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ABSTRACT: Lenvatinib is an oral multikinase inhibitor that selectively
inhibits vascular endothelial growth factor (VEGF) receptors 1 to 3 and other
proangiogenic and oncogenic pathway-related receptor tyrosine kinases. To
elucidate the origin of the potency of lenvatinib in VEGF receptor 2 (VEGFR2)
inhibition, we conducted a kinetic interaction analysis of lenvatinib with
VEGFR2 and X-ray analysis of the crystal structure of VEGFR2−lenvatinib
complexes. Kinetic analysis revealed that lenvatinib had a rapid association rate
constant and a relatively slow dissociation rate constant in complex with
VEGFR2. Co-crystal structure analysis demonstrated that lenvatinib binds at its
ATP mimetic quinoline moiety to the ATP binding site and to the neighboring
region via a cyclopropane ring, adopting an Asp-Phe-Gly (DFG)-“in”
conformation. These results suggest that lenvatinib is very distinct in its
binding mode of interaction compared to the several approved VEGFR2 kinase
inhibitors.
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Vascular endothelial growth factor (VEGF) is a crucial
regulator of both physiologic and pathologic angiogenesis

and is essential for tumor growth and metastasis.1,2 Several
small molecule tyrosine kinase inhibitors (TKIs) of VEGF
receptor 2 (VEGFR2) have been approved for the treatment of
several types of cancer, including renal cell carcinoma,3

hepatocellular carcinoma,4 and colorectal carcinoma.5

All of the currently approved VEGFR2 TKIs bind to the
ATP-binding site. They are categorized into either type I or
type II inhibitors on the basis of the conformation of VEGFR2
in complex with them, as revealed by cocrystal structure
analysis. Type I inhibitors target the active form of VEGFR2,
which is characterized by an open conformation of the
activation loop.6 This conformation is referred to as “DFG-
in” from the orientation of the conserved triad Asp-Phe-Gly
(DFG) at the beginning of the activation loop. Inhibitors that
target the inactive, DFG-out conformation, in which DFG
motif is flipped out relative to its orientation in the active state,
are classified as type II inhibitors.6 Generally, type I inhibitors
have more rapid association and dissociation kinetics, whereas
type II inhibitors have slow binding kinetics, leading to a
prolonged residence time (i.e., the period of time for which a
compound occupies a target).7−9

Lenvatinib is an oral multikinase inhibitor that selectively
inhibits VEGFR1 to 3 and other proangiogenic and
prooncogenic receptor tyrosine kinases, including fibroblast

growth factor receptors 1 to 4, platelet-derived growth factor
receptor α, KIT, and RET.10−12 Lenvatinib is currently being
evaluated in several clinical trials, including phase 3 clinical
trials in patients with thyroid cancer or hepatocellular
carcinoma. Recently, lenvatinib achieved the primary end
point in a phase 3 clinical trial in patients with differentiated
thyroid cancer.13 To gain insight into the mode of interaction
of lenvatinib with VEGFR2, we analyzed the kinetics of
interaction between lenvatinib and VEGFR2 and also the
crystal structure of VEGFR2 complexed with lenvatinib.
The affinity between inhibitors and target proteins is

influenced by the balance between association rate and
dissociation rate.9 To clarify which parameter was the key
driver in the affinity of lenvatinib for VEGFR2, we determined
kinetic parameters for the interaction by using the Proteros
reporter displacement assay. This assay is based on the use of a
reporter probe that is designed to bind to the site of interest in
the target enzyme.14 Proximity between reporter and target
results in the emission of an optical signal. Signal loss caused by
probe displacement by inhibitors is monitored to determine the
kinetic parameters. We also determined kinetic parameters for
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sorafenib and sunitinib with VEGFR2, which, from their
cocrystal structures, are representative type II and type I
VEGFR2 inhibitors, respectively.15 The kinetic parameters for
the interactions of sorafenib and sunitinib with VEGFR2 clearly
demonstrated the reported features of the interaction modes of
these inhibitors16 (Table 1). Sorafenib had slow binding

kinetics with a residence time of 64 min. In contrast, sunitinib
had fast binding kinetics; its residence time was below the
detection limit of the VEGFR2 reporter displacement assay (2.9
min), and we could not determine association rate constant
(kon) and dissociation rate constant (koff) values. Lenvatinib had
intermediate characteristics compared with those of these two
representative inhibitors. The kon and koff values of lenvatinib
were, respectively, 61 times and 3.8 times those of sorafenib.
The residence time of lenvatinib was 17 minlonger than that
of sunitinib. Lenvatinib likely associates rapidly with VEGFR2
and resides a relatively longer time than sunitinib. These
differences are also mirrored in the equilibrium dissociation
constant (Kd) values of lenvatinib, sorafenib, and sunitinib in
complex with VEGFR2, which were 2.1, 33, and 30 nmol/L,
respectively. Because of its fast association rate and prolonged
residence time, lenvatinib was more than 10 times as potent as
sorafenib and sunitinib against VEGFR2.
Next, we analyzed the crystal structure of a complex of

VEGFR2 with either lenvatinib or sorafenib. First, we purified
recombinantly expressed human VEGFR2 kinase domain
(Leu814−Asn1162) and incubated it with lenvatinib or
sorafenib. Single crystals of VEGFR2 were obtained by
cocrystallization. The structures were solved at a resolution of
1.57 Å (lenvatinib) or 1.90 Å (sorafenib), revealing the details
of the modes of binding of each inhibitor to VEGFR2 (Figure
1a−d). The overall structure of VEGFR2 in complex with
sorafenib adopted a bilobar architecture characteristic of the
eukaryotic protein kinase family. Situated in the cleft formed
between the N-terminal and the C-terminal lobe, sorafenib
bound to both the ATP-binding site (common sites for protein
kinases) and the neighboring nonconserved allosteric region.17

The DFG motif adopted a DFG-out conformation (inactive
form) in the VEGFR2−sorafenib complex (Figure 1d). These
results for sorafenib agree well with those reported by McTigue
et al.18

X-ray analysis of the crystal structure of VEGFR2−lenvatinib
complexes demonstrated that the mode of binding of lenvatinib

to VEGFR2 differed partly from that of sorafenib to VEGFR2.
Lenvatinib was also situated in the cleft between the two lobes.
However, the conformation of VEGFR2 complexed with
lenvatinib was less closed, possibly because of the different
conformation of the DFG motif. There was a notable difference
in the conformation of the DFG motif and the N-terminal part
of the activation loop between the VEGFR2−lenvatinib
complex and the VEGFR2−sorafenib complex (Figure 1a,b).
The DFG motif adopted the DFG-in conformation in the
VEGFR2−lenvatinib complex (Figure 1c), unlike the DFG-out
one in the VEGFR2−sorafenib complex (Figure 1d). The latter
conformation might result from the presence of a large residue
of 4-chloro-3-(trifluoromethyl) phenyl of sorafenib occupying
the neighboring region. In contrast, the small substituent
cyclopropane ring of lenvatinib might allow this inhibitor to
bind to VEGFR2 in a DFG-in conformation. The induced-fit
mechanism is the most common mechanism of slow binding by
enzyme inhibitors.19 For higher-affinity binding with sorafenib,
VEGFR2 changes conformation from DFG-in to DFG-out.
This conformational change may be the cause of the low kon of
sorafenib. In contrast, this conformational change is not present
in the case of lenvatinib binding. This likely explains the large
difference in kon between these compounds.
The amino acid residues located in the vicinity of lenvatinib

or sorafenib at a maximum distance of 3.9 Å are summarized in
Table S3, Supporting Information. These amino acid residues
belonged to the ATP-binding site, a gatekeeper residue, and the
neighboring region. Among the total of 25 amino acid residues,
16 were common to lenvatinib- and sorafenib-binding sites.
Lenvatinib and sorafenib bound at their cores, from the urea

group to the quinoline ring (lenvatinib) and pyridine
(sorafenib), to the ATP-binding site (Figure 1c,d). These
cores occupied nearly identical positions. On the basis of a
distance of less than 3.5 Å between donor and acceptor atoms,
we identified a total of four specific hydrogen bonds of
lenvatinib to the main-chain atoms of Cys919 and Asp1046 and
the side-chain atoms of Glu885; there was a total of five bonds
in these locations in the case of sorafenib (Figure 1e,f). The
hydrogen bond from the nitrogen atom of Asp1046 to the
oxygen atom of the urea group of the ligand was present in
both structures. Sorafenib formed two hydrogen bonds to the
hinge region, whereas there was only one in the case of
lenvatinib. However, lenvatinib formed additional hydrophilic
interactions with an amide group in the hinge region (Figure
1e,f). The glycine-rich loop was completely ordered in the
structure with sorafenib, but it was mostly flexible in the
structure with lenvatinib. In the structure with sorafenib, the
turn of this loop was supported by the residues Leu1049 to
Ala1050 following the DFG motif. These residues were
completely flexible in the structure with lenvatinib.
In the VEGFR2−lenvatinib complex, the 6-carbamoyl

substituent of the quinoline ring of lenvatinib generated two
possible hydrophilic interactions with the main and side chains
of Asn923, bridged by water molecules; we did not identify
these in the VEGFR2−sorafenib complex (Figure 1e,f).
Hydrogen bonding with the hinge regions is likely an
indispensable interaction. Examination of the Connolly surface
of the binding sites (Figure 2) clearly showed that lenvatinib
completely occupied the adenine ring binding site and had
strong hydrophobic interactions within the entrance region.
The entrance region is frequently used to gain selectivity
because of its diversity of sequence and conformation; it also
might positively influence the residence time.20,21

Table 1. Parameters of Kinetic Interaction with VEGFR2a

compd
Kd

(nmol/L)
kon

(s−1 × M−1) koff (s
−1)

residence
time (min)

lenvatinib 2.1 ± 0.1 4.8 × 105 ±
1.4 × 104

9.9 × 10−4

± 9.0 × 10−5
17 ± 2

sorafenib 33 ± 2.6 7.9 × 103 ±
1.5 × 102

2.6 × 10−4

± 2.5 × 10−5
64 ± 6

sunitinib 30 ± 1.7 >1.9 × 105 >57 × 10−4 <2.9
aKd = equilibrium dissociation constant, calculated by using the
Cheng−Prusoff equation from IC50-like values obtained from the
percent displacement values at time point, at which system has reached
equilibrium; kon = association rate constant; displacement traces at
each compound concentration were fitted according to a mono-
exponential equation to yield kobs. Secondary plot of kobs over
compound concentration was linearly fitted to generate kon; koff =
dissociation rate constant (= Kd × kon); residence time = 1/koff. From
standard errors of IC50 and kon calculated in regression analysis for
curve fitting, errors for Kd, koff, and residence time were calculated by
Gaussian error propagation.
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Lenvatinib also bound to the region neighboring the ATP
binding site via the moiety adjacent to the urea group, i.e., the
cyclopropane ring; sorafenib bound to the neighboring region
via a 4-chloro-3-(trifluoromethyl) phenyl ring. These inter-
actions may help to prolong the residence time in complex with
VEGFR2. As a representative Type I inhibitor, sunitinib had no
interaction with the neighboring region and a short residence

time (Table 1).18 The cyclopropane ring of lenvatinib had a
CH−pi interaction with the phenyl ring of Phe1047 (Figure 3).
Although the CH−pi interaction is one of weak molecular
forces, it sometimes plays an important role in ligand−protein
binding.22,23 The CH−pi interaction may help to prolong the
residence time of lenvatinib in complex with VEGFR2.

Figure 1. Overall structure of VEGFR2 with each ligand. (a) VEGFR2 complex with lenvatinib; (b) VEGFR2 complex with sorafenib. Each ligand
is shown as a CPK model colored according to the chemical atom type; carbon atoms are green for lenvatinib and blue for sorafenib. One monomer
of VEGFR2 is represented as a ribbon. The beta-sheet is shown in blue, the helixes in red, and other components in gray. Binding pocket of
VEGFR2 complexes. (c) VEGFR2 complex with lenvatinib; (d) VEGFR2 complex with sorafenib. The ligand and neighboring protein side chains
are shown as stick models colored according to the chemical atom type, as described above. Carbon atoms of the DFG domain are salmon colored.
Residue names at ATP-binding sites are indicated by red letters, and neighboring regions by black letters. Gatekeeper residue, Val916, is indicated by
blue-gray letters and Asn923, which makes a water-mediated interaction with lenvatinib, is indicated by maroon letters in italics. Interaction scheme
of VEGFR2 complexes. (e) VEGFR2 complex with lenvatinib; (f) VEGFR2 complex with sorafenib. Each ligand is shown as a ball and stick model;
residues with some interaction with each ligand are circled by a different color according to the type of interaction: those involved in hydrogen
bonding, charge, or polar interactions are in pink circles. Residues involved in van der Waals interactions are in green circles. Water molecules
bridging lenvatinib and Asn923 are shown in light blue circles. Hydrogen bond interactions with amino acid side chains are represented by blue
dashed arrows directed toward the electron donor. Hydrogen bond interactions with amino acid main chains are represented by green dashed arrows
directed toward the electron donor, and black dashed arrows indicate hydrogen bond interaction with water molecules. Pi interactions are
represented by orange lines indicating the interaction.
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The results of these cocrystal structure analyses demon-
strated that although both lenvatinib and sorafenib bound to
not only the ATP-binding site on VEGFR2 but also the
neighboring nonconservative allosteric region, the VEGFR2
structure complexed with sorafenib had a DFG-out con-
formation, whereas, interestingly, VEGFR2 complexed with
lenvatinib had a DFG-in conformation. The long residence
time of sorafenib may result from the need for conformational

change from DFG-out to DFG-in in the dissociation of
sorafenib from VEGFR2. This type of retrograde induced-fit
model has recently been reviewed by Copeland.19 As lenvatinib
binds to VEGFR2 in a DFG-in conformation, no conforma-
tional change-related energy barrier to dissociation contributes
to the residence time. Interactions of the carbamoyl of
lenvatinib with Asn923 and of the cyclopropane ring with the
region neighboring the ATP binding site may instead help to
prolong the residence time of lenvatinib. Most inhibitors fitting
to DFG-in kinases can bind only to the ATP-binding site,
resulting in low kinase selectivity, whereas those that fit DFG-
out kinases bind to both the ATP-binding site and allosteric
regions, resulting in high kinase selectivity. Lenvatinib could
bind to both the ATP-binding site and the neighboring
allosteric region of VEGFR2 in DFG-in conformation, and it
has high kinase selectivity comparable to that of sorafenib.24 In
addition to type I and type II inhibitors, two other categories of
kinase inhibitor have been proposed on the basis of their modes
of interaction.25 Type III inhibitors bind to a site proximal to
the ATP-binding site without interacting with the hinge region.
Type IV inhibitors bind to a site distal to the ATP-binding site
and induce conformational changes that render the kinase
inactive. Results in this study have shown that mode of
interaction of lenvatinib was different from any of these types,
and we consider that lenvatinib should be classified as a
different type of kinase inhibitor that binds both the ATP-
binding site and the neighboring allosteric region in kinases,
with DFG-in conformation.26,27 We propose to classify such
compounds as type V inhibitors (Table 2).
In conclusion, a kinetic interaction analysis and cocrystal

structure analysis revealed the distinct mode of interaction of
lenvatinib with VEGFR2. Lenvatinib had a rapid association

Figure 2. Binding pocket of VEGFR2 in complex with each ligand. Each ligand is presented as a CPK model, and the Connolly surface areas of the
binding sites are presented as a mesh. The adenine ring binding site is indicated by the blue circle and the entrance region by the red circle. (a) View
from the N-terminal domain of VEGFR2 complexed with lenvatinib. (b) View from the N-terminal domain of VEGFR2 complexed with sorafenib.
(c) View from the entrance region of VEGFR2 complexed with lenvatinib. (d) View from the entrance region of VEGFR2 complexed with sorafenib.
Panels (a) and (b) show that lenvatinib occupies a wider area at the adenine ring binding site than does sorafenib. It is also clear from panels (c) and
(d) that lenvatinib binds more effectively at the entrance region than does sorafenib.

Figure 3. Close-up view of cyclopropane ring and Phe1047 (DFG
motif). Lenvatinib is presented in a ball and stick model; carbon atoms
are shown in green and the other atoms in default atom colors.
VEGFR2 is illustrated as a white ribbon model. The distance between
the cyclopropane ring and the centroid of the benzene ring of Phe1047
(salmon colored) is 3.43 Å and the angle is 105.6°.
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rate constant in complex with VEGFR2 and targeted VEGFR2
in a DFG-in conformation. In addition, lenvatinib interacted
with the region neighboring the kinase ATP-binding site of
VEGFR2. This interaction may help to prolong the residence
time compared with that of type I inhibitors. To our
knowledge, lenvatinib is the first type V kinase inhibitor to
have been evaluated in phase 3 clinical trials. Further clinical
investigation may be verified in order to explore the association
of clinical activity with the distinct binding mode of lenvatinib.
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