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ABSTRACT: Receptor tyrosine kinase (RTK) enzymes regulate cell signaling pathways and so are an
important target for cancer chemotherapy. Current inhibitors of c-kit, a key RTK stem cell factor receptor,
are inactive against the most common mutated variant Asp816Val, associated with highly malignant cancers.
Recent combined experimental/simulation work has highlighted the utility of the ellipticine pharmacore
in inhibiting mutant c-kit, and the present simulation study applies a combination of high-level simulation
tools to probe further the binding of ellipticine-based derivatives to c-kit. We find a large preference for
protonation of bound ellipticine, which stabilizes the negative protein residues that coordinated ADP ·Mg2+

in the native complex. The resulting ellipticine inhibitor binding mode resembles the native nucleotide
complex and serves to explain some existing experimental data on binding specificities, indicating that
functionalization at the C4/C5 sites of ellipticine derivatives may be important for the design of novel
nucleotide analogues that inhibit mutant c-kit.

Receptor tyrosine kinase (RTK)1 enzymes are an attractive
target for drug therapy, particularly cancer chemotherapy,
as they regulate the signaling pathways that control cell
growth and proliferation (1). c-kit, a stem cell factor (SCF)
receptor, is one such RTK which plays a key role in mast
cell survival, differentiation, maturation, and function (2, 3).
The c-kit receptor is a transmembrane protein of the type
III RTK subfamily and contains five extracellular immuno-
globin-like domains, a juxtamembrane region, and a cyto-
plasmic catalytic domain. The intracellular domain exhibits
tyrosine kinase activity; binding of SCF to c-kit activates
its kinase activity via autophosphorylation on tyrosines
located in the COOH-tail region (2-4), and downstream c-kit
signaling involves a range of kinases and activators of
transcription pathways that control cellular activities such
as proliferation and apoptosis (5-7). Mutations in the gene
encoding for c-kit are associated with highly malignant
cancers, and mutated c-kit is therefore a viable drug target
in anticancer chemotherapy (8-18). Current inhibitors of
c-kit, including Gleevec, are inactive against the most
common mutated variant Asp816Val. A recent publication,
however, has documented the utility of the ellipticine
pharmacophore in c-kit kinase inhibition and its ability to

overcome this common mutated variant present in highly
malignant tumors (19).

The ellipticine series of compounds (based on compound
1, C9-OH ellipticine, in Figure 1) has well-known topoi-
somerase and anticancer activity. The kinase inhibitory
activity of ellipticines is not particularly surprising given the
structure of other known kinase inhibitors which have key
hydroxycarbazole binding constituents (2A and 2B in Figure
1, e.g., indolocarbazoles and phenylpyrrolocarbazoles) (20, 21).
These compounds also have a key maleimide hydrogen-
bonding group as part of their structure which interacts with
the backbone of the protein. In the present work we model
the c-kit inhibition of the ellipticines while introducing novel
substituents to the tetracyclic structure in order to improve
binding. From the recently described model (19) it would
appear that the 5-methyl group (atom numbering is shown
for compound 1 in Figure 1) points toward the protein
backbone while the 11-methyl group points toward the
solvent-exposed side of the binding pocket. The C9-OH
group is also seen as a critical functionality (19).

The present work employs long molecular dynamics (MD)
simulations to identify favorable binding orientations for a
series of ellipticine-based compounds and then uses molec-
ular dynamics free energy (MDFE) (22-34) simulations to
compute binding free energy differences for ellipticine ligand
1 relative to the series of derivatives 3-10 shown in Figure
1. We focus on this particular series of ellipticine derivatives
due to the availability of experimentally measured binding
rates for 1 and 3-6 (19) and the potential for functional-
ization at the ellipticine methyl sites (7-10) which could
improve binding. The MDFE simulation technique uses the
vertical alchemical legs of the thermodynamic cycle in Figure
2 and has been extensively validated in recent years (see,
for example, our recent work (30-34); see refs 29 and 35
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for reviews), and we test it further in the present work by
comparing our results to published measurements of ellip-
ticine derivative binding rates (19). In contrast to the earlier
(19) postulated binding mode based on (static) molecular
mechanics calculations (orientation E in Figure 3), molecular
dynamics finds a significant preference for a more ADP-
like binding orientation. This ADP-like orientation is orienta-
tion A in Figure 3, and ellipticine binding to c-kit in
orientation A is shown in Figure 4; all MD figures were
prepared using Molscript (36) and rendered using Raster3D
(37). Protonation of the ellipticine pyridine moiety aids this
“nucleotide-type” orientation and leads to a significant
computed binding penalty for functionalization at C11 (e.g.,
8 in Figure 1 where R6 ) CONH2) but not at C5 (e.g., 10 in
Figure 1 where R7 ) CONH2), in contrast to the binding
behavior anticipated from the earlier binding pocket model

(19). Understanding the impact of functionalization at these
sites is an important step toward development of stronger
binding ellipticine derivatives that will inhibit nucleotide
binding to mutant c-kit RTK enzymes.

The following sections describe our Methods, Results,
Discussion, and Conclusions. We show that the net negative
electrostatic potential at one side of the c-kit pocket stabilizes
the Mg2+ cation associated with ADP in the native complex
and imposes also a “nucleotide-type” binding orientation on
ellipticine derivatives; the ellipticine protonated N2 site plays
a similar role to the ADP ·Mg2+ cation, though the ellipticine
binding level remains significantly below that of ADP.

METHODS

Molecular Dynamics Simulations. Starting structures were
generated from a 2.9 Å human ADP-c-kit X-ray structure
(38), PDB code 1PKG. This corresponds to the “active”,
nucleotide- and ellipticine-binding conformation of c-kit
(19, 38). The Asp816Val mutation stabilizes this active
conformation (19) but was not included explicitly in the c-kit
model, given the ∼20 Å distance between the Asp816 residue
and the ligand binding site (19, 38). The ellipticine phar-
macore was built in by overlaying ellipticine on ADP in the
four possible orientations A-D shown in Figure 3 and then
deleting the original ligand. Together with the predicted
structure E from ref 19, we thus consider five possible
starting ellipticine conformations.

Model truncation and solvation followed closely the
procedure used previously for simulations of amino acid
binding to aminoacyl-tRNA synthetase proteins (28-31,
33, 34, 39, 40). Briefly, we considered protein residues within
a 24 Å sphere centered on the N7-nitrogen of the ADP ligand
of one monomer of the 1PKG dimer complex; N7 is one
adenine nitrogen of the ring directly attached to the ribose,
as labeled in Figure 3. Hydrogens were constructed with
standard geometry. In addition to crystal waters, a large box
of water was overlaid, and waters overlapping protein or
beyond the 24 Å sphere were removed. The final model
contained the ligand, 213 protein residues, and around 840
waters, including 3 crystal waters. Water and protein outside
the 24 Å sphere were treated as a single, homogeneous
dielectric medium with a dielectric constant of 80 (41).
Atoms between 20 and 24 Å from the sphere center were
harmonically restrained to their experimental positions, while
dangling protein residues beyond 24 Å had their charges
switched off. Though the sensitivity of the calculations to
various model details (such as size of the protein sphere,
simulation length) was not tested in the present work, it has
been probed in a series of previous ligand-protein binding
studies (30, 39, 40). Electrostatic interactions between atoms
within the sphere were computed without any cutoff, using
an efficient multipole approximation for distant groups (42).
Van der Waals interactions were truncated at atomic separa-
tions of 13 Å. The position of the dielectric boundary
between the inner sphere and the outer continuum was
determined on-the-fly, by the position of the outermost water
molecule. This procedure was shown to yield an exact
reduction of the partition function of the whole system (41).
A multipolar expansion with 20 terms was used to ap-
proximate the reaction field due to the surrounding continuum
(41).

FIGURE 1: Ellipticine derivatives used to test the ligand discriminat-
ing capacity of c-kit tyrosine kinase.

FIGURE 2: Thermodynamic cycle used for computation of the
ellipticine-based ligand binding free energy differences ∆∆G. ∆G3
and ∆G4 refer to free energy changes for ligand alchemical mutation
in solution and in the c-kit tyrosine kinase, respectively, while ∆G2
and ∆G1 are free energy changes for ellipticine and ellipticine
derivative C9-OH binding to c-kit, ligands 3 and 1, respectively,
in Figure 1. Similar cycles compare ellipticine and the other
derivatives 4-10 shown in Figure 1.
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The CHARMM force field (43) was used for protein, ADP,
and Mg2+, while new force field parameters were developed
for the ellipticine-based inhibitors via ab initio electronic
structure calculations using Gaussian03 (44), B3LYP/6-

311++G** model chemistry (45), and a Natural Population
Charge Analysis (46), as described in Supporting Informa-
tion. A slightly modified TIP3P model was used for the water
(47). Bonds involving hydrogen were constrained to their

FIGURE 3: Panel I: Cartoon of the ADP ·Mg2+ binding orientation from PDB structure 1PKG with nearby protein residue side chains shown.
Note that residues Glu671, Cys673, and Arg796 stabilize ADP ·Mg2+ binding largely through backbone (not shown) interactions. Panel II:
Ellipticine MD starting orientations 1A, 1B, 1C, and 1D in the c-kit tyrosine kinase binding pocket, where the ellipticine center of mass
is overlaid on the ADP center of mass, and the ADP ligand deleted, in each case. Orientation 1E is 1D rotated by approximately 300°
clockwise and corresponds to the docked ellipticine-c-kit complex given in ref 19.
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experimental lengths with the SHAKE algorithm (48),
allowing the use of a 2 fs time step for dynamics.

Each complex was subjected to short minimization prior
to molecular dynamics (MD) to remove any steric clashes.
Two nanoseconds of MD was performed (for each complex)
at constant room temperature and pressure. The first 200 ps
of dynamics were used for thermalization and a gradual
loosening of restraints toward the experimental c-kit tyrosine
kinase crystal structure. Over the first 80 ps of equilibration,
restraints were scaled from harmonic constraints with force
constants of magnitude 5.0 kcal mol-1 Å-1 Å-1 on all solute
non-hydrogen atoms to 1.0 kcal mol-1 Å-1 Å-1 on main
chain protein non-hydrogen atoms. A further 120 ps of
equilibration was then performed with very weak constraints
of 0.2 kcal mol-1 Å-1 Å-1 on main chain protein non-
hydrogen atoms. In all, approximately 80 ligand-c-kit MD
simulations were performed, for ADP binding to c-kit, with
and without its associated Mg2+ cation, and each ellipticine
derivative 1 and 3-10 (Figure 1) binding to c-kit in five
possible orientations A-E (Figure 3) and, where relevant,
two possible protonation states (see pKa calculations below).
One nanosecond trajectories were also produced for each
ligand in solution, 1 and 3-10 in Figure 1, solvated at the
center of a 24 Å sphere of water molecules, with the ligand

center of mass weakly restrained at the origin throughout
the dynamics. We used the CHARMM program (42) version
c31b2 for all calculations. Note that during the course of
this work a molecular dynamics study of Gleevec binding
to c-kit appeared (49), using a computational methodology
very similar to that described above.

pKa Calculations. To determine the protonation state of
the ellipticine derivatives (Figure 1), we used Poisson-
Boltzmann/Linear Response Approximation pKa calculations
to compare the free energy to protonate N2 (Figure 1) in
the active site and in solution (24, 30, 50). The free energy
to add a proton to the ligand is obtained from the expression
(50) ∆Gprot ) 1/2∑i∆qi(Vi

A + Vi
B). The sum is over the atoms

of the pyridine ring which are not shared with the neighbor-
ing phenyl ring, i.e., positions 1-4 in 1 in Figure 1; electronic
structure calculations described in Supporting Information
show that only these atoms are significantly perturbed by
protonation at N2. ∆qi is the shift in the atomic charge that
occurs when the proton is added to the ligand and Vi

A

(respectively, Vi
B) is the time-averaged electrostatic potential

on atom i when the proton is absent (respectively, present).
To obtain these potentials, we first performed MD simula-
tions of the ligand-kinase complex (see above) in the two
states of interest (proton present/absent). We then computed
the electrostatic potential by numerically solving the Poisson
equation of continuum electrostatics (using CHARMM), with
the solvent treated as a dielectric continuum and the protein
treated as a cavity. The same procedure is followed for the
ligand alone in solution, yielding the free energy change
∆Gsolv. The pKa shift due to the protein environment is
obtained from the double free energy difference: ∆∆GH )
∆Gprot - ∆Gsolv ) 2.303kT(pKa,prot - pKa,solv) where k is
Boltzmann’s constant and T the temperature. For each
protonation state, Poisson calculations were performed for
250 structures sampled along the final 1.0 ns of 2.0 ns
trajectories.

Free Energy Calculations. Poisson-Boltzmann free en-
ergy calculations (39) (PBFE) and alchemical free energy
calculations (22, 23) (MDFE) were done to compute binding
free energy differences between ligands with the methodol-
ogy described earlier (28-34, 39, 40, 51). We employ the
thermodynamic cycle given in Figure 2. We use the
horizontal legs for simplified, Poisson-Boltzmann electro-
static free energy calculations (PBFE) and the vertical legs
for more rigorous, alchemical, molecular dynamics free
energy simulations (MDFE). In the latter, one ligand is
reversibly transformed into another during a series of MD
simulations; the potential energy function is mapped accord-
ingly from one state to the other, and the corresponding work
is derived from a thermodynamic integration formula (28).

Poisson-Boltzmann Free Energy (PBFE) Calculations.
The electrostatic contribution to the ligand binding free
energy is obtained by subtracting the electrostatic potential
in the ligand-protein complex and in the separate ligand
and protein (39). The electrostatic potential is obtained by
numerically solving the Poisson-Boltzmann (PB) equation,
using a cubic grid and a finite-difference algorithm imple-
mented (42) in CHARMM. The structure of the ligand-
protein complex is taken from the MD simulations (above).
Calculations are performed for multiple structures, sampled
every 4 ps along the last 1.0 ns of the trajectory, for a total
of 250 structures; the computed binding free energies are

FIGURE 4: Five snapshots of the c-kit active site at 20 ps intervals
from the last 80 ps of the MD trajectory. Panels show c-kit with
bound (I) ADP ·Mg2+, (II) ADP alone with Mg2+ artificially
removed, (III) ellipticine ligand 1 in orientation A (see Figures 1
and 3 above), (IV) ellipticine ligand 1 in orientation A with the
N2 proton artificially removed, (V) ellipticine ligand 1 in orientation
D, and (VI) ellipticine ligand 1 in orientation E. The ligand is shown
in ball-and-stick representation. Protein residues forming the binding
pocket are shown in tube representation. Important binding pocket
residues are shown as sticks and colored according to charge:
negative (red), positive (blue), and neutral (orange). The backbone
amide carbon atom of each residue is shown as a sphere to guide
the eye. Hydrogens are omitted for clarity. The ADP ·Mg2+ cation
is shown as a yellow sphere in panel I.
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averaged over the ensemble. The separate ligand and protein
structures are obtained by simply discarding the unwanted
partner. Thus, structural relaxation on separating protein and
ligand is not explicitly included (though it is implicit in the
dielectric constant). The solvent dielectric constant was set
to 80. The solute dielectric constant ε was set to 4, commonly
used for protein active sites (30-34, 39, 40, 50-, 54); this
empirical factor makes PBFE less rigorous than (the far more
computationally demanding) MDFE, and so we use PBFE
simply to estimate electrostatic binding energies for a given
ligand in a series of different orientations rather than to
compute the binding free energy difference between different
ligands. The steric component of ligand binding energies was
estimated by simply postprocessing the MD trajectories for
the van der Waals ligand-protein interaction energies and
taking an ensemble average over 250 structures (as above
for the PBFE calculations).

Alchemical Molecular Dynamics Free Energy (MDFE)
Simulations. The MDFE method transforms one ligand (e.g.,
1 in Figure 1) into another (e.g., 3 in Figure 1) by gradually
changing the C9 hydroxyl into a hydrogen, as shown in the
vertical legs of the thermodynamic cycle given in Figure 2.
To do this, the terms in the energy function associated with
the C9-OH and C9-H are scaled respectively by 1 - λ and
λ, where λ is a weight, or “coupling parameter” that varies
gradually from zero to one, using the “PERT” module
implemented in CHARMM (42). The successive weights
used were λ ) 0.99, 0.95, 0.9, 0.8, 0.6, 0.4, 0.2, 0.1, 0.05,
and 0.01 for the starting ligand and λ - l for the competitor.
The free energy derivative with respect to λ has the form
dG/dλ ) 〈dU/dλ〉λ, where U is the energy function and the
braces indicate an average over an MD simulation performed
with a particular value of λ. The free energy derivatives were
computed at each λ value from a 100 ps MD simulation (a
“window”), where the first 40 ps was discarded as “equili-
bration” at the particular λ value. Each MDFE run thus
corresponds to 1 ns. The derivative is integrated numerically
to obtain ∆G, using trapezoidal integration except for van
der Waals contributions close to the end points of the
mutation (λ ) 0-0.03 and λ ) 0.97-1). For these end point
contributions, the steepness of the derivative makes analytical
integration more suitable (55). The procedure is applied to
the protein-ligand complex and to the ligand alone in
solution. Subtracting the two free energy changes gives ∆∆G,
the binding free energy difference between the two ligands
(e.g., in Figure 2, ellipticine with and without the C9-OH
group). To account for the dielectric heterogeneity of the
region outside the simulation sphere, we follow the method
of Simonson et al. (55): the final alchemical free energy
change ∆∆G is corrected by adding the free energy to
transform the homogeneous outer medium into a heteroge-
neous one. The correction is estimated by solving numerically
the Poisson-Boltzmann equation using a dielectric constant
of 1 for protein and 80 for solvent; see ref 55 for details.
For the present system, the correction is always smaller than
(1 kcal/mol and so is approximated as zero.

Free Energy Component Analysis. Since the energy
function U(λ) is a pairwise sum over individual groups (e.g.,
protein residues, water molecules) (43), the free energy
derivative dG/dλ and the free energy change ∆G can also
be decomposed into group contributions (56, 57). Therefore,
to identify active site residues contributing strongly to the

overall free energy change, we used the free energy
component analysis described earlier (30-34, 39). It is
important to emphasize that these components are neither
state functions nor experimentally measurable quantities.
They depend on the details of the calculation; in particular,
they are path-dependent (56, 57). In other words, they depend
on the pathway that is followed between the initial and final
states considered (which is defined by the λ dependency of
U(λ)). Nevertheless, with certain precautions (see Results),
these components can provide a rough, qualitative measure
of each group’s importance for the binding specificity.

The free energy component analysis allows a projection
of the overall ∆G into interactions between each binding
pocket group, P, and the (alchemically transformed) ligand
S. All charges in the system are switched off except those
on P and S. The electrostatic energy is computed and
averaged over all the conformations sampled along each
trajectory window i, corresponding to a particular value λi

of the coupling parameter. Taking the difference between S
) ligand 1 and S′ ) ligand 2 gives the electrostatic
contribution dGP/dλ of P to dG/dλ. Integrating from λi )
0-1 gives the electrostatic free energy component associated
with P, similarly for van der Waals components, where
atomic radii rather than charges are set to zero for all atoms
except those on P and S (32, 39).

RESULTS

Structure, Dynamics, and SolVation of the ADP Binding
Site in c-kit Tyrosine Kinase. ADP is a native ligand for c-kit
and is thought to bind with one Mg2+ coligand (38, 58). We
performed MD simulations of the ADP binding pocket, both
with and without the Mg2+ cation, in an effort to understand
the specificity of c-kit for ADP binding and the role of the
Mg2+ cation in stabilizing ADP. The obtained structures and
binding energetics (below) serve as a reference point for the
non-native ellipticine ligand binding simulations and help
to explain how the c-kit pocket stabilizes the protonated form
of the ellipticine inhibitors.

Panels I and II of Figure 4 show overlays of five equally
spaced snapshots from the last 80 ps of the ADP ·Mg2+ · c-
kit and ADP(no Mg2+) · c-kit MD trajectories (see Methods).
These and all MD figures were prepared using Molscript (36)
and rendered using Raster3D (37). ADP heavy-atom root-
mean-square (rms) deviations (fluctuations) of 0.6 Å (0.3
Å) for ADP ·Mg2+ (panel I of Figure 4) compared with 1.1
Å (0.4 Å) for ADP(no Mg2+) (panel II of Figure 4), together
with rms deviations (fluctuations) for protein heavy atoms
within a 5 Å sphere of ADP of 0.8 Å (0.4 Å) and 1.0 Å (0.4
Å) for the ADP ·Mg2+ and ADP(no Mg2+) liganded com-
plexes, respectively, indicate that the Mg2+ cation stabilizes
the ADP binding site. Mg2+ has a very low rms fluctuation
of just 0.3 Å over the 2 ns of dynamics. ADP ·Mg2+

maintains the favorable binding pocket contacts seen in the
starting X-ray structure (38, 58), sketched in Figure 3, with
strong H-bonds present 90-100% of the time, namely,
adenineN1-backboneamideCys673,exocyclicN6-backbone
amide Glu671, ribose sugar O2′ hydroxyl-side chain car-
boxylate Asp677, ribose sugar O3′-backbone amide Arg796,
and R-phosphate-side chain ammonium Lys623. These are
in addition to the weaker H-bonds (present 50-80% of the
time) exocyclic N6-side chain hydroxyl Thr670, exocyclic
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N6-side chain thiol Cys673, and �-phosphate-side chain
ammonium Lys623 and steric packing with neutral residues
lining the binding pocket (shown in tube representation in
Figure 4).

The Mg2+ cation remains coordinated to one ADP
R-phosphate, one ADP �-phosphate, one side chain car-
boxylate oxygen of Asp810, and the side chain amide oxygen
of Asn797 over 2 ns of dynamics, and two ordered water
molecules, conserved for the full 2 ns, complete its octahedral
binding sphere. The strong Lys623-Glu640 salt bridge,
together with the Phe811 (not shown) and Asp810 respective
orientations away from and toward ADP ·Mg2+, noted in
previous studies as important for binding pocket stability and
activity (58, 59), are maintained throughout the MD simula-
tions. ADP binding without Mg2+ on the other hand has
much poorer electrostatic contacts, its diphosphate tail
swinging toward solution to avoid electrostatic repulsion with
Asp810 and, to a lesser extent, Glu640 (panel II of Figure
4, where the solvent-exposed side of the pocket is normal
to and “above” the plane of Figure 4). As the diphosphate
tail swings into the solvated region, it loses the R,�-
phosphate-side chain ammonium Lys623 H-bonds after
approximately 0.6 ns of free dynamics and a strong
Lys623-Asp810 salt bridge forms. Asn797 and Glu640 find
compensating interactions; the Asn797 side chain coordinates
the Asp810 backbone amide and the Glu640 side chain
coordinates the Asp810, Phe811, and Gly812 backbone
amide groups. In contrast to the conserved water molecules
coordinating Mg2+, the ADP(no Mg2+) diphosphate has
coordinating waters exchanging rapidly, every 50-100 ps.

The computed Poisson-Boltzmann electrostatic binding
energy (see Methods) of Mg2+ is -160 kcal/mol (data not
shown), comparable to the Poisson-Boltzmann binding
energies of the three Mg2+ cations in the ATP binding site
of the aspartyl-tRNA synthetase protein (60) (approximately
-100 to -140 kcal/mol (31)), in which all three Mg2+

cations have a population of essentially 100% (31). The Mg2+

cation associated with ADP in c-kit is thus very strongly
bound; Mg2+ stabilizes the ADP binding site, offsetting the
formally trinegative ADP ligand. Artificially switching the
coordinating Asp810 atomic charges to those of Asn reduces
the cation binding strength by ∼25% (data not shown).
Though the ellipticine pharmacore is formally neutral in its
nonionized form, the near-7 pKa of N2 under physiological
conditions (pKa ∼ 7.4 (61), with ring HfCH3 substitutions
having a negligible effect, ∆pKa < (0.5, on N2 pKa (61))
and the negative residues in c-kit that stabilize the ADP Mg2+

cation promote the cationic N2-H+ form in c-kit and
significantly increase the binding strength of ellipticine, as
described below.

Ellipticine Ionization State as a Function of Binding
Orientation: ∆∆G for N2 Site Protonation. Table 1 shows
computed pKa shifts (see Methods) for ellipticine binding
to c-kit in the five possible starting conformations A-E given
in Figure 3. The ionization state of N2 depends strongly on
the binding mode; orientation A, corresponding to a starting
“nucleotide-type” binding mode (with N2 at the side of the
pocket that stabilized Mg2+ in the ADP-bound complex), and
orientation E, built from ref 19, both have a very strong
preference for the protonated form. Orientation D also has a
strong preference for protonation at N2. These effective
ellipticine pKa values in c-kit can be explained from the MD

structures. Structures in panels III, V, and VI of Figure 4
show how the N2-H+ form is stabilized by negatively
charged c-kit residues Glu640 (orientation A, panel III; the
unpopulated neutral state in orientation A is given in panel
IV for comparison) and Asp677 (orientations D and E, panels
V and VI). Orientation B on the other hand favors the neutral
form (Table 1) while orientation C has pKa similar to that
of ellipticine in solution (61). MD structures given in
Supporting Information for B show the protonated N2-H+

exposed to solvent and the unprotonated N2 coordinated to
Lys623, hence the preference for the neutral form in
orientation B, while C N2 forms weak interactions with the
Glu671 backbone amide and Cys673 backbone amide in its
protonated and neutral states, respectively. The favorability
of N2 protonation for orientation A but not B (see below),
together with the much stronger binding of A relative to B,
illustrates the subtlety of the c-kit binding pocket and the
need for dynamic simulations of inhibitor ionization and
binding; a naive “placement” of ellipticine in the c-kit ADP
binding site (Figure 3) would suggest that both orientations
A and B would be conducive to “nucleotide-type” binding
modes with the ellipticine N2 proton occupying a position
similar to that of the ADP Mg2+ cation in the pocket.

Ligand-c-kit Interaction Energies: Estimated ∆G for
ADP, ADP ·Mg2+, and Ellipticine Inhibitor Binding. Table
2 gives ligand-c-kit interaction energies (see Methods) for
the ellipticine series of compounds 1 and 3-10 shown in
Figure 1. 8 (I) and 8 (II) denote two possible starting
conformations for the amide CONH2 group on carboxamide
ligand 8. Conformations 8 (I) and 8 (II) have respectively
the amide oxygen pointing outward and inward relative to
the plane of Figure 1, similarly for ligand 10. To highlight
the effect of changing orientation on interaction energy, the
interaction energy ∆G for orientation A is set to zero in each
case, and so ∆∆G values relative to orientation A are given.
As expected, the native ADP ·Mg2+ ligand is the most
strongly bound, largely due to favorable electrostatic contacts
with the c-kit binding pocket; in data not shown in Table 2,
the ADP ·Mg2+ total interaction energy is -67.8 kcal/mol,
-35 kcal/mol better than ellipticine ligand 1, and electrostatic
interaction energy is -53.7 kcal/mol, -33 kcal/mol better
than ellipticine ligand 1. Artificially removing the Mg2+

cation has a dramatic effect on binding pocket dynamics (as
described above) and also energetics, with total and elec-
trostatic interaction energies reduced respectively to -40.6
and -20.7 kcal/mol (data not shown in Table 2); ADP loses
27 kcal/mol in overall binding energy, a balance between 6

Table 1: Computed C9-OH Ellipticine (Ligand 1 in Figure 1) N2
Protonation States in c-kit in a Range of Orientationsa

starting
orientation ∆Gsol ∆Gprot ∆∆G pKa shift

ellipticine
state

A -17.4 -26.4 -9.1 -6.7 charged
B -17.4 -9.0 +8.4 +6.2 neutral
C -17.4 -16.1 +1.3 +1.0 neutral/charged
D -17.4 -22.5 -5.1 -3.8 charged
E -17.4 -26.6 -9.2 -6.8 charged

a ∆∆G ) ∆Gprot - ∆Gsol (in kcal/mol; see refs 50 and 30). pKa shifts
are estimated from equilibrated MD structures, sampling every 4 ps
along the final 1.0 ns of dynamics. Starting orientations A-E are given
in Figure 3. The ellipticine charge state for each orientation is deduced
from the pKa shift and the pKa of 7.4 (ref 61) for ellipticine in solution
under physiological conditions.
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kcal/mol improvement in adenosine steric contacts and 33
kcal/mol loss in diphosphate electrostatic contacts. Interest-
ingly, the loss of the cation puts ADP electrostatic binding
at the same level as ellipticine, though improved steric
contacts gives ADP an overall binding energy approximately
10 kcal/mol better than ellipticine, even with the cation
artificially removed, highlighting the need to “build” on the
core ellipticine pharmacore to increase its binding strength,
e.g., toward compounds of type 2A and 2B in Figure 1.

The most important result from the binding data in Table
2 is that orientation A is significantly favored for all of the
ellipticine derivatives 1 and 3-10, with moderate time-
averaged standard deviations of 0.5-2.5 kcal/mol in the
computed ∆∆G values. Control simulations reported in
Supporting Information indicate that the “removal” of the
N2 site via replacement of the ionizable pyridine group with
a nonionizable phenyl group (ligand 11) removes this strong
preference for orientation A. Figure 4 shows the different
binding interactions used for ADP and ellipticine, and below,
an attempt is made to highlight residues crucial for distin-
guishing between ellipticine derivatives, using a free energy
component analysis.

Computed Binding Specificities for a Range of Ellipticine-
Based Compounds. The importance of various c-kit binding
pocket residues for binding ADP and ATP nucleotides and
inhibitors such as SU6597 and STI571 (Gleevec) have been
highlighted in earlier X-ray (38, 58) and (static) molecular
mechanics “docking” studies (19, 59, 62, 63). In addition,
molecular dynamics simulations have been very recently used
to design a more active, less toxic Gleevec derivative for
c-kit inhibition (49). While these studies, together with the
above analysis based on Poisson-Boltzmann electrostatic
energies and van der Waals interaction energies, are useful
for identifying stable binding modes and serve as an
important step toward a more quantitative understanding of
c-kit discrimination, the much more expensive alchemical
molecular dynamics free energy (MDFE) calculations (see
Methods), which automatically cancel out any changes in
binding pocket energetics not directly attributable to ligand
discrimination, are necessary to obtain highly accurate ligand
binding free energy differences ∆∆G. Only ligands which

bind in similar orientations may be compared using MDFE;
crucially, Table 2 shows that all the ellipticine derivatives 1
and 3-10 (Figure 1) show a significant preference for
binding in orientation A (Figure 2), and so we use MDFE
to calculate the discriminating capacity of the c-kit pocket
for ellipticine functionalization and identify promising
derivatives for c-kit inhibition.

Table 3 gives calculated MDFE ∆∆G binding free energy
differences for competitive ligand binding to c-kit, comparing
ligand 1 with ligands 3-10. All calculations used the most
stable orientation A, with one exception: to test the strength
of the putative ellipticine C9-OH-Glu640/Lys623 interaction
(19), ligand 1 vs ligand 3 was also tested using the next most
stable orientation, E built from ref 19.

Inhibitor 1 Vs 3 and 1 Vs 4 CompetitiVe Binding: ∆∆G
for RemoVal and Methylation of the Ellipticine C9-OH
Group. For ligand 1 vs 3 we compute a binding free energy
difference of +2.1 kcal/mol in favor of ligand 1 binding.
All MDFE runs reported in Table 3 were initiated from
independent starting points taken at 0.5 ns intervals along
the native 1.0 ns solution and 2.0 ns protein MD trajectories
and show no consistent dependence on starting point.
Standard deviations computed over the eight independent
protein runs in each case range from 0.5 to 4.5 kcal/mol and
are typically ∼60% of the computed binding free energy
difference ∆∆G, similar to earlier studies (30-34). The
removal of the hydroxyl group at C9, substituting OH (ligand
1) for H (ligand 3), destabilizes the ligand, the magnitude
of ∆∆G indicating that ligand 1 will have a substantially
higher binding strength than ligand 3, in agreement with the
kinetic data in ref 19, which reports IC50 values of 0.4 and
>10 µM for ligand 1 and 3, respectively (our numbering,
from Figure 1; note a different ligand numbering scheme is
used in ref 19). Thus, the ellipticine ligand 1 with a hydroxyl
group at C9 (C9-OH ellipticine) is a better inhibitor of c-kit
than the nonhydroxylated analogue 3 (unfunctionalised
ellipticine); the electrostatic and van der Waals contributions
to ∆∆G given in Table 3 and the free energy components
in Table 4 show that the beneficial effect of the C9-OH group
is almost predominantly due to its favorable electrostatic
interactions with c-kit pocket residue Cys673.

Table 2: Ligand-c-kit Interaction Energies (kcal/mol) Relative to Orientation A with Ligands Numbered According to Figure 1 and in the Starting
Orientations Shown in Figure 3a

B/C0 (C+)/D/E orientation

ligand change in total interaction energy ∆∆G change in electrostatic interaction energy ∆∆G

1 +15.5/+14.2 (+11.4)/+13.1/+12.5 +15.6/+15.8 (+11.5)/+15.4/+11.6
3 +13.2/+11.2 (+13.0)/+9.5/+5.4 +18.1/+17.2 (+5.1)/+17.4/+13.7
4 +15.2/+14.4 (+13.7)/+11.9/+11.3 +15.3/+15.2 (+7.7)/+13.7/+9.8
5 +1.8/+11.1/+9.3/+9.2 +2.6/+7.2/+8.3/+9.4
6 +3.6/+2.9/+6.3/+4.1 +3.9/+4.3/+6.7/+3.7
7 +16.0/+10.8 (+11.4)/+9.7/+11.0 +18.4/+13.2 (+12.4)/+12.3/+12.3
8 (I) +23.7/+13.4 (+12.0)/+14.6/+13.8 +21.2/+10.9 (+12.7)/+13.6/+14.2
8 (II) +16.0/+16.8 (+7.3)/+17.8/+16.7 +16.3/+14.1 (+10.1)/+18.1/+17.1
9 +15.6/+11.6 (+12.5)/+11.3/+9.7 +15.7/+10.3 (+11.5)/+14.7/+13.3
10 (I) +22.0/+13.6 (+15.3)/+13.4/+12.1 +20.3/+15.1 (+15.0)/+16.5/+15.7
10 (II) +19.8/+14.6 (+12.5)/+12.4/+15.8 +19.9/+17.0 (+15.3)/+16.2/+18.0

a Ellipticine-based ligand charge states are as given in Table 1, i.e., charged for orientations A, D, and E, neutral for B, and both neutral and charged
for C (C0 and C+, respectively). Ellipticine derivatives 5 and 6 are permanent cations. 8 (I) and 8 (II) denote two possible starting orientations for the
carboxamide CONH2 group on ligand 8; similarly for ligand 10. Ligand-c-kit interaction energies (kcal/mol) are estimated from equilibrated MD
structures, sampling every 4 ps along the final 1.0 ns of dynamics. Ellipticine orientation A interaction energy is set to zero in each case to highlight the
change in interaction energy as a function of starting orientation, where a positive ∆∆G corresponds to preferential binding in orientation A. For each
complex, the total interaction energy ) the electrostatic ∆G (Poisson-Boltzmann ligand-c-kit electrostatic binding energy) + the steric ∆G (van der
Waals ligand-c-kit interaction energy, not shown). Time-averaged standard deviations are 0.5-2.5 kcal/mol.
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Competitive binding of ligands 1 and 4 on the other hand
gives a lower predicted binding free energy difference ∆∆G
of +1.2 kcal/mol, again in agreement with the kinetic data
(19) which indicated that the C9-OCH3 analogue 4 is
intermediate in binding strength between 1 (C9-OH) and 3
(C9-H). Binding dynamics for ligands 3 and 4 is described
in Supporting Information; both 3 and 4 lose the favorable
interaction with the Cys673 backbone amide. For 1 vs 4,
however, the difference in binding strength is primarily due
to inferior steric contacts for the methoxylated ligand 4
(∆∆Gvan der Waals ) +1.5 kcal/mol, Table 3), with Cys673
(Table 4) preferring the smaller OH group.

Interestingly, repeating the 1 vs 3 MDFE simulations with
the alternative ligand orientation E (Figure 3) gives ∆∆G
of approximately zero (Table 3), the electrostatic stabilization
of C9-OH by Lys623 (Table 4), offset by unfavorable steric
contacts with the binding pocket, particularly residues
Glu640, Lys623, Asp810, and Cys809 (Table 4). Thus, in

this case, orientation A (the most stable predicted ellipticine
binding mode found by molecular dynamics, Table 2), but
not orientation E (the structure predicted from less rigorous
docking simulations (19)), gives predicted binding specificity
in line with kinetic binding assays (19).

Inhibitor 1 Vs 5 and 1 Vs 6 CompetitiVe Binding: ∆∆G
for Functionalization of the N2 Site. Simulations testing the
tolerance for functionalization of N2 with bulky organic
groups CH3 (ligand 5) and C2H4N(C2H5)2 (ligand 6) gave
MDFE ∆∆G values of -0.7 kcal/mol in favor of 5 for 1 vs
5 binding and +8.5 kcal/mol in favor of 1 for 1 vs 6 binding,
with steric effects predominating as expected (Table 3). The
stable binding modes found for ligands 5 and 6 in orientation
A are given in Supporting Information; in spite of the bulky
group on N2, orientation A remains the most favorable
binding orientation for ellipticine analogues 5 and 6 (Table
2), though the degree of preference for orientation A is
lowered substantially compared to the A preference expressed

Table 3: MDFE Alchemical Free Energy Changes ∆G in Solution and in c-kit for Competitive Binding of Ellipticine Derivativesa

ligand ∆G in solution ∆G in c-kit ∆∆G ∆∆Gelectrostatic ∆∆Gvan der Waals

1 vs 3 +20.5, +20.5/+20.5, +20.6 +22.9, +22.7, +22.3, +22.6/+22.9, +22.8, +22.6, +22.3 +2.1 (1.0) +1.9 (1.0) +0.2 (0.4)
1 vs 4 +13.5, +13.5/+13.9, +13.9 +13.8, +14.5, +15.1, +15.3/+15.3, +15.4, +14.6, +15.5 +1.2 (0.8) -0.3 (0.1) +1.5 (0.9)
1 vs 3 (*) +20.5, +20.5/+20.5, +20.6 +22.0, +16.1, +15.3, +20.4/+23.4, +21.4, +22.5, +22.0 -0.1 (2.4) +1.7 (1.9) -1.8 (2.1)
1 vs 5 +19.2, +19.3/+20.6, +20.2 +20.0, +18.7, +20.0, +19.3/+20.3, +18.3, +18.3, +18.5 -0.7 (0.8) +0.1 (0.1) -0.8 (0.8)
1 vs 6 +3.8, +3.3/+4.7, +4.5 +16.1, +11.3, +13.8, +12.9/+12.0, +11.6, +9.7, +13.4 +8.5 (4.5) +0.5 (0.6) +8.0 (4.4)
1 vs 7 -4.1, -4.0/-3.3, -3.2 -3.5, -3.8, -4.1, -3.9/-3.1, -3.2, -3.0, -2.6 +0.3 (0.5) -0.1 (0.1) +0.4 (0.5)
1 vs 8 (I) -49.2, -46.9/-48.3, -48.2 -45.2, -45.6, -42.3, -42.2/-45.3, -45.6, -46.2, -47.1 +3.2 (2.2) +3.0 (2.0) +0.2 (0.8)
1 vs 8 (II) -49.2, -46.9/-48.3, -48.2 -42.2, -40.7, -39.0, -46.4/-47.8, -46.0, -44.8, -46.4 +4.0 (3.2) +4.0 (2.9) 0.0 (0.8)
1 vs 9 -20.7, -20.8/-20.2, -20.4 -20.3, -20.1, -20.0, -19.7/-19.9, -19.4, -19.6, -19.5 +0.7 (0.5) -0.1 (0.0) +0.8 (0.5)
1 vs 10 (I) -64.0, -64.2/-63.2, -62.9 -63.4, -63.4, -63.6, -64.3/-64.6, -63.9, -63.4, -63.2 -0.1 (0.5) +0.3 (0.5) -0.4 (0.5)
1 vs 10 (II) -64.0, -64.2/-63.2, -62.9 -63.4, -62.7, -63.7, -63.2/-63.9, -63.8, -62.5, -62.7 +0.3 (0.6) +0.4 (0.5) -0.1 (0.5)

a Ligands numbered according to Figure 1. In kcal/mol. All runs are for ligand orientation A, except (*) which is for ligand orientation E (Figure 3).
A positive ∆∆G corresponds to preferential binding of ligand 1. “Forward” runs transform ligand 1 into the competitor ligand and are listed before the
slash; “backward” runs transform the competitor into ligand 1 and are listed after the slash. 8 (I) and 8 (II) refer to ligand 8 in two alternative starting
carboxamide orientations; similarly for ligand 10. ∆∆G values are averages over the runs shown with standard deviations in parentheses. Runs were
initiated from independent starting points taken at 0.5 ns intervals along the native 1.0 ns solution and 2.0 ns protein MD trajectories. Electrostatic and
van der Waals contributions are also shown (last columns).

Table 4: MDFE Free Energy Components ∆∆G for Competitive Binding of Ellipticine Derivativesa

ligand ∆∆Gelectrostatic components ∆∆Gvan der Waals components

1 vs 3 ligand ) +0.8; water ) -0.8; protein ) +6.0 N/A
Cys673 ) +5.4 (+5.4; 90%)

1 vs 4 N/A ligand ) +0.3; water ) +0.6; protein ) +0.6
Cys673 ) +0.6 (+0.6; 104%)

1 vs 3 (*) ligand ) +0.6; water ) -0.8; protein ) +4.9 ligand ) +0.1; water ) +0.2; protein ) -0.1
Lys623 ) +8.3; Glu640 ) -0.2; Cys809 ) +1.2;

Asp810 ) -0.9; Phe811 ) 0.2 (4.6; 93%)
Lys623 ) -0.7; Glu640 ) -0.8; Cys809 ) -0.4;

Asp810 ) -0.5; Phe811 ) -0.2 (-0.5; 117%)
1 vs 5 N/A ligand ) +0.0; water ) -0.2; protein ) +1.5

Lys623 ) -0.5; Glu640 ) +3.1; Cys809 ) +0.2;
Asp810 ) -0.4; Phe811 ) -0.2 (+2.3; 155%)

1 vs 6 N/A ligand ) +0.5; water ) +2.2; protein ) +5.4
Lys623 ) +0.6; Glu640 ) +3.3; Leu644 ) +1.1; Val668 ) +1.6;

Ile669 ) -0.6; Thr670 ) 2.3; Cys809 ) +0.2; Asp810 ) -0.4;
Phe811 ) -0.2 (+8.1; 150%)

1 vs 7 N/A ligand ) +0.4; water ) -0.5; protein ) +0.4
Val603 ) +0.2; Ala621 ) +0.1; Val654 )+0.2; Thr670 ) -0.5;

Leu799 ) +0.2; Cys809 ) +0.2 (+0.4; 104%)
1 vs 8 (I) ligand ) +0.4; water ) +5.6; protein ) -0.1 N/A

Val603 ) -0.5; Ala621 ) -0.1; Val654 ) +0.2;
Thr670 ) -0.7; Leu799 ) +0.2; Cys809 ) +0.3 (-0.4; 70%)

1 vs 9 N/A ligand ) -0.1; water ) -0.1; protein ) +0.9
Gly596 ) +0.2; Val603 ) +0.3; Leu799 ) +0.4;

Cys809 ) +0.2 (1.1; 119%)
a Components calculated from one run in each direction. Ligands numbered according to Figure 1. MDFE free energy components in kcal/mol.

Components are given for residues within 5 Å of the ligand for at least 75% of the trajectory. See legend for details of MDFE runs. N/A indicates a
negligible electrostatic or steric contribution to the total ∆∆G, as given in Table 3. For carboxamide ligand 8 components are calculated for only the
most stable amide orientation, orientation I, as deduced from the ∆∆G values in Table 3. The values in parentheses in each case give the sum of the
individual residues listed, together with the percentage this represents of the overall protein component.
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by the other ellipticine derivatives (Table 2). The similar
computed binding strengths of 1 and 5 (∆∆G ) -0.7 kcal/
mol, Table 3) are in agreement with their equivalent
measured IC50 values (19). The slightly improVed van der
Waals interactions for ligand 5 are interesting (∆∆Gvan der Waals

for 1 vs 5 ) -0.8 kcal/mol, Table 3); MD structures given
in Supporting Information and the free energy components
in Table 4 show that the N2+-CH3-Glu640 steric clash is
offset by improved solvation, giving the (small) net negative
steric ∆∆G in favor of ligand 5.

Far more surprising than the computed preference (Table
2) of ligand 5 for orientation A is the preference of ligand 6
for orientation A relative to orientations D or E, which have
the bulky C2H4N(C2H5)2 group at N2 exposed to solvent
rather than buried in the c-kit pocket (Figure 3). For both
orientations D and E, however, molecular dynamics shows
that ligand 6 shifts significantly in the c-kit binding pocket,
as described in Supporting Information, with concomitant
reduction in binding energy relative to orientation A in which
the core ellipticine moiety of ligand 6 maintains the same
favorable interactions as ligand 1. This “drifting” of 6 in
orientations D and E was observed over multiple simulations,
including those initiated with 6 in orientation D rotated by
(10° and orientation E initiated from well-equilibrated
structures of 1 in orientation E with the C2H4N(C2H5)2 group
“built in” and the complex resolvated and equilibrated (data
not shown). Thus A is the most favorable orientation we
found for ligand 6, with loss of core ellipticine contacts with
the c-kit pocket and poor solvation of the bulky organic group
penalizing the sterically more amenable orientations D and
E. Interestingly, orientation E is punished relative to orienta-
tion A to a lesser degree for ligand 6 than for the other
smaller ellipticine derivatives (Table 2); the bulky C2H4N-
(C2H5)2 group on N2 in ligand 6 actually helps to stabilize
orientation E, as described in Supporting Information,
maintaining a good electrostatic contact between the C9-
OH and a negative binding pocket residue, in this case
Asp810 as distinct from Glu640 in the earlier postulated
model (19).

MDFE simulations for competitive binding of 1 vs 6 reveal
the expected severe van der Waals penalty due to the buried
bulky C2H4N(C2H5)2 group, ∆∆G ) +8.5 kcal/mol in favor
of ligand 1 binding (Table 3). Steric clashes with residues
Glu640, Thr670, Val668, Leu644, and Lys623 severely
penalize 6 (Table 4). This is in stark contrast to the near-
equivalent measured IC50 values for ligands 1 and 6 (19),
indicating that (a) we did not scan the conformational space
in the c-kit pocket sufficiently well to find the true 6 binding
mode (we limited ourselves to the five starting conformations
shown in Figure 2), (b) we did not run sufficiently long
simulations to allow large-scale conformational change to
occur and “open up” space for 6 in orientation A (we ran
2.0 ns MD simulations for each ligand in each orientation
and a total of eight 1.0 ns MDFE 1 vs 6 competitive binding
simulations), or (c) there was some other artifact in the
simulations and/or experiments (19).

Inhibitor 1 Vs 7, 1 Vs 8, 1 Vs 9, and 1 Vs 10 CompetitiVe
Binding: ∆∆G for RemoVal and Functionalization of the C11
and C5 Methyl Groups. Having compared our computed
MDFE ∆∆G values to available experimental measurements
(19), we then tested the tolerance of the c-kit pocket for
removal, and functionalization, of the ellipticine methyl

groups. Ligands 7 and 8 in Figure 1 have the CH3 on C11
switched to H and CONH2, respectively, while ligands 9 and
10 have the CH3 on C5 switched to H and CONH2,
respectively. Hence ligands 7 and 9 are isomers and have
the methyl group removed, while ligands 9 and 10 are also
isomers but have the methyl group replaced with an amide.
Results shown in Table 2 indicate that, in all cases,
orientation A remains the preferred binding orientation and
so site C11 is buried in the c-kit pocket while site C5 is
more solvent-exposed. MDFE data in Table 3 reveal a
significant binding penalty for functionalization at C11 but
not C5, which has important consequences for the design of
more effective ellipticine-based pharmacores, as discussed
below.

Simply removing the methyl group at both C11 and C5
gives a negligible change in binding energy (∆∆G 1 vs 7 )
+0.3 kcal/mol, ∆∆G 1 vs 9 ) +0.7 kcal/mol), with just a
small steric preference for the methyl group (Table 3). Free
energy components in Table 4 for 1 vs 7 show that Thr670
favors the removal of the methyl group at C11, but this slight
preference for ligand 7 is outweighed by the favorable steric
contacts between the methyl group of 1 and other nearby
residues, giving a net protein steric component of +0.4 kcal/
mol favoring ligand 1. Similarly for 1 vs 9, the slight steric
stabilization of the methyl group by nearby protein residues
(Table 4) gives an overall ∆∆G of just +0.7 kcal/mol (Table
3). Interestingly, water appears to exert a larger influence
on binding specificity for the more “buried” ligand 7 (Table
4), though the numbers involved are very small, e0.5 kcal/
mol.

Figure 5 shows the binding modes of ligands 8 and 10,
with amide groups built on “buried” C11 and the more
solvent-exposed C5, respectively. Table 3 quantifies the
penalization of carboxamide derivative 8 relative to ligand
1, with a computed ∆∆G of at least +3.2 kcal/mol in favor
of 1. Free energy components in Table 4 show that the
protein contribution that favors 8 is outweighed by the water
component in favor of 1; the new amide group is stabilized
electrostatically by Thr670 (Figure 5 and Table 4), but this
is offset by a significant electrostatic water penalty for
“burying” the amide group in the protein pocket (Table 4),
to give the net ∆∆G values of +3.2 and +4.0 kcal/mol in
favor of ligand 1 for the two starting amide conformations
I and II (Table 3). Functionalizing the more solvent-exposed
C5 site on the other hand does not significantly penalize
binding, as shown by the 1 vs 10 MDFE data in Table 3. In
the preferred orientation I, the new amide group on ligand
10 has essentially no binding free energy difference relative
to 1. Note that this penalization of functionalization at C11
but not C5 is precisely the opposite of what one would
anticipate for orientation E (19), which is rotated clockwise
by 120° (Figure 3) relative to the most favorable binding
orientation A.

DISCUSSION

Role of PositiVe Charge in Ligand Binding to c-kit
Tyrosine Kinase. The crucial importance of ligand-protein
active site charge balancing is illustrated in the present study
by the large change in ligand binding energies associated
with the addition/removal of ligand positive charge in the
Glu640-Lys623-Asp810 region of the c-kit binding pocket.
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Artificially removing the native ligand ADP ·Mg2+ cation
reduced the computed binding energy by ∼60%, similarly
for the ellipticine competitor ligand with binding energies
reduced by ∼40% upon artificially constraining N2 to its
unprotonated state. Note that in the less favorable orientation
E (Figure 3, based on ref 19) with the N2 site less “buried”
in the pocket and more exposed to solvent the reduction in
binding energy associated with N2 deprotonation is only
∼10%.

Similar charge balancing, in both the ligand and protein
binding pocket, for the optimization of ligand binding affinity
and specificity has been previously noted for other proteins;
see, for example, refs 30 and 31 and references cited within.
Indeed, the link between protein binding pocket structural
stability and highly coupled electrostatic networks is a major
obstacle for the design of active mutant proteins “reengi-
neered” for novel ligand recognition, as described in ref 34.
As discussed below, the strong N2-H+-Glu640 ellipticine-
c-kit interaction and consequent “nucleotide-type” inhibitor
binding mode identified in the present study has dramatic
consequences for the design of ADP/ATP analogues that
target mutant c-kit and may be active against malignant
cancers.

Possible Routes to Enhanced Ellipticine DeriVatiVe Inhibi-
tion of c-kit Tyrosine Kinase. The most important short to
medium term consequence of the “nucleotide-type” binding
mode identified in the present study for ellipticine-based
inhibitors is for the development of more active inhibitors
utilizing the structure of well-known kinase inhibitors of type
2A and 2B in Figure 1, e.g., indolocarbazoles and phenylpyr-
rolocarbazoles. The novel “nucleotide-type” binding mode

means a radical rethink of inhibitor design, with the space
for derivitization orientated from C4/C5 of ellipticine ligand
1 in Figure 1. The novel predicted binding mode is based
on the computed strong preference for ellipticine N2 pro-
tonation in c-kit and consequent strong electrostatic contact
between N2-H+ and the binding pocket, principally Glu640,
and further supported by the calculated binding specificities
for ligand 1 relative to the carboxamide derivatives 8 and
10 in Figure 2. We are currently testing these predictions
experimentally and will continue to use a combined, highly
integrated simulation/experiment approach to design opti-
mum inhibitor molecules for the mutant c-kit pocket.

A central question for the eventual use of ellipticine-based
pharmacores as anticancer drugs is their promiscuity (64) in
vivo, that is, the potential of the c-kit inhibitor to bind to
other biomolecules including closely related kinase enzymes
and cause unwanted side interactions and drug toxicity
(65-67). One very promising approach is to design inhibitors
that not only exploit small, sequence and conformational
kinase binding pocket variations but also target distinct kinase
conformations, e.g., STI-571 binding to inactive c-kit (58)
and ellipticine binding to active c-kit (19).

The present study uses a combination of simulation
techniques based on molecular dynamics and free energy
calculations to design optimum active c-kit inhibitors, and
the very detailed atom-scale binding dynamics and binding
free energy data produced are currently being tested by us
using experimental binding assays. The data could also be
used to “validate” faster, less rigorous binding calculations
for an extensive computational screening of multiple
inhibitor-kinase interactions, e.g., along the lines of ref 67,
providing insight into the sometimes counterintuitive ex-
perimental binding data (65, 66).

CONCLUSIONS

Computational Drug Design as Support for Experiment.
X-ray crystal structures (where available) and kinetic binding
experiments provide a wealth of information on ligand-protein
complexation including inhibitor-receptor interactions, al-
lowing identification of binding sites and in many cases the
determination of binding constants and binding free energies,
crucial for the design of novel inhibitor drug molecules.
Computer simulations provide a valuable aid, allowing
insight into the structure, dynamics, and energetics of
binding (19, 22-35, 49-,62-64). By alchemically mutating
from one state to the other, it is possible to rigorously
compute the binding free energy difference between similar
sized ligands with similar binding modes (28-34). Further-
more, binding pocket groups contributing strongly to ligand
binding specificity may be identified. Indeed, we show here
the power of MDFE calculations to reproduce experimental
binding rank orders (19) for a series of ellipticine-based
compounds binding to c-kit tyrosine kinase (with one
exception as discussed), and extensive sampling of a range
of ligand orientations and calculation of pKa shifts indentified
a novel nucleotide-type binding geometry that provides
significantly enhanced inhibitor binding. The relative con-
tributions of c-kit binding pocket groups to binding specifici-
ties were calculated and rationalized from the MD structures,
providing leads for the design of more potent anticancer c-kit
inhibitors, namely, ellipticine-based compounds functional-
ized at the C4/C5 region.

FIGURE 5: Five snapshots of the c-kit active site at 20 ps intervals
from the last 80 ps of the MD trajectory. Panels show cross-eyed
stereoviews of c-kit with bound carboxamide ligands; panel I shows
ligand 8 and panel II shows ligand 10 (see Figure 1 above for ligand
numbering). The ligand is shown in ball-and-stick representation.
Protein residues forming the binding pocket are shown in tube
representation. Important binding pocket residues are shown as
sticks and colored according to charge: negative (red), positive
(blue), and neutral (orange). The backbone amide carbon atom of
each residue is shown as a sphere to guide the eye. Hydrogens are
omitted for clarity.
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The ability to functionalize both ligand and enzyme
structures for the rational design of novel inhibitor-receptor
complexes is central to the development of more active, less
toxic drugs. Computer simulations can speed up this costly
and difficult task by highlighting the most important con-
tributors to binding specificity, and in the absence of crystal
structures, simulations (19, 34, 40, 59, 62, 63, 68) can be
used to identify binding orientations consistent with kinetic
data.

SUPPORTING INFORMATION AVAILABLE

MD structures for ligand 1 binding in orientations B and
C in charged/neutral states and in orientations D and E in
the neutral state, control simulations for an ellipticine
derivative (ligand 11) with the pyridine moiety replaced by
a phenyl group, MD structures for ligands 3-6 binding in
orientation A, MD structures for ligand 6 binding in
orientations D and E, and generated CHARMM force field
parameters for the ellipticine series of compounds. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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