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ABSTRACT

We present a computational design of new, druglike small molecules that could allosterically inhibit
both B-Raf and C-Raf kinases. The Raf kinases stimulate activators of MAPK pathways. MAPK
pathways participates in cell proliferation and apoptosis. Mutations of the proteins in the pathway
have been implicated in cancers. Many cancer drugs are MAPK inhibitors (MAPKIi). Although
MAPKI decrease cancer growth, bypass signaling is often formed. Consequently, most patients
develop MAPK:I resistance within a year. Most kinase inhibitors bind to the kinase catalytic site.
These sites are similar in many kinases, making it challenging to target them specifically. Allosteric
sites differ between kinases, permitting selective binding. Catalytic-site B-Raf inhibitors can
successfully restrain the kinase in cancers with mutated B-Raf. However, they also promote
dimerization of B-Raf with either itself or C-Raf. This can increase the C-Raf activation if an
upstream Raf-activator is mutated. A simultaneous inhibition of both B-Raf and C-Raf is needed to
avoid the development of cancer treatment resistance. The Deep View program was used to analyze
the B-Raf and C-Raf binding sites. New putative small-molecule inhibitors were designed by
systematically modifying the known inhibitors. The DataWarrior and Molinspiration programs were
used to calculate the druglike properties of the designed molecules. Molecules with optimal druglike
properties and no indicated toxic risks were docked to B-Raf and C-Raf using the ArgusLab
program. The binding energies of stable complexes were calculated. Three designed molecules had
better druglike properties and bound allosterically both B-Raf and C-Raf with higher binding
energies than known inhibitors did. Our work, coupled with prior experimental studies, suggest that
the molecules designed here may be potent allosteric inhibitors of both B-Raf and C-Raf. They may
achieve increased therapeutic response in tumors with either B-Raf mutations or mutations of
upstream activators of Raf.
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Introduction

Chemotherapy treatments of many cancers fail
due to patients developing drug resistance [1].
As many as 30% to 40% of cancer patients
develop metastases, with a median survival of
about two years [2, 3]. New, more effective
anti-cancer drugs are essential for increasing the
survival rates.

Apoptosis, or programmed cell death, is a
natural process for eliminating injured cells [4].
Defective apoptotic pathways allow damaged
cells to survive and become unresponsive to
therapies, leading to uncontrolled cell growth
and cancer advancement [5]. Designing
molecules that can bypass damaged apoptotic
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pathways is important for cancer treatments [6].

Cellular proteins can either promote cell death
(proapoptotic) or inhibit it (antiapoptotic). An
injured cell sends stress signals, which cause
proapoptotic proteins to inactivate antiapoptotic
ones, thus priming the cell for apoptosis [7].
Typically, this triggers a disintegration of the
cell's mitochondrial membrane [8], leading to
cell death. Damaged apoptotic pathways are
often present in cancer cells [9]. Small
molecules that can inhibit damaged cell cycle
regulators have been used to treat cancers [10].

Research on protein kinases is important
because of their roles in many cancers [11, 12].
Kinases are enzymes that are highly regulated
and are essential for many cell functions,
including metabolism, cell division,
transcription, immune response, and apoptosis
[13]. A kinase can modify the activity of a
receptor protein by phosphorylating it on its
serine, tyrosine, histidine, or threonine residues.
The phosphorylation can either promote or
prevent the receptor’s interactions with other
proteins [13].

When protein kinases interact with other
proteins or small molecules, they can be
activated or inhibited [14]. Most known kinase
inhibitors bind with a high affinity to the
catalytic site of a kinase [15, 16]. However,
many kinases have very similar catalytic sites,
which makes it difficult to target them
selectively [17,18]. The selectivity is important,
since molecules that indiscriminately inhibit
several kinases may damage healthy tissue,
leading to undesirable side effects in patients
[19].

Recent trends in cancer drug discovery have
been directed toward designing allosteric kinase
inhibitors [20, 21]. An allosteric site of a kinase
is structurally different from its catalytic site.
While the effectiveness of ATP-competitive
inhibitors greatly depends on the ATP
concentration, an allosteric inhibitor can keep
its inhibitory efficacy at various concentrations
[22, 23]. Since allosteric sites differ among
kinases, a highly specific binding can be
achieved [24, 25]. Drugs that bind allosterically

are likely to cause fewer side effects. So far,
allosteric small molecule inhibitors have been
found for a relatively small number of kinases
[26, 27].

A Mitogen-Activated Protein Kinase (MAPK)
pathway transfers signals from the cell's surface
to the cell's nucleus [28]. A mutated protein in
the MAPK pathway can get stuck in either an
"on" or an "off" position, leading to cancer
development [29]. Compounds that can unstuck
such mutated proteins can be used for cancer
therapies [30].

Kinases in a MAPK pathway participate in cell
propagation and apoptosis. Many cancer drugs
are MAPK inhibitors (called MAPKi) [29].
While MAPKIi can slow cancer progression,
bypass signaling is often established [31]. As a
result, most patients acquire MAPK:i resistance
within a year.

A MAPK pathway is activated by a mitogen-
activated protein kinase (MEK) kinase, while
MEK Kkinases are activated by Raf kinases [30,
31]. The three Raf kinases, A-Raf, B-Raf, and
C-Raf, are serine/threonine-specific Kkinases.
They are highly regulated since they impact
cellular growth and proliferation, [32].
Downstream, Raf kinases act on MEK1 and
MEK?2 kinases, which activate extracellular
signal-regulated kinases ERK1 and ERK2 [31].

The Raf kinases are activated by Ras G-
proteins, which communicate cell signals [31,
33]. An activated Ras protein turns on other
proteins, which eventually leads to cell
proliferation and survival. Mutations can create
permanently activated Ras that can maintain
cell signaling even in the absence of inducers.
Since this signaling leads to cell growth and
division, hyperactive Ras can result in cancer
[34].

The development of resistance to cancer
treatment relates to the paradoxical activation of
MEK/ERK signaling [35], largely due to C-Raf
activation [36, 37]. Mutated Ras cannot signal
via B-Raf because that produces too much ERK
signaling, which then leads to apoptosis [38].
Cancer cells with mutated Ras appear to switch
their signaling from B-Raf to C-Raf since those
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cause weaker ERK signaling. Previous studies
showed that B-Raf is not needed for ERK
activation in Ras-mutated cells. [37, 38]

Mutations in the Raf kinases, especially in B-
Raf, have been found in many cancers [39],
making B-Raf one of the main targets of cancer
treatments [33]. In cancer cells with mutant B-
Raf, catalytic-site inhibitors of B-Raf
effectively constrain the kinase. However, they
also promote dimerization of B-Raf with either
itself or C-Raf. This, in turn, can boost C-Raf
activation if an upstream Raf-activator is
mutated. The creation of an alternate route via
C-Raf can lead to resistance to cancer
treatments [33]. Simultaneous inhibition of both
B-Raf and C-Raf is needed to overcome the
resistance [38].

Sorafenib is a drug that inhibits several kinases,
including Raf [40, 41]. The drug is more
selective for C-Raf than for B-Raf [42].
Sorafenib is used to treat some renal, liver, and
thyroid cancers [43, 44]. Previous clinical trials
showed that treatment with sorafenib leads to a
considerable increase in disease-free survival,
but not in overall patient survival rates [45].
Very often, sorafenib causes bothersome side
effects [46].

Vemurafenib, a Raf inhibitor, is successful in
treating melanomas with a specific B-Raf
mutation [47]. However, about 40% of
melanomas lack that mutation and are not
arrested by the drug.  Vemurafenib
paradoxically stimulates non-mutated B-Raf
and may enhance cancer progression in such
cases [48].

PLX5568 is another drug used to treat a variety
of cancers with overactive B-Raf. The drug
prevents the cancer advancement by inhibiting
defective regulators of cell proliferation [49].
PLX5568 binds to the catalytic site of B-Raf
and, thus, is not selective to the kinase [50].
Clinical trials showed that resistance to
PLX5568 develops within a few months,
leading to cancer relapse [51].

Inhibitors PLX7904, PLX7922, and PLX8394
can defeat several known  resistance
mechanisms in cancers with B-Raf mutations

[52]. PLX8394 is one of the more successful
Raf inhibitors, called a paradox breaker.
Nevertheless, a limited response to PLX8394
was observed in a clinical trial where tumor size
decreased by at least 30% in about 22% of
patients [53].

This research focuses on computational design
of new, druglike small molecules that could
bind to both B-Raf and C-Raf kinases at their
allosteric sites and have better binding and
druglike properties than the currently known
inhibitors. This would be especially important
in cancers with either B-Raf mutations or
mutations of upstream activators of Raf [54].

To be suitable for drug development, a designed
small molecule should be non-toxic and have
metabolic  stability, bioavailability, and
transport properties comparable to those of
known drugs. These characteristics are
determined by molecular mass, hydrophilicity,
aqueous solubility, electronic bond
distributions, flexibility, polar surface area, and
druglikeness [55, 56].

Molecules with a higher molecular mass are
usually more active than those with a lower
mass. However, such molecules are also less
likely to be absorbed and, thus, less likely to
reach their desired target. Consequently, the
mass of a promising druglike molecule should
be as low as possible without compromising its
effectiveness. More than 80 % of known drugs
have a molecular mass less than 450 g/mol [57].

The value of the logarithm of the partition
coefficient between n-octanol and water, or
logP, can reliably predict molecule's
hydrophilicity [56]. A low logP value
corresponds to high hydrophilicity. A study of
more than 3000 known drugs found out that a
molecule must have a value of logP < 5 to be
well absorbed [56].

The aqueous solubility of a molecule
significantly affects its absorption. In general,
good absorption is indicated by a high value of
logS (logarithm of the solubility measured in
mol/liter). Over 80% of existing drugs have
logS greater than - 4, which corresponds to a
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solubility of 0.1 mmol/liter [56, 55]. For most
known drugs -4 < logS < 1 [56].

The total surface area of all polar atoms in a
molecule is called the polar surface area (PSA).
A PSA value is a good predictor of the
molecule's bioavailability, including its ability
to penetrate blood-brain barrier and cell
membranes in intestinal walls [58]. A PSA
value of most available drugs is less than 90 A?
[59]. Molecules with greater PSA values
usually have reduced bioavailability. Oral
bioavailability of a molecule is also affected by
its flexibility [60]. The flexibility depends on
the molecule’s number of rotatable bonds. As
shown previously [61], molecules with 10 or
fewer rotatable bonds and fewer than 6
hydrogen bond donors show good oral
bioavailability [61].

The goal of this work was to computationally
design new, druglike small molecules that
would simultaneously bind B-Raf and C-Raf at
their allosteric sites, thus potentially promoting
apoptosis in cancer cells.

Methods
Computational Tools:

The following computational tools were used to
design and evaluate putative small molecule
inhibitors of B-Raf and C-Raf kinases: Protein
Data Bank [62], Deep View [63], ArgusLab
[64], Molinspiration [65], and Osiris
DataWarrior [57].

The Protein Data Bank (PDB) [62] is an
international database that provides
experimentally determined, three-dimensional
structures of both single molecules and small
molecules bound to larger ones. The DeepView
program [63] allows a visualization of
molecular structures obtained from the PDB.
Atomic distances, H-bonds, angles, and charge
densities can be studied in DeepView. The
program can also compare the structures of
active sites by overlaying several Kkinases
simultaneously.

The ArgusLab program [64] uses PDB kinase
structures to view and study their binding sites,
conduct docking simulations, and find optimal
properties of docked molecules. The
Molinspiration program [65] can be used to
study molecular rotatable bonds and H-bond
donors, both of which help determine the drug-
like properties of designed molecules.

The DataWarrior program [57] can evaluate
designed molecules for possible toxicities, as
well as for tumorigenic,  mutagenic,
reproductive, or irritational risks. A molecule
could still carry risks, even if DataWarrior does
not indicate any. However, DataWarrior has
been shown to be a dependable predictive tool
[66]. For example, when evaluated on a group
of compounds with known mutagenicities, the
program correctly recognized 86% of them as
mutagenic. On the other hand, it implicated as
possibly mutagenic only 14% of known drugs
from a control group [57]. Likewise,
DataWarrior correctly flagged as toxic 86% of
tested compounds with known risks, while
identified only 8% of the known drugs as
having such risks. A druglikeness score is an
important molecular property computed by
DataWarrior. The methods and validation
studies used to obtain the score are explained in
detail elsewhere [57]. A positive value of the
druglikeness score suggests that a molecule is
mainly comprised of fragments usually found in
known drugs.

No single attribute can ensure that a designed
molecule will be a good drug candidate.
However, a favorable set of druglike properties
and no implied risks can indicate a molecule
that merits further experimental investigation.
The DataWarrior program [57] uses the
molecule's mass, the logS and logP values, the
druglikeness, and toxicity assessments to
compute the molecule’s overall Drug Score.
The Drug Score, which can have values
between 0 to 1, is used to assess a molecule’s
overall drug potential [57]. The grater the Drug
Score value, the likelier it is for a molecule to
be biologically active and non-toxic. This
technique efficiently distinguishes between
promising drug candidates and inactive
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molecular structures [66].

from the Protein Data Bank [62]. The PLX7922
was bound in the allosteric site of B-Raf.
Similarly, the three-dimensional structure of the
C-Raf-kinases was downloaded from the Protein
Data Bank, PDB ID 30MV [62], as well as the
structure of PLX8394 [52].

Dataset:

The three-dimensional structure of B-Raf bound
to PLX7922 (PDB ID 4XV3) was downloaded

Figure 1 a) B-Raf allosteric pocket showing the residues (yellow balls) within an 8.0 A radius from
the PLX7922 ligand (blue ball-and-stick). b) C-Raf allosteric pocket showing the residues (yellow
balls) within an 8.0 A radius from its ligand (blue ball-and-stick). To improve visibility, the front-

facing B-Raf and C-Raf residues were removed.

Fig. 1 a) shows the allosteric site of B-Raf
bound to its experimentally known allosteric
small-molecule inhibitor, PLX7922 (blue) [63].
Only the B-Raf residues within an 8.0 A radius
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from PLX7922 are shown. Fig. 1 b) shows a
ligand bound to the allosteric site of the C-Raf
kinase. Again, only the C-Raf residues within
an 8.0 A radius from the ligand are shown.
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Figure 2 The structures of allosteric B-Raf inhibitors a) PLX7922 and b) PLX8394

Fig. 2 shows the structures of the known
allosteric B-Raf inhibitors (the, so called,
paradox breakers), PLX7922 and PLX8394
[62]. We can see that both molecules contain
benzene rings, imidazole groups, and a high
number of nitrogen atoms. The cyclic groups
improve the stability and the binding properties

of the molecules, while the absence of heavy
atoms increases their biologically solubility.
The information obtained from the structures of
these inhibitors was used to design novel small
molecule that could potentially simultaneously
bind B-Raf and C-Raf-at their allosteric sites.
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Procedure Employed:

The three-dimensional structures of the known
inhibitors, PLX7922 and PLX8394, were
uploaded and then analyzed wusing the
DataWarrior program [57]. The following
properties were determined: molecular mass,
hydrophilicity, aqueous solubility, electronic
bond distributions, polar surface area,
flexibility, druglikeness, toxic risks, and the
total Drug Score. At the end, these values were
compared to the properties of new molecules
designed here.

Next, the structures of B-Raf, PLX7922, and
PLX8394 were uploaded in ArgusLab [64] and
the inhibitors docked into B-Raf. The goal was
to find the binding energy of each inhibitor in
the allosteric site, as found by ArgusLab, and
compare those values to the binding energies of
the newly designed molecules in complex with
each of B-Raf and C-Raf.

The structures of PLX7922 and PLX8394 were
used as initial templates to design new
molecules that could simultaneously bind B-Raf
and C-Raf at their allosteric sites. Over thirty
trial molecules were designed by making
systematic atomic substitutions in the known
inhibitors. The substitutions were carefully
chosen to enhance the molecule’s druglike
properties without reducing the desirable
characteristics of the inhibitors.

DataWarrior [57] and Molinspiration [65] were
used to find the mass, solubility, the logP value,
the number of rotatable bonds, and the number
of hydrogen bond donors for each newly
designed molecule. DataWarrior also searched
for any toxicities and mutagenicities. The total

Drug Score was calculated for each molecule.
The findings were then used to iteratively
design new small molecules with improved
druglike properties.

Designed small molecules with optimal
druglike characteristics and no implied risks,
were then used for the docking studies. Their
three-dimensional structures were reconstructed
and optimized in ArgusLab. The Semiempirical
Geometry Optimization and Molecule Builder
functions [64] were used. Then, the designed
molecules were separately docked into B-Raf
and C-Raf using the ArgusDock function.
Molecular bond rotations were allowed during
the docking. The AScore scoring function, a 0.4
A grid resolution, and ascore.prm parameter set
were used [64]. ArgusLab determined the
binding energies of the stable complexes of B-
Raf and C-Raf with each of the designed
molecules. The more negative the binding
energy, the stronger the affinity between the
kinase and the molecule. The main goal was to
achieve an allosteric binding between the
molecules and each kinase, while improving the
overall druglike properties of the molecules.

Results Design of Putative Small Molecule
Inhibitors:

Druglike properties of the known B-Raf
inhibitors, PLX7922 and PLX8394, were
calculated using the DataWarrior [57] and
Molinspiration [65] programs. The goal was to
determine these values for the known inhibitors
and then compare them to those of newly
designed molecules. The findings are presented
in Table 1.

Table 1: Druglike properties of PLX7922 and PL.X8394
Inhibitor | logP | logS | PSA | MM Rotatable | H- H- Drug Drug
(A% | (g/mol) | bonds acceptors | donors | Likeness | Score”
PLX7922 |27 |-6.7 |130 |513 7 9 2 3.0 0.39
PLX8394 |28 |-7.2 |129 |543 7 9 2 3.7 0.35

3 MM= molecular mass

®) obtained using a DataWarrior macro routine [57]

As shown in Table 1, both PLX7922 and
PLX8394 had fewer than 10 rotatable bonds

and fewer than 6 H-bond donors. These values
were in the desired range for druglike
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molecules. Also, the logP values were below 5,
which indicated that the drugs were well
absorbed. As expected, neither PLX7922 nor
PLX8394 showed any irritant, mutagenic,
tumorigenic, or reproductive effects, as found
by both DataWarrior and Molinspiration.

However, the PSA value of both molecules was
greater than 90 A?, showing that the molecules
likely have a lower bioavailability than most of
the known drugs. Both molecular mass values
were greater than 450 g/mol, which implies
increased activity, but also a somewhat reduced
absorptivity. The values of logS for both
PLX7922 and PLX8394 were much lower than
a minimum desired value of -4. This indicates a

(@]
1]
O =
]
C N
U Molecule A
NH
(NH

lower solubility than is typical for most drugs.
The overall Drug Score for each of the known
inhibitors were less than 0.40.

We analyzed the structures of PLX7922 and
PLX8394, concentrating on their similarities
and differences. To obtain molecules with
improved druglike properties we did systematic
atomic substitutions and added or removed the
ring structures. This allowed us to iteratively
design several promising new small molecules
that could potentially bind allosterically to both
B-Raf and C-Raf. Three molecules with the best
druglike properties and highest binding energies
are shown in Fig. 3.

N
] %N/
HN

0]
rI\IH
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% Molecule B
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\
/\} F
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Figure 3: The structures of the designed molecules, A, B, and C, found to have the best druglike
properties and that formed the most stable complexes with B-Raf and C-Raf.

Evaluation of Druglike Properties:

The DataWarrior and Molinspiration programs
were used to calculate the druglike properties of
the designed molecules. The three designed
molecules in Fig. 3 had the best overall druglike
properties. They also had no indicated irritant,
mutagenic, tumorigenic, or reproductive risks.
Their chemical compositions were:
C25H21N603C|3S (molecule A); CooH23NgO3FS
(molecule B), and C1gH19N4OF; (molecule C).

The logP and logS values, the PSA values, the

molar masses (MM), and the Drug Likeness
were calculated using DataWarrior and
Molinspiration. Comparable values were found
by both programs. The number of rotatable
bonds, H-bond donors, and H-bond acceptors
were found using  Molinspiration. A
DataWarrior macro routine [Error! Bookmark
not defined.] was used to obtain the Drug
Score.

Table 2 shows the properties of molecules A, B,
and C, as determined by DataWarrior and
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Molinspiration. The letters A, B, and C
associated with the molecules in Table 2 match

those assigned to the molecules in Fig. 3.

Table 2: Druglike properties of designed molecules A, B, and C

Molecule | logP | logS | PSA | MM Rotatable | H- H- Drug Drug
(A% | (g/mol) | bonds acceptors | donors | Likeness | Score”

A 50 |[-44 |128 |591 7 9 2 4.3 0.71

B 1.2 -3.5 | 117 | 446 7 9 2 3.6 0.73

C 0.19 (-39 |57.3 | 344 3 5 3 3.5 0.79

3 MM= molecular mass

®) obtained using a DataWarrior macro routine [Error! Bookmark not defined.]

Like most known drugs, the three designed
molecules had the logP value of 5.0 or less.
Their logS values ranged from -3.5 to -4.4, as
they do for a great majority of known drugs.
These values were closer to the optimal drug
range than were the logS values of the known
inhibitors, PLX7922 and PLX8394 (see Table
1).

The polar surface area (PSA) of molecule C was
57.3 A2 This was substantially below a typical
value of 90 A? for commercial drugs. The PSA
values of molecules A and B were 128 A? and
117 A? respectively. These values, which are
close to the approximate range of known drugs,
were slightly lower than those for PLX7922 and
PLX8394, indicating better bioavailability. The
molar mass (MM) of molecule A was 591
kJ/mol, which was comparable to the molar
masses of the known inhibitors. The molar mass
of molecule B was less than 450 g/mol, while
that of molecule C was less than 350 g/mol.
These molar masses were in the range of
molecular masses of more than 80 % of known
drugs.

The number of rotatable bonds, H-bond
acceptors, and H-bond donors also suggest good
oral bioavailability. This is especially true for
Molecule C which had only 3 rotatable bonds, 5
H-bond acceptors, and 3 H-bond donors. All
three molecules had druglikeness values
between 3.5 and 4.3. These values were higher
than those for PLX7922 and PLX8394. As
discussed in the Introduction section, these
values should reliably predict the overall drug
potential of the designed molecules [57, 58, 61].

The Drug Score values were 0.71 for molecule
A, 0.73 for molecule B, and 0.79 for molecule
C. These values were about two times greater
than those of the known inhibitors PLX7922
and PLX8394. As we said before, Drug Score
values can range between 0 to 1 and are used to
assess molecules’ overall drug potential [57].
The greater the score, the likelier that the
molecule will be biologically active and non-
toxic [65].

Allosteric Binding of Designed Molecules:

To establish reference values, the known
allosteric inhibitors, PLX7922 and PLX8394,
were docked in B-Raf and C-Raf using the
ArgusLab program. The properties of the B-Raf
and C-Raf allosteric binding sites were also
analyzed. As shown in Table 3, the binding
energy of PLX7922 with B-Raf was -36.8
kJ/mol and with C-Raf it was -39.3 kJ/mol. The
binding energies of PLX8394 were -33.1 kJ/mol
and -34.3 kJ/mol with B-Raf and C-Raf,
respectively. A more negative binding energy
indicates a stronger bond and a higher affinity
between the inhibitor and the kinase.

Next, the designed molecules were docked to B-
Raf and C-Raf in ArgusLab. The binding
energies of the molecules A, B, and C to B-Raf
and C-Raf are given in Table 3. Molecule A
formed the most stable bonds with both B-Raf
and C-Raf, binding each of them allosterically
with energies of -46.0 kJ/mol and -41.0 kJ/mol,
respectively. These values are, respectively,
about 19 % and 39 % more negative than those
for PLX7922 and PLX8394, indicated a greater
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affinity of the B-Raf and C-Raf kinases to
molecule A, than to either of the known
inhibitors. The binding energies of molecules B
and C to B-Raf or C-Raf were between -35.0

kd/mol and -36.6 kJ/mol. These values were
similar to those between PLX7922 and
PLX8394 and B-Raf and C-Raf.

Table 3: The Binding Energies of B-Raf and C-Raf and the Designed Molecules Compared to
the Binding Energies of B-Raf and C-Raf with PLX7922 and PLX8394

Designed Molecule | B-Raf (kJ/mol) C-Raf (kJ/mol)
A -46.0 -41.0
B -35.1 -35.0
C -36.0 -36.6
PLX7922 -36.8 -39.3
PLX8394 -33.1 -34.3

Therefore, molecule A could bind allosterically
to both kinases with an increased affinity and
improved drug-like properties compared to the
known inhibitors. For these reasons, molecule A
was selected for further analyses of its allosteric
binding to B-Raf and C-Raf. The analyses were
done in the ArgusLab program.

B-Raf
allosteric site

Molecule A in
the allosteric
site of B-Raf

Fig. 4 shows molecule A (green ball-and-stick)
bound in the allosteric pocket of B-Raf (dark
gray balls). The rest of the B-Raf molecules
within a 5 A radius from the ligand is also
shown (light gray balls). For comparison, the
PLX8394 inhibitor (pink ball-and-stick) is also
shown bound to the allosteric pocket of B-Raf.

PLX8394 in the
allosteric site of
B-Raf

Figure 4 The designed molecule A (green ball-and-stick) is bound in the allosteric site of B-Raf
(dark gray balls). The rest of the B-Raf molecule within a 5 A radius from the ligand is also shown
(light gray balls). For reference, PLX8394 (pink ball-and-stick) is also shown bound to the B-Raf
allosteric pocket. To improve visibility, the front-facing B-Raf residues were removed.
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The binding environment of molecule A docked and lle-592 (Fig. 5). All but two of these
in B-Raf was next analyzed in ArgusLab. The residues were non-polar and likely stabilized the
B-Raf residues within a 3-A radius from ligand through van der Waals and hydrophobic
molecule A were: Phe-468, Val-482, Leu-505, interactions.

Leu-515, Leu-528, Trp-531, Asn-581, Asn-580,

581

Figure 5 B-Raf residues within a radius of 3 A from molecule A (green ball-and-stick). The
molecules are orientated for optimized visibility. Gray = non-polar; blue = basic residues.

C-Raf

allosteric site PLX8394 in the

allosteric site of
C-Raf

Molecule A in
the allosteric
site of C-Ra

Figure 6 The designed molecule A (green ball-and-stick) is bound in the allosteric site of C-Raf
(dark gray balls). The rest of the C-Raf molecules within a 5 A radius from the ligand are also shown
(light gray balls). For reference, PLX8394 (pink ball-and-stick) is also shown bound to the C-Raf
allosteric pocket. To improve visibility, the front-facing C-Raf residues were removed.
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Next, molecule A (green ball-and-stick in Fig.
6) was docked in C-Raf (gray balls), where it
bound in the allosteric pocket (dark gray) with a
binding energy of -41.0 kJmol. For
comparison, the PLX8394 inhibitor (pink ball-
and-stick) is also shown bound to the allosteric
site of C-Raf.

In Fig. 7, we show the C-Raf residues within a
radius of 3.5 A from molecule A (green ball-

Ala-373

and-stick): Val 363, Ala 373, Leu 406, Trp 423,
Cys 424, Gly 426, Ser 427, and Phe 475 (Fig.
7). Five of these residues, Val 363, Ala 373,
Leu 406, Trp 423, and Phe 475 are non-polar.
They interact through hydrophobic and van der
Waals forces and likely stabilize the binding of
molecule A in the allosteric pocket.

Figure 7 C-Raf residues within 3.5 A from molecule A (green ball-and-stick). The molecules are
oriented to optimize visibility. Gray = non-polar; blue = basic residues.

Discussion

We present computational design of putative
simultaneous inhibitors of the B-Raf and C-Raf
kinases at their allosteric sites. Three designed
molecules that had optimal druglike properties
and no known toxicities merited further
analysis. The molar mass of molecule A was
comparable to the molar masses of the known
inhibitors, PLX7922 and PLX8394. The
designed molecules B and C had the molar
masses less than 450 kJ/mol and 350 g/mol,
respectively. The three molecules also had logP
values of 5 or less, 3 or fewer hydrogen bond
donors, 9 or fewer H-bond acceptors, and 7 or
fewer rotatable bonds.

The PSA and logS values of the designed
molecules were comparable to those of the

known drugs. They also had positive values of
druglikeness and showed no toxic, mutagenic,
or reproductive risks. The designed molecules
also had about two times greater Drug Score
values than PLX7922 and PLX8394 did. Such
set of properties has been shown to reliably
predict overall drug potential and a high
likelihood that the molecules would be
biologically active [66].

Especially promising is molecule A, which
formed the most stable complexes with both B-
Raf and C-Raf, binding each of them
allosterically with energies of -46.0 kJ/mol and
-41.0 kJ/mol, respectively. These binding
energies were between 19 % to 39 % more
negative than those for PLX7922 and PLX8394.
Molecules B and C also had druglike properties
that favorably compared to those of the known
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inhibitors.

All three designed molecules made stable bonds
with B-Raf and C-Raf during in silico docking.
Their anticancer effectiveness ultimately needs
to be evaluated in vitro and, if warranted, in
vivo. While the syntheses of the molecules were
not done, it should be noted that all three
molecules were designed using the templates of
the known B-Raf inhibitors. All three molecules
bonded at the same allosteric sites where
PLX7922 and PLX 8394 also bonded.
Additionally, they had druglike characteristics
similar to or better than PLX7922 and PLX
8394. Molecule B, especially, formed more
stable complexes with B-Raf and C-Raf than
the known inhibitors.

These results, combined with prior experimental
and clinical studies of known B-Raf and C-Raf
inhibitors, indicate that the molecules designed
here may be very suitable candidates for
simultaneous allosteric inhibition of both B-Raf
and C-Raf. The simultaneous inhibition would
lead to fewer side effects. They should also be
especially valuable for preventing the
development of drug resistance in cancers with
either B-Raf mutations or mutations of
upstream activators of Raf.
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