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High-throughput virtual screening of novel 
dihydropyrimidine monastrol analogs reveals robust 
structure-activity relationship to kinesin Eg5 binding 
thermodynamics

SUMMARY
As cancer continues to take millions of lives worldwide, 
the need to create effective therapeutics for the 
disease persists. The kinesin Eg5 assembly motor 
protein is a promising target for cancer therapeutics 
as inhibition of this protein leads to cell cycle arrest. 
Monastrol, a small dihydropyrimidine-based molecule 
capable of inhibiting the kinesin Eg5 function, has 
attracted the attention of medicinal chemists with its 
potency, affinity, and specificity to the highly targeted 
loop5/α2/α3 allosteric binding pocket. In this work, we 
employed high-throughput virtual screening (HTVS) to 
identify potential small molecule Eg5 inhibitors from 
a designed set of novel dihydropyrimidine analogs 
structurally similar to monastrol. Density functional 
theory (DFT) calculations and protein-ligand docking 
experiments revealed that the analogs with geranyl 
ester substitutions exhibited the greatest binding 
affinities to the allosteric binding pocket of kinesin 
Eg5. In-depth analysis of the binding pocket amino 
acid residues and calculations of the cLogP value 
for each compound demonstrated qualitatively and 
quantitatively that strong hydrophobic interactions 
of the ester functionality with kinesin Eg5 are 
of great significance in the improved binding of 
dihydropyrimidine analogs. This establishment of a 
quantitative structure-activity relationship to kinesin 
Eg5 binding thermodynamics using HTVS revealed 
the discovery of improved dihydropyrimidine-based 
inhibitors capable of advancing society’s progress in 
the fight against cancer.

INTRODUCTION
 In 2019, cancer was responsible for over 600,000 deaths 
throughout the United States (1). Though cancer is currently 
the second highest leading cause of death, the mortality 
rates for this disease have declined by 27% over the past 25 
years, and these improvements in survival rates have been 
attributed mainly to advances in early detection and treatment 
(2). Many of the successful small molecule therapeutics for 
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cancer have been the product of years of intensive drug 
discovery research, involving the identification of potential 
candidates through screening of naturally derived or synthetic 
compounds. 
 Kinesin Eg5 is a motor protein involved in the assembly 
and separation of mitotic spindle fibers in the cell cycle and 
plays a critical role in the establishment of spindle bipolarity 
(3, 4). Eg5 is generally not expressed in non-proliferating adult 
tissues and thus results in diminished toxicity when treated 
with Eg5-targeted therapies, especially when compared 
to other modern anti-mitotic therapeutics available on the 
market (5). Researchers have considered the inhibition of 
kinesin Eg5 as a high potential avenue for cancer therapy, 
especially with Eg5 overexpressed in breast carcinogenesis, 
laryngeal squamous cell carcinoma, astrocytic neoplasm, 
prostate cancer, bladder cancer, and renal cell carcinoma (6).
 In 2000, the Mitchison group reported the discovery of 
monastrol, a small molecule dihydropyrimidine (DHPM) that 
allosterically inhibits kinesin Eg5 (Figure 1) (7). Following 
this revelation, DHPMs have gained significant interest 
in medicinal chemistry. The synthesis of other DHPMs 
structurally similar to monastrol has demonstrated great 
potential in the development of increasingly potent anticancer 
agents capable of treating aggressive glioma, renal, and 
breast cancers in past studies (8). 
 Monastrol binds to the loop5/α2/α3 allosteric site of kinesin 
Eg5 through hydrophobic interactions and hydrogen bonding, 
inducing conformational changes in Eg5 and preventing 
continued mitotic division (9). With kinesin Eg5 expression 
considered to be generally overexpressed in neoplastic tissue, 
the high selectivity of monastrol to mitotically active cancer 
cells suggests strengthened responses and fewer cytotoxic 
side effects when compared to other anticancer agents (6). 
As previous in vitro and in vivo studies have concluded that 
the S-monastrol is a more potent inhibitor of kinesin-Eg5 than 
the R-enantiomer, this work focuses solely on the former (10).
Given the significance of biological activity that monastrol 
produces, it has been of deep interest to use the DHPM 
scaffold to create more potent inhibitors of kinesin Eg5. 
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Figure 1: Human kinesin Eg5 motor protein structure. (A) The 
crystal structure of the human kinesin Eg5 motor protein bound to 
monastrol in the loop5/α2/α3 allosteric binding pocket. The magenta 
structure is monastrol, while the gold structure is the kinesin Eg5 
protein. We extracted the crystallized protein structure from the 
Protein Data Bank (PDB: 1X88) and visualized it using UCSF 
Chimera. (B) A closer visualization of the binding site, with monastrol 
engaging in several hydrophobic interactions with nearby residues 
including TRP211, ILE136, PRO137, LEU214, TYR211, ARG119, 
TRP127, and ALA133. Hydrogen bonding (cyan sticks) occurs 
between the phenolic oxygen of monastrol and ARG119 as well as 
between a nitrogen of monastrol and GLY117.

High-throughput virtual screening (HTVS) provides an 
efficient computational method to discover the most 
effective compounds from massive libraries of analogs to a 
set of finite user-defined conditions. Molecular docking is a 
technique in which the thermodynamic efficiency of molecular 
interactions is calculated, shedding time-efficient, detailed 
insight into the specificity of binding for improved lead 
optimization. These values can be used in the prediction of 
the binding thermodynamics and preferred binding poses of 
small molecule ligands to protein targets (11). In this work, 
we hypothesize that the binding affinity of such analogs is 
primarily related to hydrophobic interactions that the ester 
functionality is engaged in with hydrophobic residues of the 
reported allosteric binding pocket. 
 This study focused on the computational screening 
of systematic modifications of the aromatic and ester 
constituents of monastrol, as displayed in Figure 2. The 
analogs presented in this study encompass a variety of 
aromatic and ester substitutions (Figure 3). We implemented 
HTVS to establish a robust, quantitative structure-activity 
relationship (QSAR) between the binding affinities of our 
novel dihydropyrimidine analogs and kinesin Eg5. We 
assessed 100 analogs for increased antiproliferative abilities 
in hopes of discovering improved small molecule cancer 
therapeutics. The results not only indicated that analogs with 
geranyl substitutions represent lead compounds that should 
be synthesized, but also revealed that enhanced kinesin Eg5 
binding thermodynamics are attributed greatly to hydrophobic 
interactions between the ester functionality and Eg5.

RESULTS
 The first computational docking software used was 
Swissdock. Each of the 100 analogs was docked onto the 
kinesin Eg5 receptor (PDB: 3HQD) with the grid box center 

Figure 2: Structure of the S-enantiomer of monastrol, high-
lighting the 3-hydroxyphenyl aryl (circled in blue) and ethyl 
ester (circled in green) groups. We modified these circled aryl 
and ester functionalities during the high throughput virtual screening 
process to create 100 novel dihydropyrimidine analogs using the 
molecular editor software Avogadro. We created and edited this 
chemical structure using ChemDraw.

having coordinates of (21.738, 26.509, 51.081) and the grid 
box dimensions being (40, 44, 40). Predicted free energies 
of binding (∆G) and the differences in the binding affinities 
between each analog and the original monastrol molecule 
are reported in Table 1. As AR12 has the same chemical 
structure as monastrol, we compared each of the Swissdock 
binding energies for the other 99 analogs against the control 
monastrol ∆G value of -7.31 kcal/mol.
 The best analogs depicted by the Swissdock computations 
were those with the decyl and geranyl ester substitutions (T1-
T20), as indicated by the common trend of ∆G values being 
less than -8 kcal/mol. As these analogs reported the most 
negative ∆G values, there were increased amounts of energy 
released in the exothermic processes, forming comparatively 
more stable protein-ligand complexes than the other analogs.
 Our results also revealed that the analogs R1-R20 
consisting of phenoxyethyl and butoxyethyl ester substitutions 
exhibited relatively high binding affinities too, with the 
majority of analogs having ∆G values less than -8 kcal/mol. 
The analogs that had the least binding affinities and resulted 
in the most positive ∆G values were analogs AR1-AR20, 
which consisted of methyl and ethyl ester substitutions. With 
the decyl, geranyl, phenoxyethyl, and butoxyethyl analogs 
possessing greater amounts of carbon in the ester group 
than the methyl and ester analogs, the data suggests that 
the magnitude of ∆G values increases with additional carbons 
attached to the growing ester chain. 
 With a ∆G of -8.71 kcal/mol, T18 (which consisted of 
geranyl ester and 2-nitro aryl substitutions) exhibited the 
greatest binding affinity to the kinesin Eg5 receptor (Figure 
4). When docked to Eg5, T18 presented a binding energy that 
was 1.40 kcal/mol greater than the control binding affinity 
of monastrol as computationally determined by Swissdock, 
a significant difference especially compared to the other 
analogs with various ester substitutions. The structure-
activity relationship of this analog as computed by Swissdock 
suggests a higher likelihood of exhibiting a greater biological 
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potency than the other molecules. Conversely, with methyl 
ester and phenyl substitutions as well as a ∆G of -6.98 kcal/
mol, we discovered that AR1 was the analog with the lowest 
binding affinity to kinesin Eg5 (Figure 5); when computed by 
Swissdock, the binding affinity of AR1 was 0.33 kcal/mol less 
than that of monastrol, indicating an even weaker interaction 
with kinesin Eg5 than the control.
 We then used the Docking Incrementally (DINC) protein 
ligand docking software to conduct the next series of 
computational docking experiments. We docked each analog 
onto the same receptor of kinesin Eg5 using the appropriate 
grid box coordinates, with the center of the grid box having 
coordinates of (21.738, 26.509, 51.081) and the grid box 
dimensions being (40, 44, 40). The thermodynamic results 
for each analog are documented in Table 1. Again, as AR12 
has the same chemical structure as monastrol, we compared 
each of the DINC binding energies for the other 99 analogs 
against the control ∆G value of -6.0 kcal/mol.
 We color coded each of these values using the same 
set of ∆G critical values as in the Swissdock experiments. 
However, the DINC results depicted an overall diminished 
magnitude of ∆G values in comparison to the Swissdock 
thermodynamic outputs. Similar to the Swissdock results, 
analogs T11-20 were the most thermodynamically efficient 
binders, indicating once again that the analogs with the 
highest binding affinities were those with the geranyl ester 
substitutions. In contrast to Swissdock, however, the analogs 
with decyl ester substitutions (T1-T10) docked with DINC did 
not reveal substantial binding affinities. The R1-10 analogs 
containing phenoxyethyl ester substitutions displayed a 
similar trend of greater ∆G values with DINC in comparison 
to the other analogs, suggesting that these are also potential 
lead compounds that should be synthesized and biologically 
tested. The most unsuccessful binders were overall seen 
again to be AR1-20, the analogs with methyl and ethyl ester 
substitutions.
 With geranyl ester and 4-hydroxy-3,5-dimethoxy 
aryl substitutions, we determined T16 as the most 
thermodynamically effective binder as it exhibited a ∆G value 
of -8.3 kcal/mol (Figure 6); the binding affinity for T16 was 2.3 
kcal/mol greater than the control binding energy of monastrol 
determined using DINC. This again suggests how the geranyl 
ester functionality serves a key role in the strengthened 
binding to kinesin Eg5 and indicates a possible greater 
biological potency than the other analogs. With a ∆G value 
of -5.5 kcal/mol, we discovered that AR16 (which consisted 
of ethyl ester and 4-hydroxy-3,5-dimethoxy aryl substitutions) 
was the analog with the lowest binding affinity to kinesin Eg5 
(Figure 7); the binding affinity of AR16 was 0.4 kcal/mol less 
than that of monastrol when calculated with DINC, indicating 
even weaker interactions with kinesin Eg5 than the control.
 Following the molecular docking of the analogs using 
Swissdock and DINC, we employed the OSIRIS Property 
Explorer to determine the calculated logarithm of the partition 
coefficient (cLogP) for each analog and evaluate the relative 

Figure 3: The 100 DHPM analogs with selected ester and aryl 
substitutions for the S-enantiomer of monastrol. The ester 
substitutions we made include methyl, ethyl, isopropyl, tert-butyl, 
isoamyl, benzyl, decyl, geranyl, phenoxyethyl, and butoxyethyl 
functional groups. The aryl substitutions that we made include 
phenyl, 3-hydroxy, 4-methoxy, 4-hydroxy-3-methoxy, 4-hydroxy-3-
methoxy, 4-hydroxy-3,5-dimethoxy, 4-N,N-dimethylamino, 2-nitro, 
2-hydroxy, and 3,4-dimethoxy functional groups. We created the 
chemical structures and the detailed aryl substitution text using 
ChemDraw.
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Table 1: A heatmap of DINC and Swissdock results color-coded based on the calculated 
∆G value. We docked each analog (entitled AR1, AR2, etc.) onto the human kinesin Eg5 protein, 
with the pose of the most negative binding affinity selected. For each analog, there exists the DINC 
binding affinity value, the difference in binding affinity (using DINC) between the modeled analog and 
monastrol, the Swissdock binding affinity value, the difference in binding affinity (using Swissdock) 
between the modeled analog and monastrol, and the cLogP value for each analog calculated through 
the OSIRIS Property Explorer. The ∆G values from the DINC results are overall more positive than 
those attained using Swissdock.
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amount of hydrophobic interactions that each could engage 
in. We documented the cLogP value for each analog in Table 
1. All of the constructed dihydropyrimidine analogs exhibited 
positive cLogP values, indicating a tendency for these 
molecules to have hydrophobic cores. We compared these 
molecules to the control cLogP value (AR12) of 1.72 to indicate 
the relative extent of hydrophobic interactions occurring in 
the binding pocket. With cLogP values all greater than 4.58, 
T1-20 (the decyl and geranyl analogs) exhibited the highest 
values compared to the other analogs, indicating that these 
molecules had the most substantial hydrophobicities. T18, the 
analog with the greatest binding affinity discovered through 
Swissdock, demonstrated a cLogP value of 4.58, which was 
greater than that of monastrol by 2.86. Though this factor 
of 2.86 may not initially resemble a statistically significant 
difference, it is important to note that the partition coefficients 
have been logarithmically transformed; thus, an increase in 

cLogP of 2.86 is actually an increase in hydrophobicity by a 
magnitude of 102.86. Similarly, we calculated T16, the analog 
with the greatest binding affinity discovered through DINC, 
as having a cLogP value of 5.02, which was greater than that 
of monastrol by 3.30. In the analysis of the molecules with 
the lowest binding affinities determined by Swissdock and 
DINC, we discovered that AR1 and AR16 displayed cLogP 
values of 1.66 and 1.58 respectively, representing diminished 
potentials to bind hydrophobically with kinesin Eg5 than even 
monastrol itself. In combination with the corroborating data 
indicating that the geranyl analogs had the greatest binding 
affinities, we presumed that improved binding to the receptor 
of the kinesin Eg5 protein is based on greater inherent 
abilities for strong hydrophobic interactions to occur between 
the dihydropyrimidine molecule and the protein. 

Figure 4: Swissdock results for the T18 analog. (A) The docked structure of the ligand with the highest binding affinity (T18) according 
to the Swissdock ∆G values obtained using UCSF Chimera, with a ∆G value of -8.71 kcal/mol. The cyan structure is the T18 analog, while 
the gold structure is the human kinesin Eg5 protein. (B) A detailed visualization of the protein-ligand interaction in the binding pocket, with 
significant hydrophobic interactions and two hydrogen bonds (magenta) occurring within 4.0 angstroms of the ligand. (C) A hydrophobicity 
surface model is depicted, with hydrophobic interactions (red), hydrophilic interactions (white), and neutral interactions (white) shown between 
T18 and the amino acid residues within the loop5/α2/α3 allosteric binding site.

Figure 5: Swissdock results for the AR1 analog. (A) The docked structure of the ligand with the lowest binding affinity (AR1) according 
to the Swissdock ∆G values obtained using UCSF Chimera, with a ∆G value of -6.98 kcal/mol. The cyan structure is the AR1 analog, 
while the gold structure is the human kinesin Eg5 protein. (B) A detailed visualization of the protein-ligand interaction in the binding pocket, 
with hydrophobic interactions, hydrophilic interactions, and hydrogen bonding (magenta) occurring within 4.0 angstroms of the ligand. (C) A 
hydrophobicity surface model is depicted, with hydrophobic interactions (red), hydrophilic interactions (white), and neutral interactions (white) 
shown between AR1 and the amino acid residues within the loop5/α2/α3 allosteric binding site.
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DISCUSSION
 While the ∆G values given by each docking algorithm 
were slightly different, a common trend emerged in the role 
of specific functionalities in binding affinity. As seen from 
the strongly negative ∆G values calculated by Swissdock 
and DINC, the geranyl ester substitution analogs were the 
best binders to kinesin Eg5, likely due to the characteristic 
ability of nonpolar geranyl groups for increased hydrophobic 
interactions with the binding pocket. All of the geranyl analogs 
displayed relatively high cLogP values (all greater than 4.58) 
when compared to the cLogP values of other analogs with 
varying ester substitutions; this confirmed the great amount 
of hydrophobic interactions that the geranyl analogs have the 
potential to engage in within the binding pocket.
 The Swissdock results also indicated that the decyl 
analogs were particularly effective binders to kinesin Eg5 
as they also exhibited strong negative ∆G values. Because 
of the heightened nonpolar abilities of the decyl group, we 
presumed that this ester functionality leads to stronger 
hydrophobic interactions to occur during protein-ligand 
binding. The specific interactions between the amino acid 

residues of the receptor and the decyl analogs can again be 
attributed to strong hydrophobic interactions as suggested by 
the high cLogP values (all greater than 4.78) calculated for 
each molecule.
 Both Swissdock and DINC results corroborated the 
methyl and ethyl analogs as the worst binders to kinesin Eg5 
as indicated by the least negative ∆G values. With the cLogP 
values calculated for these analogs relatively low (all less than 
2.34) compared to analogs with other ester substitutions, the 
results suggested that the diminished hydrophobicities of the 
methyl and ethyl groups correlate with weaker intermolecular 
interactions during binding.
 In the binding pocket analysis of T18, the analog with 
the greatest binding affinity according to Swissdock, we 
discovered the molecule engaging in hydrophobic interactions 
and hydrogen bonding with kinesin Eg5. Given that the 
aliphatic tail was in close proximity (within 4.0 angstroms) to 
the hydrophobic LEU214, ALA218, ALA219, GLY110, GLY117, 
PHE113, and TYR231 residues, it suggested there exists a 
high level of hydrophobic interactions between the ligand and 
receptor (Figure 4). Additionally, two hydrogen bonds occurred 

Figure 6: DINC results for the T16 analog. (A) The docked structure of the ligand with the highest binding affinity (T16) according to the 
DINC ∆G values obtained using UCSF Chimera, with a ∆G value of -8.3 kcal/mol. The cyan structure is the T16 analog, while the gold 
structure is the human kinesin Eg5 protein. (B) A detailed visualization of the protein-ligand interaction in the binding pocket, with significant 
hydrophobic interactions occurring within 4.0 angstroms of the ligand. (C) A hydrophobicity surface model is depicted, with hydrophobic 
interactions (red), hydrophilic interactions (white), and neutral interactions (white) shown between T16 and the amino acid residues within the 
loop5/α2/α3 allosteric binding site.

Figure 7: DINC results for the AR16 analog. (A) The docked structure of the ligand with the lowest binding affinity (AR16) according to 
the DINC ∆G values obtained using UCSF Chimera, with a ∆G value of -5.5 kcal/mol. The cyan structure is the AR16 analog, while the gold 
structure is the human kinesin Eg5 protein. (B) A detailed visualization of the protein-ligand interaction in the binding pocket, with hydrophilic 
interactions, hydrophobic interactions and hydrogen bonding (magenta) occurring within 4.0 angstroms of the ligand. (C) A hydrophobicity 
surface model is depicted, with hydrophobic interactions (red), hydrophilic interactions (white), and neutral interactions (white) shown between 
AR16 and the amino acid residues within the loop5/α2/α3 allosteric binding site.
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between T18 and GLY117, as indicated by the magenta 
bonds in Figure 4B. The strong hydrophobic interactions (in 
red) with the aforementioned leucines, alanines, glycines, 
phenylalanines, and tyrosines in the binding pocket can be 
visualized in Figure 4C, confirming the high hydrophobicity of 
T18 denoted by the cLogP value of 4.58.
 Though we noticed that AR1 (the analog with the lowest 
binding affinity according to Swissdock) also engaged 
in hydrophobic interactions and hydrogen bonding, we 
discovered substantial hydrophilic interactions in the binding 
pocket too. While T18 hydrogen bonded with GLY117, a 
hydrogen bond instead occurred between AR1 and GLU118, 
as indicated in Figure 5. As the aliphatic tail was verified to 
be in close proximity to the hydrophobic LEU214, LEU171, 
GLY117, GLY217, ALA218, ALA219, and TYR231 residues, it 
established that hydrophobic interactions did occur to a small 
extent between the ligand and receptor (Figure 5B). However, 
upon closer examination of the hydrophobicity surface in 
Figure 5C, we distinguished that a significant number of 
hydrophilic residues (in blue) of kinesin Eg5 including ARG119, 
ARG221, TRP127, GLU116, and GLU118 also interacts with 
the ligand, likely resulting in its decreased binding affinity. 
The increased amount of visualized hydrophilic interactions 
confirmed the weakly hydrophobic nature of AR1 implied by 
the cLogP value of 1.66.
 Similar to the analysis of T18, we discovered that T16 (the 
analog with the greatest binding affinity according to DINC) 
also engaged in substantial hydrophobic interactions with 
kinesin Eg5 as the aliphatic tail was in close proximity to the 
hydrophobic ALA218, ALA219, TYR231, PHE239, LEU160, 
LEU214, MET115, and ILE136 residues (Figure 6). These 
strong hydrophobic interactions with the aforementioned 
amino acids in the binding pocket can be visualized in Figure 
6C, confirming the high hydrophobicity indicated by the T16 
cLogP value of 5.02.
 In the binding pocket analysis of AR16, the analog 
with the lowest binding affinity according to DINC, we 
again discovered that although the molecule did engage in 
hydrophobic interactions, a considerable amount of hydrogen 
bonding and hydrophilic interactions occurred. As seen in 
Figure 7, a hydrogen bond was visualized between AR16 and 
ALA219. Given that the aliphatic tail was in close proximity 
to the hydrophobic ALA218, ALA219, and TYR231 residues, 
it suggested that minimal hydrophobic interactions occurred 
between the ligand and receptor (Figure 7B). However, a 
detailed inspection of the hydrophobicity surface in Figure 7C 
revealed a significant number of hydrophilic regions including 
TRP127, GLU116, GLU215, ARG221, THR112, and THR223 
interacting with the ligand, likely causing its decreased binding 
affinity. These increased amounts of visualized hydrophilic 
interactions confirmed the diminished hydrophobicity of AR16 
as denoted by the cLogP value of 1.58.
 A possibility for the inconsistent values between the 
DINC and Swissdock thermodynamic outputs is the unique 
computational algorithms implemented by each software 

in the calculation of binding poses and energies. DINC 
is generally used for larger ligands, which could explain 
possible inaccuracies in binding affinities when compared 
to those outputted by Swissdock. With the algorithms 
executed by Swissdock generally used for smaller ligands like 
monastrol, these values are more likely to be accurate and 
closer to the actual experimentally derived binding affinities. 
However, the overall trends of binding affinities for the ester 
substitutions were relatively consistent, particularly with the 
indication that the geranyl analogs were lead compounds 
that should be synthesized and biologically screened while 
the methyl and ethyl analogs should not. Future studies using 
high-throughput virtual screening could employ the use of 
alternative molecular docking software packages to examine 
other binding affinity differences with varying algorithms and 
computations.
 With molecular docking, most of the interactions are 
entropy-driven as two separate entities of the ligand and 
the receptor bind together to form a single protein-ligand 
complex. This previously rotatable and flexible entity is now 
constrained with the attractions in the binding pocket, resulting 
in an entropic penalty to occur with fewer microstates. Due to 
the docking algorithms used per software, we were unable 
to ascertain the relative entropic and enthalpic contributions; 
the final configurations are a combination of the two 
different factors, though the overall binding pose analysis 
should rely primarily on entropic interactions. Additionally, 
these simulations can only provide insight into the binding 
thermodynamics and not the binding kinetics, representing 
another limitation with this technique.
 Further computational experiments that could be 
performed in the future to verify the importance of the 
side group modifications on the monastrol analogs include 
molecular dynamics simulations. These simulations could 
provide insight into the effects of binding on the time-resolved 
behavior of the binding site. Particularly, conducting molecular 
dynamics simulations for the top geranyl compounds 
discovered could provide further analysis into how binding 
affects the movement of the active site.
 The increased binding affinities and high cLogP values 
of the geranyl analogs screened in this study suggests that 
hydrophobic interactions of the ester functionality are key 
in the binding of dihydropyrimidine monastrol analogs to 
the allosteric binding pocket of Eg5. These are potential 
leads in the development of potent Eg5 inhibitors, and the 
creation of new analogs with these nonpolar functionalities 
could potentially yield anticancer molecules with greater 
antiproliferative properties than monastrol itself. Future 
high-throughput virtual screening studies conducted with 
monastrol and dihydropyrimidine analogs should focus on 
the substitution of the ester functionality in favor of other side 
chains with increased hydrophobic properties. The QSAR 
uncovered by our high-throughput virtual screening efforts 
informs the future chemical synthesis of geranyl analogs with 
greater potency and biological activity. Using high-throughput 
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virtual screening to design, discover, and analyze effective 
small molecule Eg5 inhibitors has the potential to advance 
humanity’s efforts in combating cancer and revolutionize the 
available treatments for this family of deadly diseases.

MATERIALS AND METHODS
Avogadro
 Each analog to be screened was constructed virtually on 
Avogadro (version 1.2.0), an open access three-dimensional 
molecular editing and visualization software for use in 
the modeling of molecular compounds (12). Following the 
construction of each analog, an initial molecular mechanics 
geometry optimization was performed. This preprocessing 
step for the ligands allowed for a basic adjustment of human 
error when constructing the molecules, especially in terms of 
correcting the bond lengths and bond angles associated with 
each molecular geometry and bond type.

ORCA
 To identify the ideal binding pose, we first determined 
the most quantum mechanically favorable geometry for each 
analog using DFT molecular geometry optimizations, which 
were conducted using ORCA (version 4.2.0), an ab initio 
quantum mechanical molecular modeling software (13). In 
order to run these geometric optimization calculations, input 
files for each structure suited for ORCA were generated by 
Avogadro. To simulate the aqueous environment in which 
monastrol binds to kinesin Eg5 in the human body, we used 
a conductor-like polarizable continuum (CPCM) solvation 
model. This was an implicit solvation model, which treated the 
solvent environment as a continuous medium with a particular 
dielectric and polarizability rather than individual, explicitly 
defined solvent molecules. A B3LYP hybrid functional and 
def2-SVP basis set were chosen. The DFT calculations were 
all conducted on a MacBook Pro with a 2.3 GHz Intel Core 
i5 processor, 4 cores, 8 GB of RAM, and 512 GB of flash 
storage, with each calculation running for an estimated 15 
minutes. After computing the atomic positions in the most 
quantum mechanically stable states through submission 
of the input files into ORCA, the analogs were prepared for 
protein-ligand docking. 

Molecular Docking
 Molecular docking was used to predict the binding 
affinities of ligands bound to particular targets on the basis of 
specific thermodynamic factors that contribute to and detract 
from the free energy of interaction between the target and 
ligand. These factors include noncovalent interactions such 
as electrostatic attraction and repulsion, pi-stack interactions, 
hydrophobic interactions, and hydrogen bonding networks. 
The docking outputs were visualized on UCSF Chimera 
(version 1.13.1) (14). By observing the binding pocket of 
monastrol itself to the human motor protein kinesin Eg5 (PDB: 
1X88), we were able to determine the appropriate grid box 
center and dimensions at which to bind the rest of our analogs 

by calculating the atomic distances between the kinesin 
protein and monastrol using UCSF Chimera. The center of 
the grid box was calculated as having coordinates of (21.738, 
26.509, 51.081) and the grid box dimensions were determined 
to be (40, 44, 40), which provided a detailed specification of 
the proper allosteric binding site for ligand docking. This grid 
box covered the entirety of the ligand and only the observed 
allosteric binding pocket of the kinesin Eg5 protein. As we 
used the crystal structure of the kinesin Eg5 protein (PDB: 
3HQD) as determined by X-ray diffraction for the docking 
of the analogs, no further preprocessing steps beyond the 
specification of the grid box were required for the protein prior 
to docking with both Swissdock and DINC (15). The quantum 
mechanically optimized ligand structures from the DFT 
calculations were then docked into the processed kinesin Eg5 
protein. The docking software used generated a list of binding 
poses with different binding affinities; for the purpose of this 
study, we selected the highest calculated binding affinity to be 
the representative value for each compound, and alternative 
poses were not factored into the QSAR. 

Swissdock
 Swissdock, developed by the Swiss Institute of 
Bioinformatics, is a web-based server for molecular docking 
that utilizes an algorithm generating binding modes in the 
vicinity of a localized target cavity (16). Using their potential 
energies, binding modes with the most favorable energy 
values are analyzed and clustered, which can be viewed 
on the server or on other molecular visualization softwares. 
In this study, we docked each of the novel analogs into the 
allosteric binding pocket of human kinesin Eg5 (PDB: 3HQD) 
using the previously determined grid box coordinates to obtain 
the predicted binding affinities. Swissdock outputted varying 
conformations of the ligand on the receptor based on different 
binding modes with the most favorable energies clustered 
together. The predicted ∆G value of each dihydropyrimidine 
analog to Eg5 was reported in kcal/mol and represented the 
binding affinity of the ligand. 

Docking Incrementally
 Docking Incrementally (DINC), originally developed 
by the Kavraki Lab, was the second docking software used 
to computationally dock the analogs (17). DINC (version 
2.0) uses a meta-docking algorithm called AutoDock Vina, 
another docking software which predicts thermodynamically 
favorable interactions between small molecule ligands and 
protein targets (17). DINC treated the ligand as a superposition 
of a rigid body component and a single rotatable component 
and was chosen to more accurately model the kinesin-ligand 
system, since many of our analogs had a large number of 
rotatable bonds. Each single partial solution was overlapped 
as a fragment until the entire ligand had been reconstructed. In 
this study, the analogs were docked into the allosteric binding 
pocket of kinesin Eg5 (PDB: 3HQD) using the aforementioned 
grid box coordinates to determine the predicted binding 
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affinities.

OSIRIS Property Explorer - cLogP Calculations
 With monastrol known to interact with the allosteric 
binding pocket through hydrophobic interactions, we also 
sought to investigate the degree of hydrophobicity of our 
dihydropyrimidine analogs to provide a QSAR. Using the 
OSIRIS Property Explorer on the Organic Chemistry Portal, 
cLogP values, the logarithms of the partition coefficient 
between water and n-octanol for a given compound, were 
calculated to provide insight on the hydrophilicity of each 
analog (18). Negative cLogP values indicated greater 
hydrophilic properties of the molecule, while positive cLogP 
values indicated greater hydrophobic properties. Molecules 
with large, positive cLogP values were considered to have 
high hydrophobicities and this result indicated a greater 
affinity of the analog for stronger hydrophobic interactions 
in the binding pocket. Binding affinities and cLogP values 
were subsequently analyzed for emerging trends linking 
hydrophobicity and improved binding to kinesin Eg5. 
Additionally, we assumed differences in the cLogP values per 
analog to be solely due to the aliphatic side chain or aromatic 
substitutions. 

Binding Pocket Analysis
 Using UCSF Chimera to visualize the molecular docking 
results, the binding pocket in which the dihydropyrimidine 
analogs were docked was closely examined and analyzed. 
With typical hydrogen bonds having a bond distance 
between 2.4-3.5 angstroms, hydrophobic interactions 
having a bond distance between 3.3-4.0 angstroms, and 
pi-stack interactions having a bond distance between 3.3-
3.8 angstroms, only amino acid residues specified within 
4.0 angstroms of the docked ligand were considered to be 
taking part in potential non-covalent interactions (19, 20, 21). 
These amino acid residues were then analyzed for various 
properties that could have explained the calculated binding 
affinities on both Swissdock and DINC, with a particular focus 
on hydrophobic surfaces due to the significant amount of 
hydrophobic interactions monastrol engages in with kinesin 
Eg5.
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