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FMS-like tyrosine kinase 3 (FLT3) is an attractive target for acute myeloid leukemia. Recent studies have
suggested that the application of small-molecule kinase inhibitors is a promising treatment strategy for
patients with primary activating mutations of FLT3; however, the development of secondary mutations,
including those of A627T, N676D, F691l, and G697R, that confer acquired resistance to kinase inhibitors
has become a severe problem. In this study, we conducted a series of molecular dynamics simulations
on PKC412- and sorafenib-bound FLT3 kinases and different apo forms of the FLT3 kinase to explain the
minor and severe G697R mutation-induced resistance to sorafenib and PKC412, respectively. Structural
analysis on our simulation results revealed that the type Il kinase inhibitor sorafenib (ICsq = 9 nM)
assesses its binding site through either the adenine pocket entrance or the back pocket entrance,
whereas the type | kinase inhibitor PKC412 (ICsq = 35 nM) intercalates to its binding site from the front
pocket entrance. The G697 residue is located at the end of the FLT3 kinase hinge segment and is close
to the front and adenine pockets. In G697R mutation where the substituted R697 residue affects both
the front and adenine pocket entrances in different manners, sorafenib may approach its binding site
through the back pocket entrance, whereas PKC412 is blocked by the FLT3 kinase. This observation
rationalizes that the kinase activity of the G697R mutant does not decrease in the presence of PKC412
concentrations of up to 400 nM, whereas the ICsq value of sorafenib shifts to 200 nM in response to the
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Introduction

Protein tyrosine kinases (PTKs) are involved in various cellular
signaling events such as cell growth and proliferation.*”® Tyro-
sine kinase deregulation is related to tumorigenesis and cancer
progression. PTKs can be classified into two categories: trans-
membrane receptor tyrosine kinases and nonreceptor tyrosine
kinases.*® FMS-like tyrosine kinase 3 (FLT3) is a member of the
class III receptor tyrosine kinase family.® It contains an extra-
cellular domain, a transmembrane domain, a juxtamembrane
(JM) domain, and a tyrosine kinase domain interrupted by
a short kinase insertion.® In the FLT3 monomer, the kinase
domain is autoinhibited by the JM segment interacting with
both N- and C-terminal lobes of the kinase domain so that the
aC helix orients away from the ATP binding pocket; therefore,
the kinase conformation is stabilized in the inactive state. Upon
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FLT3 ligand binding in the extracellular domain, FLT3 dimer-
izes and undergoes a conformational change to remove the JM
segment from the kinase domain, thus resulting in the rear-
rangement of some structural elements in the kinase domain
into an active state to continue the kinase function.

FLT3 is expressed in primitive hematopoietic precursors
within bone marrow.® Reports have indicated that two types of
mutations of FLT3 resulting in ligand-independent activation
are associated with acute myeloid leukemia (AML).” The most
common type, occurring in approximately 23% of patients with
AML, is the FLT3-internal tandem duplication (ITD) mutation
that involves the ITD of coding sequences within the JM domain
by interrupting the autoinhibition function of the JM segment.
The other type, occurring in 7% of patients with AML, is point
mutations such as D835Y in the kinase domain. Accordingly,
small-molecule inhibitor therapy targeting the FLT3 kinase
domain has become an attractive strategy for AML.*** Related
studies have proven that the inhibition of FLT3 kinase activity
by using small-molecule inhibitors induces apoptosis in cell
lines with FLT3-activating mutations and increases the survival
rate of mice expressing mutant FLT3 in their bone marrow
cells.’®* Although such a therapeutic strategy is promising for
patients with primary activating mutations of FLT3, the devel-
opment of secondary resistance mutations such as A627T,
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Fig.1 Structures of the two studied FLT3 kinase inhibitors: (A) PKC412
and (B) sorafenib.

N676D, F6911, and G697R is emerging as a new obstacle to the
treatment.”" Among the secondary resistance mutations,
G697R confers high-level resistance to various inhibitors
including PKC412 (ICs, = 35 nM for FLT3'™, no decrease in
kinase activation at concentrations of up to 400 nM for
FLT3™%%97R) 'SU5614, and K252a, but it remains sensitive to
sorafenib (ICs, = 9 nM for FLT3™ and 200 nM for
FLT3ITD’G697R).16

As illustrated in Fig. 1(A), PKC412 is a staurosporine deriv-
ative that has indolocarbazole lactam rings to mimic the ATP
adenine rings. PKC412 is classified as a type I kinase inhibitor
that binds to the active kinase conformation where the DFG
motif adopts a DFG-in orientation, the N- and C-terminal lobes
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form a cleft to accommodate ATP, and the activation loop flips
in solvent to generate a protein substrate binding site for
obtaining y-phosphate transferred from ATP.'** Sorafenib is
a type II kinase inhibitor that binds to kinase in the inactive
conformation, featured by a DFG-out orientation where the DFG
phenylalanine points toward the ATP phosphate group binding
region and by the packing of the activation loop on the kinase
surface to block the protein substrate binding.**** Sorafenib is
a slender and flexible compound, as indicated in Fig. 1(B), with
a signature urea linkage shared by several type II kinase
inhibitors. In the DFG-out orientation, the flipping-outward
DFG phenylalanine spares a back pocket. Type II kinase inhib-
itors are always wedged between the adenine pocket and the
back pocket. Regardless of the type I or II classification, the
portion of a kinase inhibitor occupying the adenine pocket is
anchored through H-bond interaction formed by the backbone
atoms of amino acid residues located on the hinge connecting
the N- and C-terminal lobes of the kinase.****

The above-mentioned features of FLT3 in active and inactive
states are all collected in Fig. 2(A) and (B), respectively. It is also
important to know that in active state there is an R-spine formed
by four hydrophobic amino acid residues to strengthen the active
conformation and maintain the kinase function.** In FLT3
kinase, F691 (the gatekeeper residue), M665, F830 (in the DFG
motif), and H809 are in close contact to form the R-spine, as
indicated in Fig. 2(A). However, R-spine in the inactive state is
disrupted, as shown in Fig. 2(B).

As shown in Fig. 2, G697 in FLT3 kinase is located near the
adenine pocket entrance. When G697 is mutated to a larger
arginine residue, it is likely that the bulky R697 induces a steric
clash to impede type I and II kinase inhibitors to access their
binding site, but it does not interfere with ATP binding and

(A) Active state with DFG-in

(B) Inactive state with DFG-out

Fig. 2 The structural features to differentiate the active and inactive states of the kinase domain of FLT3. (A) The active state and (B) the inactive

state.
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kinase function. In this work, molecular dynamics (MD) simu-
lations were applied to elucidate the different mechanisms
underlying G697R mutation-induced resistance to PKC412 and
sorafenib. We first evaluated the modeled structures of FLT3
kinase domain bound with PKC412 and sorafenib to obtain the
binding site information. Meanwhile, four apo forms of FLT3
kinase domain in the active or inactive state, with G697 or R697,
were constructed as well to differentiate the tolerance mecha-
nisms by two types of kinase inhibitors toward the same point
mutation. We believe this work provides useful structural
information for the future development of FLT3 kinase inhibi-
tors for a more effective treatment of diseases such as AML.

Materials and methods
Studied systems

MD simulations have long served as an efficient tool for evalu-
ating the structural detail and dynamic behaviors of proteins,
because the trajectory of individual atoms can be recorded and
monitored over time. Numerous MD simulation-based studies
have successfully provided insights into protein—protein and
protein—small molecule interactions at the atomic level.>*>° In
this study, we examined the different levels of drug resistance in
response to G697R mutation on the FLT3 kinase domain
carrying ITD, which implies that the JM segment flips away
from the FLT3 kinase. Accordingly, we evaluated six systems
including FLT3"™P:PKC412, FLT3" ™ :sorafenib, FLT3""°/DFGy,
FLT3"™S%7R/DEG;,, FLT3"°/DFGyy, and FLT3™CG697%)
DFG gy

Construction of apo and inhibitor-bound FLT3 structures
using homology

None of the aforementioned structures is available; therefore,
we applied the following strategy to build the initial model
structures for MD simulations. To build the FLT3"™:sorafenib
complex, we utilized the quizartinib-bound FLT3™ complex
structure (PDB ID: 4XUF, where quizartinib is also a type II
kinase inhibitor bound to the inactive state of FLT3 kinase
domain)* as the target structure and sorafenib-bound hCDK8
kinase as the reference structure (PDB ID: 3RGF)** to replace
sorafenib into the related binding site of the FLT3 kinase after
the structural alignment of the FLT3 and hCDK8 kinases with
a root-mean-square deviation (RMSD) value of 1.427 A. We
selected the quizartinib-bound FT3 complex because sorafenib
and quizartinib share a urea group in their scaffolds, and both
compounds are type II kinase inhibitors recognizable by the
inactive state conformation. To validate the resultant FLT3"":-
sorafenib complex structure, we monitored the presence of several
signature interactions including H-bonds on the pyridine nitro
atom, the amino hydrogen atom on the picolinamide moiety, and
two hydrogen atoms in the urea linker. Additional details are
provided in the Results and discussion section.

To build the FLT3™™/DFG,,, structure, we simply removed
the bound ligand in quizartinib bound-FLT3"™>° (PDB ID:
4XUF, where FLT3 is in the inactive state)** and proceeded with
structural optimization centered on the ligand binding site.

This journal is © The Royal Society of Chemistry 2017
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Furthermore, we manually replaced the G697 residue with
arginine in FLT3"™°/DFGy, to generate FLT3" "™ 9**7}/DFG,y,;..

PKC412 binds to kinase in the active state conformation with
the DFG-in orientation.* When we used the quizartinib-bound
FLT3"™ complex structure (where FLT3"™ is in the inactive
state conformation) as the target structure and PKC412-bound
DYRK1A kinase (PDB ID: 4NCT) as the reference structure
(where DYRK1A is in the active state conformation),* we
imposed the PCK412 binding mode into the FLT3'™ kinase
domain and rearranged the coordinates of the activation loop,
oC helix, and DFG motif to adjust FLT3™™® into the active state
conformation. The resultant FLT3"™°:PKC412 complex structure
possessing two H-bonds formed between the kinase hinge
region and PKC412 (by using 3-pyrroline-2-one) was similar to
the DYRK1A:PCK412 complex structure. The resultant
FLT3"™:PKC412 complex was further applied to create FLT3™™/
DFG;, by removing the ligand PKC412. To generate the
FLT3'™S%7R/DFG,, structure, we substituted the G697 residue
with arginine and proceeded with local structural optimization
centered at R697 and the ligand binding site.

Setup for molecular dynamics simulations

The N- and C-terminals of FLT3 were capped by acetyl and N-
methyl groups, respectively. MD simulations were performed
using the AMBER 12.0 software package®” with ff03.r1 ** and
ff99SB** for four models. The force field parameters for the
ligand were generated using the general AMBER force field by
employing the Antechamber program. The partial atomic
charges for the ligand atoms were assigned using the AM-BCC
protocol® after electrostatic potential calculations at the HF/6-
31G* level. All hydrogen atoms of the FLT3 protein were
assigned using the LEAP module under the consideration of
ionizable residues set at their default protonation states at
a neutral pH value. Each complex was immersed in a cubic box
of the TIP3P water model.>* An appropriate size of the box was
selected for the distance between the atoms in each system and
the wall to be greater than 12 A. The neighboring TIP3P water
molecules within 2 A of the complex were removed to prevent
unnecessary H-bonds between the studied FLT3 system and the
added solvent molecules at the beginning of the simulation.
Each solvated system was energy minimized by considering
three stages, each employing 500 steps of the steepest descent
algorithm and 500 steps of the conjugate gradient algorithm
with a non-bonded cutoff of 8.0 A. At stage 1, the studied
structure was restrained so that the added TIP3P water mole-
cules reoriented appropriately in the system. At stage 2, the
backbone of the studied structure was restrained so that the
amino acid side chains could find appropriate ways to avoid
neighboring species conflicts. At stage 3, the entire solvated
structure was minimized without any restraint.

The MD simulations in this study were performed using
a standard protocol, which entails gradual heating, density,
equilibration, and production procedures in the isothermal
isobaric ensemble (NPT, P = 1 atm and T = 300 K) MD method.
A minimized solvated system was used as the starting structure
for subsequent MD simulations. In the 500 ps heating

RSC Adv., 2017, 7, 29871-29881 | 29873
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procedure, the system was gradually heated from 0 to 300 K in
50 ps, followed by applying the density procedure at 300 K for
500 ps and constant equilibration at 300 K for 50 ps. After the
equilibration procedure, the system underwent a 20 ns production
procedure for determining the conformation. The time step was
set at 2 fs. A snapshot was captured every 10 ps to record the
conformation trajectory during the production procedure. An 8 A
cutoff was applied to treat nonbonding interactions, such as short-
range electrostatic and van der Waals interactions, whereas the
particle mesh Ewald method was applied to treat long-range
electrostatic interactions.”” The SHAKE algorithm® was used to
constrain all bonds containing hydrogen atoms to their equilib-
rium lengths. To enlarge the data sampling pool, we submitted two
independent simulation runs for each studied system. For struc-
tural analyses, we used the trajectory in the last 40 ns from each
simulation run, covering 800 conformation snapshots, for each
FLT3 system.

Results and discussion
MD stability of the studied systems

The Ca. RMSD values for the six studied systems, each system
with two 70 ns simulation runs, in the production duration as
a function of time are plotted in Fig. 3 to evaluate the simulation
trajectory quality and convergence. The curves in Fig. 3(A) and
(B) represent the two inhibitor-bound complexes. Notably, the
PKC412-bound curves fluctuate in a greater magnitude than do
the sorafenib-bound curves. It is due to that FLT3 kinase in the
FLT3"™:sorafenib complex is in the inactive state with the
activation loop packing against the C-terminal lobe (the red
segment in Fig. 4) and the structural flexibility is reduced. By
contrast, the higher oscillation in the PKC412-bound curves is
attributed to the flexible activation loop (the red segment in
Fig. 5) exposed in the solvent implying the FLT3 kinase is in the
active state.

The eight curves in Fig. 3(C)-(F) are responsible for the
FLT3"P/DFG;,, FLT3"™C%’®/DFG;,, FLT3"™°/DFG,,, and
FLT3"™9%97RDFG,,. These curves are relatively steady. As ex-
pected, the curves of the FLT3 kinase carrying DFG-out (i.e., in
the inactive state with its activation loop packed on the C-
terminal lobe surface, the red segment in Fig. 4 and 6) are
less flexible than those of the FLT3 kinase carrying DFG-in (i.e.,
in the active state with the activation loop exposed in the
solvent, the red segment in Fig. 5 and 7).

Sorafenib binding mode

As indicated in Fig. 4 sorafenib stretches in the adenine and
back pockets, where the back pocket is present exclusively with
a DFG-out orientation rendered by F830 pointing outward. Two
close-up panels centered on the adenine and back pockets are
included for comprehensive binding detail. In the adenine
pocket, C694 (the fourth amino acid residue on the FLT3 kinase
hinge) forms two H-bonds through its backbone amino
hydrogen atom and carbonyl oxygen atom to the pyridine nitro
atom and amino hydrogen atom on the picolinamide moiety,
respectively. In the back pocket, two amino hydrogen atoms in

29874 | RSC Adv., 2017, 7, 29871-29881
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Fig. 3 RMSDs of heavy atoms of (A) the PKC412-bound FLT3 kinase
carrying G697; (B) the sorafenib-bound FLT3 kinase carrying G697;
(C)-(F) the unbound FLT3 kinase carrying G697 or R697 and with
different DFG motif orientations.

the urea linker are secured by E661 (on the oC helix), and the
carbonyl oxygen atom in the urea linker forms a H-bond with
the amino hydrogen atom of the D829 (of the DFG motif)
backbone. C694, E661, and D829 fasten sorafenib in the FLT3
kinase by forming H-bonds whose occurrences are almost 100%
among the 800 collected snapshots; these residues play similar
roles in the CDKS8 kinase (A100, E66, and D173)*' and p38a
kinase (M109, E71, and D168)* to interact with the bound
sorafenib. In Fig. S1,T we summarized a structural comparison
made among sorafenib-bound FLT3, CDKS8, and p38a kinases to
support our modeled FLT3™™:sorafenib complex. In addition to
these electrostatic interactions, sorafenib experiences van der
Waal interactions by its surrounding hydrophobic residues.
Specifically, the central phenoxy ring is clamped by the gate-
keeper residue F691 and DFG motif's F830. The 4-chloro-3-
(trifluoromethyl)phenyl moiety is surrounded by M664 and
M665, on the aC helix, and by L802 and 1827, on the C-terminal
lobe; the pyridine ring is slightly surrounded by A642 and L616
on the N-terminal lobe. Notably, G697 is near the end of the
hinge region and is too small to be involved in the sorafenib
pocket. In G697R mutated FLT3, it is possible that the long side

This journal is © The Royal Society of Chemistry 2017
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back pocket

Fig. 4 MD-predicted structure of the FLT3'™P:sorafenib complex. The red segment represents a relatively ordered activation loop of the FLT3
kinase in the inactive state, whereas the strand-loop-strand motif in salmon indicates the P-loop. Two close-up views of the adenine and back
pockets show the interaction between the ligand and kinase. The four residues in pink, orange, green, and blue CPK colors indicate F691, M665,

F830, and H809, respectively, in the interrupted R-spine.

front pocket

Fig. 5 MD-predicted structure of the FLT3'T°:PKC412 complex. The red segment represents a relatively flexible activation loop of the FLT3
kinase in the active state, whereas the strand-loop-strand structure in salmon indicates the P-loop. A close-up view provides the detailed
features of the adenine and front pockets. The four residues in pink, orange, green, and blue CPK indicate F691, M665, F830, and H809 lined up in

the stable R-spine.

chain of R697 may provide hydrophobic interaction toward the
methyl group of sorafenib, instead of occupying sorafenib
binding site.

In Fig. 4, the gatekeeper F691 (in pink CPK) and M665
(located on the aC helix, in orange CPK) cover the top region of
the back pocket, whereas F830 (a member of the DFG motif, in

This journal is © The Royal Society of Chemistry 2017

green CPK) and H809 (a member of the HRD motif, in blue CPK)
cover the bottom region of the back pocket. Conversely, these
four residues in the active state of FLT3 form the so-called
regulatory spine (R-spine), through their hydrophobic contact,
to strengthen the active kinase conformation.**** Type II
inhibitors such as sorafenib, imatinib, and quizartinib, which

RSC Adv., 2017, 7, 29871-29881 | 29875


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04099g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 June 2017. Downloaded on 12/4/2025 10:08:20 PM.

[{ec

View Article Online

RSC Advances Paper

(A) FLT3™/DFG

out

out

Fig.6 MD-predicted structures of (A) FLT3'T?/DFGgye and (B) FLT3'TPS897R/DFG,,.. The four residues in CPK show the interrupted R-spine in the
inactive state conformation.

prefer to bind the inactive state of kinases, can fit their urea PKC412 binding mode
linker and an associated ring into the back pocket encompassed

by the disrupted R.spine. % Fig. 5 highlights the FLT3"™:PKC412 complex. Unlike type II

inhibitors wedged between the adenine and back pockets,*>*

29876 | RSC Adv., 2017, 7, 29871-29881 This journal is © The Royal Society of Chemistry 2017
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Fig.7 MD-predicted structure of (A) FLT3'"°/DFG;, and (B) FLT3'T2%7R/DFG;,. The four residues in CPK define the intact R-spine. In FLT3'T0/
DFG;n, the surface representation structure indicates that the binding cavity for PKC412 is large and available since L616 and G697 point away
from each other. However, in FLT3'TC897R/DFG,, the surface representation structure indicates that the binding cavity for PKC412 has shrunk
owing to the interaction between L616 and R697, which indirectly drags down F621 to shield the front pocket entrance.

PKC412 suits itself in the adenine pocket and a hydrophobic
region adjacent to the end of the hinge,* which is termed as the
front pocket herein. Accordingly, the entire PKC412 binding site
is relatively outward compared with the sorafenib binding site.

This journal is © The Royal Society of Chemistry 2017

As shown in the side panel, E692 and C694 (on the hinge) form
two H-bonds with the amine and ketone groups in the 3-
pyrroline-2-one moiety of PKC412. These two H-bond occur-
rences are nearly 100% among the 800 sampled snapshots. In

RSC Aadv., 2017, 7, 29871-29881 | 29877
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addition, the binding interaction is mostly hydrophobic.
Specifically, from the N-terminal lobe, L616, V624 (both on the
P-loop), K644 (on B3, by using its long side chain), and F691
induce van der Waal interactions toward the upper face of
PKC412, whereas from the C-terminal lobes, 1818, C828, and
R815 add some contact to the lower face of PKC412. Notably,
except for the R815 residue interacting with the extended
phenyl ring outside the ATP pocket, the other residues forming
the hydrophobic pocket surround the indolocarbazol lactam
ring moiety, which is the scaffold of staurosporine and related
derivatives. Our predicted PKC412 binding mode in the FLT3
kinase follows the binding of PKC412 to DYRK1A.** That is,
F238 (the gatekeeper residue) and K118 (on the B3 strand)
provide hydrophobic contacts toward the upper face of PKC412;
E239 and 1241 (the first and third hinge residues, respectively)
connected with the 3-pyrroline-2-one region through two H-
bonds; and the extended phenyl ring is in contact with E291
from the C-terminal lobe. Fig. S2 summarized a structural
comparison made between PKC412-bound FLT3 and PKC412-
bound DYRK1A with parallel ligand-receptor interaction to
support our modeled FLT3™™P:PKC412 complex structure. As
shown in a close-up panel, the rear side of the PKC412 binding
pocket involves dense interactions among the amino acid resi-
dues, signifying that the ligand PKC412 can only bind to FLT3
from the front access. Moreover, the R-spine*>*° assembled by
F691, M665, F830, and H809 (in pink, orange, green, and blue
CPK, respectively) shows steady contact.

Structural analysis on apo FLT3"™™ and FLT3"™"6%7R

Because the DFG motif can switch between DFG-in (the active
state, preferred by the PKC412 binding pocket) and DFG-out
(the inactive state, preferred by the sorafenib binding pocket)
orientations, we inspected four apo systems, namely FLT3'™/
DFGiy, FLT3"™%%97R/DFG;,,, FLT3""°/DFG oy, and FLT3>9697%;
DFGyyt, in our MD simulations to evaluate the binding site
variance influenced by G697R mutation. Meanwhile, the acti-
vation loop and «C helix were also taken into consideration to
follow the features in both active and inactive states. It is worth
to mention that the mutation site G697 is near the C-terminal
end of the hinge segment (F691-L699) which links the N- and
C-lobes in FLT3 kinase. Our structural analysis shows that F691,
E692, and Y693 are secured by amino acid residues on the N-
lobe through H-bond formation whereas Y696, G697, D698,
and L699 are tightened by amino acid residues on the C-lobe
through H-bond formation as well. Because most of these H-
bonds are formed between the backbone amino hydrogen
atom and the backbone carbonyl oxygen atom, the mobility
within the hinge segment is quite restricted. Such a layout
allows C694 and C695, in the middle of the hinge, to be properly
positioned to interact with the incoming ligand. On the other
hand, this layout also implies that the flexibility of G697 is
limited and when G697 is replaced to R697 the conformational
influence is imported from the long side chain mobility.
FLT3"™/DFG,,, in Fig. 6(A) corresponds to the inactive state
conformation that is preferred by sorafenib. F830 points
outward and the R-spine®*** is not formed, as evidenced by the
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four separated residues F691, M665, F830, and H809 (in pink,
orange, green, and blue CPK, respectively). Structural analysis
suggested that in the FLT3""°/DFG,, structure, the chamber to
accommodate the slender sorafenib is a through tunnel with
two openings on both the adenine and back pocket sides, as
depicted in the two side panels in Fig. 6(A). As shown in the
upper right panel of Fig. 6(A), the adenine pocket opening is

A)
* H-bonds

adenine pocket  back pocket <:|

back pocket entrance
for sorafenib

adenine pocket
entrance for sorafenib

front pocket

front pocket entrance
for PKC412

()]

hinge

©

Fig. 8 Summarized scheme distinguishing different mechanisms
accounting for varying effects of G697R on sorafenib and PKC412. (A)
Without G697R mutation, three possible entrances exist, where the
adenine pocket entrance and the back pocket entrance are for sor-
afenib, and PKC412 would take the front pocket entrance. (B) In
G697R, sorafenib is not allowed to enter through the adenine pocket
entrance, but the back pocket entrance serves as an alternative to
alleviate the effects caused by G697R. (C) In G697R, R697 in the
studied mutant interacts with L616 and indirectly drags down F621,
which therefore shields the front pocket entrance for PKC412 to
intercalate into the binding site.
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surrounded by the hinge segment and P-loop,** where the side
chains of G697 and L616 point away from the opening to make
the entrance more accessible. As shown in lower right panel of
Fig. 6(A), the back pocket opening is furnished by the separated
R-spine residues; these two openings afford two entrances for
sorafenib to enter its binding site in the FLT3 kinase.

As shown in Fig. 6(B), the R-spine**® of the FLT3™ %697/
DFG,, structure is also interrupted. Moreover, the long side
chain of the substituted R697 residue can flip upward and
downward, driven by the hydrophobic interactions with L616 in
the N-terminal lobe and by the formation of a salt bridge with
the nearby D698 in the C-terminal lobe, respectively. When
R697 is in close contact with L616 through their long side
chains, the adenine pocket entrance becomes narrow and
consequently less reachable, thus hindering sorafenib from
entering the binding site, as indicated in the upper right panel
of Fig. 6(B). Under such a circumstance, the opening on the
back pocket acts as an auxiliary entrance to accommodate sor-
afenib. Moreover, G697R mutation does not affect the back
pocket entrance, as indicated in the lower right panel of
Fig. 6(B). This could explain why replacing the small residue
G696 with the bulky residue R697 does not induce severe drug
resistance when ICs, = 9 nM for FLT3'™® and ICs, = 200 nM for
FLTSITD,G697R‘

Fig. 7(A) shows the FLT3"°/DFG, structure, with F830
adopting an inward orientation to point toward the back pocket;
therefore, F691, M665, F830, and H809 line up to form a stable
R-spine®***° to ensure the active state conformation. Accordingly,
type I kinase inhibitors such PKC412 can enter the binding
pocket only from the front pocket entrance. The binding site
shown in the surface presentation is wide open for PKC412 to
intercalate in.

As shown in Fig. 7(B), for FLT3"™%7R/DFG;,, R697 is
located on the rim of the front entrance and flips upward and
downward between L616 and D698 on the N- and C-terminal
lobes, respectively. When R697 flips upward and interacted
with L616, the P-loop (in pink) bends downward to cover the
entrance for PKC412 binding. In particular, the downward-
pointing F621 on the P-loop tip shields the front pocket
entrance. Moreover, the rigidity of the PCK412 indolocarbazole
lactam scaffold does not afford much flexibility for gaining
access the binding site. To summarize, the mutation of G697R
has some indirect effects on opposing PKC412 to enter its
binding site.

Conclusion

Fig. 8 summarizes our analysis. Fig. 8(A) illustrates three pockets
for the accommodation of type I and II kinase inhibitors based on
the ATP-competitive mechanism.” The adenine pocket usually
takes in a ring system that mimics adenine rings and forms one to
three H-bonds with the backbone amino hydrogen atom and the
backbone carbonyl oxygen atom on the middle three amino acid
residues in the FLT3 kinase hinge segment (E692, Y693, and C694).
The back pocket is available exclusively in the inactive conforma-
tion when the DFG motif adopts the so-called DFG-out orientation
that places the phenylalanine residue (F830 in the FLT3 kinase)
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outward. Type II kinase inhibitors such as sorafenib and qui-
zartinib are slender; therefore, they stretch in both the adenine
and back pockets, as shown in Fig. §(B). By contrast, type I kinase
inhibitors prefer to bind to the active state conformation of kinases
with a DFG-in orientation, where the back pocket is filled with the
DFG phenylalanine and is unavailable. Type I kinase inhibitors
such as staurosporine and staurosporine-derivatives, including
PKC412 and CEP701, use their indolocarbazole lactam rings to
occupy the adenine pocket. Smaller type I inhibitors such as
staurosporine and CEP701 *** may only need the adenine pocket;
however, larger type I kinase inhibitors such as PKC412 require
both adenine and front pockets, as shown in Fig. 8(C). Regarding
the restricted planarity of the PKC412 bulky fused ring system,
structural analysis indicated that PKC412 accesses its binding site
from the front pocket entrance. Notably, in the active state
conformation, the back pocket entrance, blocked by the R-spine, is
unavailable. Meanwhile, the adenine pocket entrance is too
narrow to accommodate PKC412. However, because the DFG
phenylalanine residue points outward, sorafenib cannot enter the
binding site through the front pocket entrance; instead, it may
manage to enter through the adenine or back pocket entrance. The
back pocket entrance is available owing to the disrupted R-spine in
the inactive state conformation,®*° as indicated in Fig. 8(B).
Furthermore, Fig. 8(B) shows that in FLT3"™™%**"® the van der
Waals interaction between R697 and L616 shrinks the adenine
pocket entrance and therefore impedes sorafenib from entering
through the adenine pocket entrance. However, using the back
pocket entrance is an alternative; thus, G697R confers minor drug
resistance to sorafenib. Fig. 8§(C) illustrates the effects of G697R on
PKC412 binding. R697 interacts with L616 and indirectly drags
down the P-loop whose bulky F621 on the tip points downward to
partially shield the front pocket entrance. Restricted by the rigidity
of the planar indolocarbazole lactam rings, it is difficult for
PKC412 to access the binding site; therefore, G697R causes severe
drug resistance. We believe the proposed mechanism for PKC412
also explains the drug resistance of K-252a toward FLT3 carrying
G697R, because K-252a is also a staurosporine derivative. On the
basis of our simulation on both inhibitor-bound and apo forms of
FLT3, we successfully distinguished the effects of G697R on
PKC412 and sorafenib in two divergent mechanisms. We expect
this rationale to be useful in investigating type I and II kinase
inhibitors challenged by point mutations. The present study
provided structural impact brought by G697R mutation toward two
types of inhibitors, PKC412 and sorafenib. In the future, we may
consider applying enhanced sampling simulations***® to compare
the three pocket entrances.
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