xDFG Gate area 80
DFG Gate area 81–83
αC-helix E Back cleft 24
RS3 Back cleft 28
HRD with DFG-Dout Back cleft 68–70

a Ref. [122].
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are lower in the cytoplasmic and nuclear compartments compared with
control cells. These results indicate that the drug does not prevent the
phosphorylation of ERK1/2 by MEK1/2, but it does inhibit ERK1/2
protein kinase activity.

Germann et al. found that ulixertinib had antitumor activity in
several xenograft studies including human BRAFV600E-mutant lines
(A375 melanoma, Colo205 colorectal) and KRASG12C-mutant MIAPACa-
2 pancreatic cancer cells [127]. These investigators examined the an-
tiproliferative effects of combining ulixertinib with the B-Raf inhibitors
vemurafenib or dabrafenib in the BRAFV600E-mutant melanoma cell
lines G-361 and A375. They found that ulixertinib, vemurafenib, and
dabrafenib were each active and they observed a modest synergy with a
combination of ulixertinib with either B-Raf inhibitor. The synergy of
ulixertinib combined with these B-Raf inhibitors in melanoma cell lines
carrying a BRAFV600E mutation may translate into better clinical out-
comes. Based upon studies with BRAFV600E-mutant A375 cells, they
found that resistance to ulixertinib was delayed when compared with
the B-Raf inhibitor dabrafenib or the MEK1/2 inhibitor trametinib.

Secondary KRAS mutations are known drivers of resistance to MAP
kinase pathway inhibitors [127]. To understand the susceptibility of
ulixertinib to this mechanism of resistance, Germann et al. [127] stu-
died an isogenic panel of clinically relevant KRAS mutations in the
SW48 colorectal cell line. While several mutant KRAS alleles conferred
resistance to MEK inhibition by trametinib or selumetinib, the sensi-
tivity to ulixertinib was unaltered in the majority of these mutants;
where a shift in sensitivity to ulixertinib was observed, it was not to the
extent seen with trametinib or selumetinib. Overall, these results de-
monstrate that ulixertinib is more efficacious than MEK inhibitors in the
context of KRAS mutations. The FDA-approved B-Raf (cobimetinib,
dabrafenib, vemurafenib) and MEK (binimetinib, cobimetinib, trame-
tinib) inhibitors are ineffective in the treatment of malignancies with
RAS mutations. This emphasizes the need for inhibitors such as

ulixertinib that are effective against tumors with RAS mutations. It
remains to be established whether the ulixertinib findings translate into
clinical effectiveness.

Sullivan et al. reported on a phase I ulixertinib dose-escalation
clinical trial in patients with advanced solid tumors [128]. The study
included patients with BRAF mutated colorectal cancers, melanomas,
NSCLC, and other solid tumors as well as NRAS-mutated melanomas,
and MEK-mutated solid tumors. They reported that partial responses
were observed in 14% of patients. These responses were seen in patients
with NRAS, BRAF600, and non-BRAF600 tumors; the currently approved
B-Raf inhibitors are not effective in the treatment of the latter category
of cancers. These investigators reported that the adverse events in-
cluded diarrhea, fatigue, nausea, and skin rashes. They also found that
near complete inhibition (86%) of ERK activity in whole-blood samples
in patients receiving the recommended dose of 600mg twice daily. Of
the several ERK inhibitors that have been studied, ulixertinib appears to
be one of the more promising therapeutic agents.

The X-ray crystal structure of ulixertinib bound to ERK2 shows that
a hydrogen bond forms between pyridine N1 and the N–H group of
M108 and a second hydrogen bond forms between the drug amino
group and the carbonyl oxygen of this third hinge residue. A polar bond
forms between the drug carboxamide oxygen and the ε-amino group of
K54 within the β3-strand and another polar bond forms between the
hydroxyethyl group of the drug and the DFG-D167 carboxylate group
(Fig. 6A). Ulixertinib makes numerous hydrophobic contacts with the
enzyme including interactions with the β1-strand I31, E33 and Y36
within the glycine-rich loop, M38 and V39 (Cs7) within the β2-strand,
A52 (CS8) and K54 of the AxK signature, I84 within the αC-β4 back
loop, the Q85 gatekeeper residue (Sh2), D106 and L107 (the first two
hinge residues), E109 and T110 before the αD-strand, K114 within the
αD-strand, L156 (CS6), and C166, which is the x residue of xDFG. The
3-chloro group attached to the phenyl ring makes a halogen bond [125]

Table 4
Properties of selected orally effective ERK1/2 inhibitors that are in clinical trials (clinicaltrials.gov).

Drug (Code) PubMED CID Formula MW (Da) H bond D/Aa cLogPb LipEc LEd No. of clinical trials

Ulixertinib (BVD-523) 11719003 C21H22Cl2N4O2 433.3 4/4 3.598 5.79 [127] e 0.457 8, 3 completed, 5 recruiting
(MK-8353) 58282870 C37H41N9O3S 691.9 2/9 4.539 3.62 [129] e 0.230 3, 2 recruiting, 1 terminated
Ravoxertinib (GDC-0994) 71727581 C21H18ClFN6O2 440.9 2/7 2.408 6.10 [131] e 0.400 2, completed
(SCH772984) 24866313 C33H33N9O2 587.7 2/8 2.831 6.19 [132] e 0.288 None
(Compound 27) None C29H32ClN5O4 529.2 3/7 2.892 6.63 [133] e 0.308 None
(CC-90003) 90331177 C22H21F3N6O2 458.4 3/7 4.186 ? ? 1, terminated
(KO-947) 136653617 C21H17N5O 355.4 2/5 2.584 ? ? 1, recruiting
(LY3214996) 121408882 C22H27N7O2S 453.6 1/7 2.512 ? ? 1, recruiting
(LTT-462) None ? ? ? ? ? ? 2, recruiting
(LY3214006) None ? ? ? ? ? ? 1, recruiting
(ONC201) None ? ? ? ? ? ? 18, 14 recruiting, 1 active, 1 completed, 2 suspended

a D/A, donor/acceptor.
b cLogP, calculated log of the partition coefficient using MedChem DesignerTM version 2.0 Simulationsplus, Inc. Lancaster CA 93534, USA.
c LipE (lipophilic efficiency) = pIC50 – cLogD where cLogD, the calculated log of the distribution coefficient, was obtained using MedChem DesignerTM.
d LE (ligand efficiency) = – 2.303 log10 Keq/N where N is the number of heavy (non-hydrogen) atoms in the drug.
e Source of the data for calculating LipE and LE.

Fig. 5. Structures of selected ERK inhibitors that are in clinical trials.
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with the glutamine gatekeeper residue and the 3-chloro group attached
to the pyridine makes a halogen bond with Y36 of the glycine-rich loop.
The drug occupies the front pocket and FP-II and it binds to an active
form of ERK2 and is classified was a type I inhibitor [85]

MK-8353 is an indazole-pyrrolidine derivative that is under early
clinical evaluation for the treatment of advanced/metastatic solid tu-
mors (Fig. 5B). Boga et al. reported that this drug is a selective and
potent inhibitor or ERK1/2 with IC50 values of 20/7 nM, respectively
[129]. These investigators showed that the drug produced a con-
centration-dependent decrease in both pERK and pRSK in human
A2058 BRAFV600E-mutant melanoma cells in culture. The latter ob-
servation was unexpected because MK-8353 does not inhibit MEK1/2.
The decrease in pRSK is a result of ERK inhibition and the decrease in
pERK is apparently related to the inability of MEK to catalyze the
phosphorylation of the ERK–MK-8353 complex; these characterize the
ERK dual mechanism inhibition paradigm. MK-8353 exhibited anti-
tumor activity of mice bearing human colon Colo205 xenografts.
Moreover, MK-8353 exhibited good pharmacokinetic parameters in
mouse, rat, dog, and monkey. Moschos et al. reported on the results of a
phase I clinical trial of MK-8353 in patients with advanced solid tumors
[130]. The toxicities to this agent were the same as those reported for
the ulixertinib study. Skin biopsies from patients demonstrated de-
creased pERK levels. Patients with melanoma, colorectal cancer, pan-
creatic cancer, NSCLC, head and neck cancer, and papillary thyroid
cancer were studied. Of 15 patients, partial responses were observed in
three patients with melanoma. The authors stated that the use of
combination therapies of MK-8353 and immunotherapies for select
cancer types is under consideration.

The X-ray crystal structure shows that the indazole N1 of MK-8353
makes a hydrogen bond with the backbone carbonyl group of D106 (the
first hinge residue) and the indazole N2 makes a hydrogen bond with
the N–H group of M108 (the third hinge residue); the 2-propane oxy-
pyridine oxygen forms a polar bond with the ε-amino group of K114

within the αD-helix. Moreover, the oxoethyl and the carboxamide
oxygens form hydrogen bonds with ε-amino group of K54 of the β3-
strand AxK signature (Fig. 6B). Although this result was obtained with
the rat enzyme, the residue numbers correspond to those of the human
enzyme. The drug makes numerous hydrophobic contacts with the
enzyme. These include interactions with I31 of the β1-strand, A35 and
Y36 in the glycine-rich loop, the β3-strand A52 (CS8), I56 and P58 in
the β3-αC front loop in the ceiling of the drug binding site, Y64 and T68
in the αC-helix, I84 in the αC-β4 back loop, I103 near the end of the β5-
strand, L107 (the second hinge residue), S153 and N154 within the
catalytic loop, C166 (the x of xDFG), and DFG-D167 and DFG-F168 of
the activation segment. The drug is found in the front pocket and gate
area. The R-spine of ERK2 is broken between R2 and R3 with R3 dis-
placed backward and Y36 of the catalytic loop occurs under the glycine-
rich loop (not shown) precluding the binding of ATP. MK-8353 is thus a
type I½B inhibitor that binds to an inactive DFG-Din conformation [85].

GDC-0994 is a pyrazole amino-pyrimidine derivative (Fig. 5C) that
is under early clinical evaluation for the treatment of advanced/meta-
static solid tumors as monotherapy or in combination with cobime-
tanib. Blake et al. reported that the drug is a selective and potent in-
hibitor of ERK1/2 with IC50 values of 6.1/3.1 nM, respectively [131].
They performed studies with nude mice bearing human KRAS color-
ectal tumor implants and they found significant tumor growth inhibi-
tion and decreased phosphorylation of RSK. They studied its pharma-
cokinetic parameters in rat, mouse, dog, and cynomolgus monkey.
Phase I dose-escalation clinical trials are underway with oral GDC-0994
given once daily using a 21-day on and 7-day off protocol. Additional
studies will be required to establish the clinical efficacy of this pro-
spective therapeutic agent.

The X-ray crystal structure shows that the pyrazole N2 of GDC-0994
forms a hydrogen bond with the ε-amino group of K114 within the αD-
helix; the amino group of the drug forms a hydrogen bond with the
carbonyl group of M108 and the pyrimidine N1 forms a hydrogen bond

Fig. 6. (A–E). Structures of ERK2–drug complexes. The PDB IDs are given in the title. The carbon atoms of the drugs are colored yellow. AS, activation segment; CL,
catalytic loop. The dashed lines depict polar bonds. (F) Side view of the superposition of the glycine-rich loops (GRL) of inactive rat (Yin) and active human ERK2
(Yout) with their respective PDB IDs.
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with the N–H group of this third hinge residue (Fig. 6C). The pyridine-
2-one oxygen forms a hydrogen bond with the ε-amino group of K54 of
the AxK signature and the hydroxyethyl alcohol forms polar bonds with
the oxygen atoms of the R-groups of catalytic loop N154 and DFG-
D167. The drug makes hydrophobic contact with I31 of the β1-strand,
M38 and V39 (CS7) in the β2-strand, A52 (CS8) and K54 of the AxK
signature, the Q105 gatekeeper (Sh2), L107 and T110 of the hinge, the
catalytic loop N154, L156 (CS6), and C166 (the x residue of xDFG) as
well as DFG-D167. The 4-chloro atom attached to the phenyl ring
makes a halogen bond with M38 of the glycine-rich loop and the ad-
jacent 3-fluoro atom makes van der Waals contact with V39 (CS7) of the
β2-strand. GDC-0994 is located in the front pocket and gate area. It
binds to an active form of ERK2 and is classified as a type I inhibitor
[85].

SCH772984, which is an indazole-pyrrolidine derivative (Fig. 5D)
like MK-8353, is a selective ERK1/2 inhibitor [132,133]. Morris et al.
developed this compound and found that the IC50 values for ERK1/2
were 4/1 nM, respectively [132]. They also found that the drug in-
hibited the phosphorylation of RSK (an ERK substrate) and ERK itself in
the BRAFV600E-mutant human melanoma cell line LOXIMV1 (LOX). This
represents another example of the dual ERK mechanism of inhibition.
The drug possessed antitumor activity against various cell BRAF, KRAS,
and NRAS mutant colorectal, melanoma, and pancreatic cell lines and
their xenograft counterparts. These investigators found that
SCH772984 is effective against cells with clinically relevant BRAF or
MEK inhibitor resistance mechanisms including (i) overexpression of
BRAFV600E, (ii) a B-Raf splice-variant lacking an amino-terminal RAS-
binding domain, (iii) acquired RAS mutations, (iv) acquired MEK1
mutations as well as (v) ectopic expression of various MEK1 mutants.

The X-ray crystal structure of SCH772984 bound to human ERK2
shows that a hydrogen bond forms between K114 –NH3

+ of the αD-
helix and the N1 of the pyridine moiety; another hydrogen bond forms
between the N2 indazole and the N–H group of M108 (the third hinge
residue) and the ε-amino group of K54 of the AxK signature forms polar
bonds with each of the two carbonyl oxygens of the drug (Fig. 6D).
SCH772984 makes hydrophobic contacts with I31 of the β1-strand, A35
and Y36 of the glycine-rich loop, V39 (CS7) of the β2-strand, A52 (CS8)
and K54 of the AxK signature, I56 in the β3-strand, R67, T68, and E71
of the αC-helix, I84 in the back loop, the gatekeeper Q105 as well as
L107, E109, T110, D111 of the hinge, L156 (CS6), C166 (the x of
xDFG), and DFG-D167. Although the drug abuts the αC-helix, it is far
from the αE-helix and is not in the back cleft; it occurs in the front
pocket and gate area of the enzyme. The interaction of the drug with
Y36 of the glycine-rich loop is unusual in that the R-group occurs un-
derneath the loop (the glycine-rich loop “in” conformation) while in
active enzymes it occurs out of the loop (Fig. 6F). Owing to its “in”
location, the enzyme is inactive because Y36 sterically precludes the
binding of ATP. Accordingly, SCH772984 is a type I½B inhibitor (an
inactive structure with DFG-Din) [85]. It is unclear whether the drug
will enter clinical trials.

Compound 27 is an aminopyrimidine isoindolinone that is under
development by Astex Pharmaceuticals (Fig. 5E). Heightman et al. de-
scribed the formulation of this ligand by a fragment-based discovery
protocol [133]. They found that the IC50 value for the drug against
ERK2 was 3 nM. Moreover, the IC50 values for the inhibition of the
growth of human BRAFV600E mutant A375 melanoma cells and Colo205
colon cancer cells were 4.9 nM and 7.5 nM, respectively. The drug also
inhibited the growth of xenografts of the Colo205 cells. Compound 27
inhibited the phosphorylation of the ERK substrate RSK as well as the
phosphorylation of ERK itself. Accordingly, it appears to be an ERK dual
mechanism inhibitor.

The X-ray crystal structure of compound 27 bound to human ERK2
shows that the N1 of the pyrimidine moiety forms a hydrogen bond
with the N–H group of third hinge residue (M108) and the drug car-
bonyl group forms a hydrogen bond with the ε-amino group of the β3-
strand K54. Furthermore, the amide N–H group and the hydroxyethyl

group of the drug each forms a hydrogen bond with the carboxylate
group of DFG-D167 and the hydroxyethyl oxygen forms polar bonds
with guanidinium nitrogens of R67 within the αC-helix (Fig. 6E). The
drug makes hydrophobic contacts with I31 of the β1-strand, A35 and
Y36 of the glycine-rich loop, V39 (CS7) of the β2-strand, A52 (CS8) and
K54 of the AxK signature, I56 and P58 in the β3-strand, Y64, R67, T68,
and E71 of the αC-helix, I84 in the back loop, the gatekeeper Q105 as
well as L107, E109, T110, D111 of the hinge, L156 (CS6), C166 (the x of
xDFG), DFG-D167, and L170 within the activation segment. Y36 within
the glycine-rich loop is found beneath the loop as described above for
SCH772984. The drug occurs within the front pocket, FP-II, and the
gate area. The drug is a type I½B inhibitor because it binds to an in-
active enzyme with an inactive glycine-rich loop conformation, DFG-
Din, and it does not extend past the gatekeeper residue [85]. It is unclear
whether the drug will enter clinical trials.

Fig. 5F–H depict the structures of three ERK antagonists: CC-90003,
KO-947, and LY3214996 [134,135]. These drugs are in clinical trials as
monotherapies or combination therapies for various advanced/meta-
static tumors. Unfortunately, we lack X-ray crystal structures of these
drugs bound to any protein kinase. Table 4 lists three additional ERK
antagonists that are in clinical trials (LTT-462, LY3214006, ONC201),
the structures of which are not publicly available. See Refs. [57,136] for
information on additional ERK antagonists that are research tools or
that are or were in preclinical or clinical phases of study. These include
AEZS-131, AEZS-136, BL-EI-001, FR180204, FR148083, VTX-11e, and
AZ13767370.

As observed with all MAP kinase pathway inhibitors, treatment with
ERK inhibitors is likely to cause resistance. Jaiswal et al. tested five
structurally different ATP-competitive ERK inhibitors including GDC-
0994 and SCH772984 on BRAF/RAS-mutant cancer cell lines of dif-
ferent tissue types to generate resistant lines [137]. They used genomic
analysis and structural biology to discover the mechanisms leading
ERK1/2-inhibitor resistance. They identified ERK1/2 mutations, am-
plification and overexpression of ERK2 as well as overexpression of
EGFR and ErbB2 as mechanisms of acquired resistance. Structural
analyses showed that the drugs exhibited impaired ability to bind to
mutant ERK molecules. Besides MEK inhibitors, ErbB receptor and
PI3K/mTOR pathway inhibitors were effective in overcoming ERK-in-
hibitor resistance. These authors suggested that combination therapy of
MEK, ErbB receptor, or PI3K/mTOR inhibitors with ERK inhibitors may
be an effective strategy for managing the emergence of resistance in
patients.

7. Physicochemical properties of selected ERK inhibitors

7.1. Lipinski’s rule of five

Medicinal chemists and pharmacologists have searched for drug-like
chemical properties that result in compounds with oral therapeutic
efficacy in a predictable fashion. Lipinski’s rule represents a computa-
tional and experimental approach to estimate permeability, solubility,
and efficacy in the drug discovery and development setting [138]. In
the drug development process the "rule of 5″ predicts that poor per-
meation or absorption is more likely when there are more than 5 hy-
drogen-bond donors, 10 (5×2) hydrogen-bond acceptors, a molecular
weight greater than 500 (5× 100) and a calculated Log P (cLogP)
greater than 5. P represents the partition coefficient and it is the ratio of
the solubility of the un-ionized drug in water saturated with 1-octanol
divided by the solubility of the un-ionized drug in 1-octanol saturated
with water; the greater the P value, the greater the hydrophobicity. The
number of hydrogen-bond donors is expressed as the sum of OH and NH
groups and the number of hydrogen-bond acceptors is taken as any
heteroatom without a formal positive charge with the exception of
heteroaromatic oxygen and sulfur, pyrrole nitrogen, halogens, and
higher oxidation states of nitrogen, phosphorus, and sulfur but in-
cluding the oxygens bonded to them. The empirical rule of 5 was based
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on the chemical properties of more than two thousand drugs [138]. Of
the eight selected ERK inhibitors with known chemical and biological
properties (Table 4), three (MK-8353, SCH772984, and compound 27)
have molecular weights greater than 500. Otherwise, these selected
drugs have properties consistent with the rule of five.

7.2. The importance of lipophilicity

7.2.1. Lipophilic efficiency, LipE
Since the publication of the rule of five in 1997 [138], additional

studies of the physicochemical contributions to drug-likeness have led
to various refinements [139–146]. The concept of lipophilic efficiency,
or LipE, is a useful test of the tendency to use lipophilicity-driven
binding as a strategy to increase potency. The formula for calculating
lipophilic efficiency is given by the following equations:

LipE=pIC50 – cLogD or LipE= pKi – cLogD

Similar to its usage in expressing the hydrogen ion concentration as
pH, the p is an operator that represents the negative of the Log10 of the
IC50 or the or the negative of Log10 of the Ki. cLogD is the calculated log
of the Distribution coefficient, which is the ratio of the drug solubility
(both ionized and un-ionized) in 1-octanol and water in a mixture of
immiscible 1-octanol/water at a specified pH, usually 7.4.

The second term (– cLogD or minus cLogD) represents the lipophi-
licity of a compound or drug where c indicates that the value is cal-
culated, or computed, using an algorithm based upon the behavior of
thousands of organic compounds. The more soluble the compound is in
1-octanol in an immiscible 1-octanol/water mixture, the greater is its
lipophilicity and the greater is the value of – cLogD. Leeson and
Springthorpe suggest that compound lipophilicity, as estimated by –
cLogP, is the most important chemical property to consider during drug
development [141]. Their use of – cLogP was based upon results ob-
tained prior to the use of D, the distribution coefficient. For practical
purposes, cLog10P or cLog10D can be used interchangeably to compare a
series of compounds. Lipophilicity plays an important role in promoting
binding to unwanted drug targets. The goal for drug optimization
during development is to increase inhibitory power without simulta-
neously increasing lipophilicity. LipE is an approximate guide to spe-
cificity and facilitates lead optimization by permitting a comparison of
drug congeners based upon the use of the same assay to make com-
parisons valid [145].

cLogD can be determined for several compounds by computer in a
matter of minutes; the experimental determination of LogD is labor
intensive and is performed only in select cases. Proposed optimal values
of LipE range from 5 to 10 [140]. Increasing potency and decreasing the
lipophilicity during drug development, in general, lead to better phar-
macological properties. The values of LipE calculated on the basis of
biochemical Ki or IC50 values for selected ERK inhibitors are given in
Table 4. Of the five drugs with calculated LipE values, only MK-8353
falls out of the proposed optimal range.

7.2.2. Ligand efficiency, LE
The ligand efficiency (LE), which is another useful molecular

property, is a measurement that relates the potency per heavy atom
(non-hydrogen atom) of a drug. The LE is given by the following
equation:

LE= ΔG°´/N = – RTlnKeq/N = – 2.303RTLog10Keq/N

ΔG°´ represents the standard free energy change of the drug binding to
its target at pH 7, N is the number of non-hydrogen atoms (heavy
atoms) in the drug, R is the universal temperature-energy coefficient, or
gas constant (0.00198 kcal/degree-mole), T is the temperature in de-
grees Kelvin, and Keq is the equilibrium constant. Proposed optimal
values of LE are greater than 0.3 kcal/mol. The Ki or IC50 values are
used as a surrogate of the equilibrium constant. At 37 °C, or 310 K, this

equation becomes – (2.303 × (0.00198 kcal/mol-K)× 310 K Log10
Keq)/N or – 1.41 Log10 Keq/N. LE was first proposed as a method for
comparing drugs according to their average binding energy per atom.
This parameter is used in the selection of lead compounds and is par-
ticularly useful in fragment-based drug discovery [145].

The ligand efficiency represents the relative binding affinity per
non-hydrogen atom of the drug or ligand of interest. The value of N
serves as a substitute for the molecular weight. LE is inversely pro-
portional to the value of N and is directly proportional to the binding
affinity and – Log10 Keq. The values of LE calculated in the basis of
biochemical Ki or IC50 values for selected ERK inhibitors are provided in
Table 4. The LE values of ulixertinib, revoxertinib, and compound 27
fall into a satisfactory range and are greater than 0.3. The values for
lipophilic efficiency (LipE) and ligand efficiency (LE) listed in Table 4
were calculated from experiments performed under a variety of dif-
ferent conditions. Accordingly, LipE and LE values alone cannot be used
to make a direct comparison of the drugs because of differences in
methodology. The examples were derived from various drug discovery
efforts and are meant to provide representative values.

8. Epilogue and perspective

At the end of 2018, the US FDA had approved 48 small molecule
protein kinase inhibitors (see supplementary material), nearly all of
which are orally effective with the exception of temsirolimus (which is
given intravenously) and netarsudil (which is given as an eye drop). Of
the 48 approved small molecule protein kinase inhibitors, the majority
(25) inhibit receptor protein-tyrosine kinases, 10 inhibit non-receptor
protein-tyrosine kinases, and 13 are directed at protein-serine/threo-
nine protein kinases including the dual specificity protein kinases
MEK1/2. A total of 43 are directed toward malignancies (36 against
solid tumors including lymphomas and 7 against non-solid tumors, e.g.,
leukemias). At least 18 of the approved drugs are multikinase in-
hibitors. This has advantages and disadvantages. It may be that the
therapeutic effectiveness of these drugs may be related to the inhibition
of more than one enzyme. For example, cabozantinib and sunitinib
have potent AXL off-target activity, which may add to their clinical
effectiveness [147]. On the other hand, the inhibition of non-target
enzymes may lead to various toxicities. Accordingly, we have the
question of whether magic shotguns are to be favored over magic
bullets [148].

A total of seven drugs are directed toward non-malignancies; bar-
icitinib and tofacitinib are used in the treatment of rheumatoid ar-
thritis, fostamatinib is used for the treatment of chronic immune
thrombocytopenia, nintedanib is used in the treatment of idiopathic
pulmonary fibrosis, ruxolitinib is used for the treatment of myelofi-
brosis and polycythemia vera, sirolimus is used to prevent rejections
following renal transplantation, and netarsudil is used to treat glau-
coma (See supplemental material) [149]. Six drugs inhibit their target
enzyme covalently including acalabrutinib (targeting BTK in mantle
cell lymphoma), afatinib (targeting EGFR in NSCLC), dacomitinib
(targeting mutant EGFR in lung cancer), neratinib (targeting ErbB2 in
HER2-positive lung cancer), ibrutinib (targeting BTK in mantle cell
lymphomas, chronic lymphocytic leukemia, marginal zone lymphomas,
chronic graft vs. host disease, and Waldenström macroglobulinemia),
and osimertinib (targeting EGFR T970Mmutants in NSCLC). Imatinib is
a broad-spectrum disease inhibitor; it is approved for the treatment of
eight disorders including Philadelphia chromosome-positive chronic
myelogenous leukemia, Philadelphia chromosome-positive acute lym-
phoblastic leukemia, aggressive systemic mastocytosis, chronic eosi-
nophilia leukemia, hypereosinophilic syndrome, dermatofibrosarcoma
protuberans, gastrointestinal stromal tumors, and myelodysplastic/
myeloproliferative diseases.

Larotrectinib was the first tissue-agnostic protein kinase inhibitor
approved by the US FDA (2018) for the treatment of adult and pediatric
solid tumors that have a neurotrophic receptor kinase (NTRK) gene
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fusion protein; it is called tissue agnostic because it is used for the
treatment of any cancer bearing the fusion protein irrespective of the
anatomical location. The first tissue-agnostic drug approved by the FDA
(2017) was pembrolizumab; it blocks the programed cell death receptor
(PD-1) of lymphocytes and is used in the treatment of patients with
unresectable or metastatic microsatellite instability-high (MSI-H) or
mismatch repair deficient (dMMR) solid tumors. Pembrolizumab is also
approved for the treatment of NSCLC and head and neck squamous cell
carcinomas, which are anatomically based malignancies, as well as
melanomas and Hodgkin lymphomas.

Manning et al. reported that the human protein kinase super family
consists of 518 members [2]. Because mutations and dysregulation of
protein kinases play fundamental roles in the pathogenesis of many
human diseases, this family of enzymes has become one of the most
important drug targets over the past several decades [150]. There are
four dozen FDA-approved medications that are directed against about
20 different protein kinases (www.brimr.org/PKI/PKIs.htm). Moreover,
there are about 200 drugs in clinical trials worldwide that are directed
against another two dozen protein kinases (http://www.icoa.fr/pkidb/)
[42]. Owing to the 244 disease loci and cancer amplicons that have
been mapped in the human genome [2], it is likely that there will be a
significant increase in the number of enzymes that will be studied for
the treatment of many more illnesses. Several possibilities are listed in
Table 5.

Although the pose or mode of binding of each drug with its target
protein kinase is unique, it is helpful to classify drug-enzyme interac-
tions for their use in drug discovery and development protocols. We
have previously classified protein kinase antagonists into seven con-
ceivable types (I–VI and I½) that are based upon the nature of the drug-
protein kinase complexes [85]. The complexity of inhibitor taxonomy
increases because some agents bind to different conformations of their
protein kinase targets. For example, bosutinib is a type IIB inhibitor of
Abl and a type I inhibitor of Src (both are non-receptor protein-tyrosine
kinases). Furthermore, crizotinib is a type I½B antagonist of c-Met and
a type I inhibitor of ALK (both are receptor protein-tyrosine kinases).
Sunitinib is a type IIB inhibitor of Kit (a receptor protein-tyrosine ki-
nase) and a type I½B inhibitor of CDK2 (a protein-serine/threonine
kinase). Adding to this intricacy, X-ray crystallographic structures de-
monstrate that erlotinib can be a type I or I½B inhibitor of EGFR/ErbB1
(a receptor protein-tyrosine kinase). These results indicate that some
protein kinase inhibitors lack conformational selectivity. Adding to the
complexity are studies with imatinib, which is the prototypical type IIA
DFG-Dout inhibitor, that show that it binds to the active non-receptor
Syk (spleen tyrosine kinase) making it also a type I inhibitor (PDB ID:
1XBB). In addition to binding as a type II antagonist in a linear ex-
tended conformation, imatinib adopts a compact U-shaped structure as
a type I Syk antagonist and binds only within the front pocket. Different

modes of binding are related to ligand conformational flexibility and
the number of rotatable bonds possessed by the ligand.

The Ras-Raf-MEK-ERK MAP kinase signal transduction module is
one of the most prevalent oncogenic pathways in human cancers
[8–12,163]. RAS mutations occur in a wide variety of cancers including
70% of pancreatic ductal adenocarcinomas, 40% of colorectal cancers,
and 35% of non-small cell lung cancers (NSCLC). Tumors that are
driven with BRAF mutations include 90% of skin melanomas, 10–70%
of thyroid cancers (depending upon the histology), about 10% of col-
orectal cancers, and 4% of NSCLC [37–41]. Although numerous cancers
are driven by the activation of the MAP kinase pathway, thus far the
only approved drugs that block this pathway are used for the treatment
of BRAF-mutant melanomas (www.brimr.org/PKI/PKIs.htm). The best
treatments include the combination of B-Raf with a MEK inhibitor
(dabrafenib and trametinib, encorafenib and binimetinib, vemurafenib
and cobimetanib). Owing to the large variety of malignancies that are
driven by dysregulation of the MAP kinase pathway, additional tumor
types should be amenable to MAP kinase pathway inhibitor therapy.
Besides new B-Raf and MEK inhibitors, the addition of ERK inhibitors
should prove helpful. The use of Ras inhibitors should also be effica-
cious; owing to the undruggable nature of Ras because it lacks a rea-
sonable drug binding cavity, it may take a much longer time to im-
plement this strategy.

The role of regulatory protein phosphorylation in tumorigenesis
began in the Ben May Laboratory for Cancer Research at the University
of Chicago in the 1950s. Williams-Ashman and Kennedy discovered that
protein phosphorylation was very active in Ehrlich ascites tumor cells
[164]. Subsequently, Kennedy and Smith isolated radioactive phos-
phoserine from the protein fraction of these tumor cells after incubation
with [32P]-phosphate [165]. These investigators demonstrated that the
phosphoserine phosphate in the protein fraction rapidly turns over.
Although the significance of this rapid turnover was unknown at the
time, they wrote presciently that such turnover “suggests a function of
some importance.” In 1954, Burnett and Kennedy were the first to
characterize protein kinase enzyme activity [166]. They used rat liver
as the source of their enzyme and found that bovine serum albumin, γ-
globulin, lysozyme, and ovalbumin failed to serve as substrates whereas
casein was readily phosphorylated. They isolated and identified [32P]-
phosphoserine following acid hydrolysis of the casein product. More-
over, they demonstrated that Mg2+ and ATP were required for protein
kinase enzyme activity. This was the only paper that these authors
published on protein kinases leaving later work to other investigators.

The MAP kinase pathway is an important evolutionarily conserved
signaling module that is stringently regulated by (i) numerous activa-
tion processes and by (ii) short-term and long-term negative feedback
inhibition [19]. Perhaps it should be expected that any perturbation by
a pathway inhibitor would be countered with pathway re-activation by

Table 5
Novel protein kinase targets and diseases.

Target Diseases

SPAK/OSR1 Hypertension [150]
Rho, Rho kinase Cardiovascular disease (hypertension, cerebral vasospasm, coronary vasospasm, myocardial infarction and heart failure) [151]
P38α Map kinase Asthma, atherosclerosis, Crohn disease, psoriasis, and rheumatoid arthritis [152]
JAK1/2 Lupus erythematosus [153]
RET Irritable bowel syndrome [154]
Trk Pain [155]
LRRK2 Parkinson disease [150]
Glycogen synthase kinase-3β Parkinson disease [156]
TTBK1 Neurodegenerative diseases (Alzheimer disease, amyotrophic lateral sclerosis, and spinocerebellar ataxia type 11) [157]
Fyn Alzheimer disease [158]
DLK (MAP3K12) Alzheimer disease [159]
Glycogen synthase kinase-3β Amyotrophic lateral sclerosis [160]
SRPK1 Wet age-related macular degeneration [161]
PDGFR Wet age-related macular degeneration [161,162]
VEGFR Wet age-related macular degeneration [161,162]
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servomechanisms. Thus, despite the effectiveness of the combination of
a B-Raf and MEK inhibitor in the treatment of melanomas, resistance to
such treatments occurs in about one year. Assuming that effective ERK
inhibitors can be developed, it remains to be seen whether these in-
hibitors will be effective against Raf/MEK inhibitor-therapy resistant
tumors. If so, additional studies will be required to determine the best
strategy for the administering these drugs. Should the Raf-MEK in-
hibitors be given until resistance occurs, should Raf-MEK-ERK in-
hibitors be given together, or should ERK inhibitors be given first?
Another possibility to prevent or forestall the development of resistance
to targeted inhibitors is to simultaneously block pathways parallel to
the MAP kinase pathway such as the PI-3 kinase AKT/PKB pathway
[167]. Despite the success in the use of protein kinase inhibitor thera-
pies in the treatment of various cancers, the universal development of
drug resistance is a vexing problem that can only be solved with ad-
ditional experimentation.
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