
Send Orders for Reprints to reprints@benthamscience.net 

 Current Computer-Aided Drug Design, 2021, 17, 57-68 57 

RESEARCH ARTICLE 

  1573-4099/21 $65.00+.00 © 2021 Bentham Science Publishers  

Identification of Novel Cyclin A2 Binding site and Nanomolar Inhibitors of 
Cyclin A2-CDK2 Complex 

Stephanie S. Kim1,#, Michele Joana Alves2,#, Patrick Gygli2, Jose Otero2,* and Steffen Lindert1,* 

1Department of Chemistry and Biochemistry, Ohio State University, Columbus, OH, 43210, USA; 2Departments of Neu-
roscience, Pathology, Neuropathology, Ohio State University, Columbus, OH, 43210, USA 

 Abstract: Background: Given the diverse roles of cyclin A2 both in cell cycle regulation and in 
DNA damage response, identifying small molecule regulators of cyclin A2 activity carries significant 
potential to regulate diverse cellular processes in both ageing/neurodegeneration and in cancer. 

Objective: Based on cyclin A2’s recently discovered role in DNA repair, we hypothesized that 
small molecule inhibitors that were predicted to bind to both cyclin A2 and CDK2 will be useful 
as a radiosensitizer of cancer cells. In this study, we used structure-based drug discovery to find 
inhibitors that target both cyclin A2 and CDK2. 

Methods: Molecular dynamics simulations were used to generate diverse binding pocket confor-
mations for application of the relaxed complex scheme. We then used structure-based virtual 
screening to find potential dual cyclin A2 and CDK2 inhibitors. Based on a consensus score of 
docked poses from Glide and AutoDock Vina, we identified about 40 promising hit compounds, 
where all PAINS scaffolds were removed from consideration. A biochemical luminescence assay 
of cyclin A2-CDK2 function was used for experimental verification. 

Results: Four lead inhibitors of cyclin A2-CDK2 complex have been identified using a relaxed com-
plex scheme virtual screen have been verified in a biochemical luminescence assay of cyclin A2-
CDK2 function. Two of the four lead inhibitors had inhibitory concentrations in the nanomolar range. 

Conclusion: The four cyclin A2-CDK2 complex inhibitors are the first reported inhibitors that 
were specifically designed not to target the cyclin A2-CDK2 protein-protein interface. Overall, our 
results highlight the potential of combined advanced computational tools and biochemical verifica-
tion to discover novel binding scaffolds. 
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1. INTRODUCTION 

Classical/canonical Cyclin A2 (gene name = CCNA2) ac-
tivity occurs during S-phase of the cell cycle, where it regu-
lates replication fork initiation and S-G2 progression of cy-
cling cells. Cyclin A2 interacts with cyclin-dependent pro-
tein kinase 2 (CDK2) and CDK1 during S-phase and at the 
G2 -> M transition, respectively [1-4]. However, other non-
canonical/non-cell cycle-related cyclin A2 functions have 
also been documented. For instance, it has been shown that 
cyclin A2 regulates cytoskeletal architecture [5], plays a role 
in mRNA translation of the DNA repair gene MRE11 [6], 
and is required for direct reprogramming of fibroblasts into 
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neurons [7]. Additionally, prior studies demonstrated that 
Cyclin A2 deletion in neural progenitor cells resulted in cer-
ebellar dysgenesis [8], with phenotypes showing striking 
similarities to DNA repair mouse mutants. One study 
showed that reducing Cyclin A2 levels in vitro and in vivo 
results in a decrease in gH2AX phosphorylation in response 
to DNA damage [9]. Furthermore, mice with cyclin A2 abla-
tion showed defects in spatial learning and memory as as-
sayed by Barnes Maze, and also showed defects in associa-
tive learning as assayed by the Contextual Fear Test [9]. In 
summary, numerous compelling data demonstrated that cy-
clin A2 has multiple activities in non-cell cycle activities, the 
most important of which is its role as a regulator of DNA 
homeostasis. 

Given the diverse roles of cyclin A2 both in cell cycle 
regulation and in DNA damage response, identifying small 
molecule regulators of cyclin A2 activity carries the signifi-
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cant potential to regulate diverse cellular processes in both 
ageing/neurodegeneration and in cancer. Several recent stud-
ies link DNA damage to neurodegeneration, including Alz-
heimer’s disease [10]. It has been demonstrated that amyloi-
dogenic transgenic mice, a commonly used experimental 
model for Alzheimer’s disease, show disruptions in DNA 
repair kinetics that cause abnormal immediate early gene 
transcription [11]. This abnormal DNA repair kinetics is 
thought to contribute to cognitive dysfunction in neuro-
degenerative disorders. Therefore, it has been envisioned that 
a cyclin A2 agonist could promote DNA repair in neurons 
and potentially ameliorate neuronal dysfunction in neuro-
degenerative diseases. In contrast, cyclin A2 loss results in 
radiosensitization of cancer cells [9]. Radiation treatment 
induces cancer cell death by promoting DNA double-strand 
breaks. Chemoradiation therapy is predicated on killing tu-
mor cells while minimizing DNA damage to the surrounding 
tissues. Hence, it has been envisioned that a cyclin A2-
CDK2 complex antagonist could function as a radiosensitiz-
ing drug to cancer cells.  

Cyclic peptide inhibitors targeting the cyclin binding 
groove to prevent protein-protein interaction between cyclin 
A and CDK2 have been reported [12]. Additionally, exten-
sive work has been carried out to achieve inhibition of 
CDK2 directly. There are 800–900 crystal structures of 
CDK2 with ligands or inhibitors and most CDK2 inhibitors 
bind to CDK2 via hydrogen bonding interactions (LEU 83, 
GLU 81), hydrophobic interactions (VAL18, ILE10, 
ASP146) and Pi-cation interactions (LYS33) [13]. However, 
none of the deposited structures contain small-molecule lig-
ands that allosterically modulate cyclin A2’s activity or tar-
get cyclin A2 and CDK2 simultaneously. Additionally, no 
small allosteric binders have been reported in the literature.  

The aim of this study is to simultaneously target cyclin 
A2 and CDK2 to increase the chance of finding modulators 
of DNA damage response mechanism. Polypharmacology is 
a paradigm in drug discovery that searches for multitarget 
drugs instead of focusing on selective ligands for individual 
proteins [14]. Studies have shown that many effective drugs 
act by modulating multiple proteins synergistically, for ex-
ample, an anticancer drug, lenalidomide, successfully inhib-
ited angiogenesis and metastasis by perturbing multiple pro-
teins’ signaling pathway [14-16], and one of the lead com-
pounds of non-bisphophonate farnesyl diphosphate synthase 
inhibitor also acted as an inhibitor of undecaprenyl diphos-
phate synthase, which opened up possibilities of multisite 
targeting for antitumor and anti-infective drug leads [17, 18]. 
Given cyclin A2’s role in DNA repair and its interaction 
with CDK2, finding small molecule modulators of the cyclin 
A2-CDK2 complex can be useful in neurodegenerative dis-
ease and cancer. The plethora of cyclin A2 structural infor-
mation can be used for structure-based drug discovery.  

Structure-based drug discovery methods are powerful 
tools in the search for small molecule modulators of proteins 
[19]. Knowledge of the target protein structure allows for 
rational virtual high-throughput screening of large libraries 
of potential small molecule binders. These methods have 
played a significant role in discovering several FDA-
approved drugs [19-21]. Popular molecular docking pro-
grams include Glide [22], Fred [23], AutoDock Vina [24], 

GOLD [25] and FlexX [26]. Recently, methods explicitly 
accounting for receptor flexibility in computer-aided drug 
design [27, 28] have shown great promise in structure-based 
drug discovery. Traditionally, computational docking calcu-
lations utilize static receptor structures and allow for the lig-
and to be flexible. However, methods such as the relaxed 
complex scheme (RCS) account for both ligand and protein 
receptor flexibility [1-3], oftentimes by using multiple pro-
tein receptor structures extracted from molecular dynamics 
(MD) simulations starting from a crystal or NMR structure 
of the receptor of interest. Variations of the RCS have been 
successfully used in several virtual drug discovery studies 
[29-45]. Such in silico screening methods have been exten-
sively applied to find CDK inhibitors [46, 47] but no similar 
efforts have also targeted cyclin A2. With the advancement 
in computational and experimental technology, potential 
cyclin A2 small molecule binding sites can be identified, 
probe whether binding site conformations different from 
those in the crystal structures are more prone to drug binding 
and finally rationally and efficiently screen for novel modu-
lators that are predicted to target both cyclin A2 and the 
CDK2 kinase binding site with a higher hit rate than the tra-
ditional and more expensive experimental high-throughput 
library screens. 

In this study, structure-based drug discovery is used to 
find inhibitors that target both cyclin A2 and CDK2. A po-
tential ligand-binding pocket of the cyclin A2 was identified 
based on crystal structures. MD simulations of cyclin A2 
were used to confirm that the pocket is sufficiently accessi-
ble by small-molecule binders and to generate diverse bind-
ing pocket conformations for application of the relaxed com-
plex scheme. Using a clustering algorithm, five-pocket con-
formations of the cyclin A2 have been identified that were 
targeted using virtual screening with Glide and AutoDock 
Vina. The entire NCI database was screened, and top com-
pound candidates were identified using a consensus scoring 
approach. Potential PAINS compounds were removed from 
consideration. About 40 compounds were tested experimen-
tally using a biochemical luminescence assay of cyclin A2-
CDK2 function. Two nanomolar range and two micromolar 
range inhibitors of the cyclin A2-CDK2 complex were veri-
fied, and the chemical structures of the potential inhibitors 
are illustrated in Scheme 1.  

2. METHODS 

2.1. Binding Pocket Identification of Cyclin A2 

The three-dimensional structure of cyclin A2 has been 
studied extensively, both in isolation and in complex with its 
binding partner cyclin-dependent kinase 2 protein (CDK2). 
Despite the abundant structural information, no structure of 
cyclin A2 bound to a small molecule ligand exists. It was, 
thus, necessary to determine possible small molecule binding 
sites for docking studies. In order to determine the most like-
ly binding location of drug-like molecules to cyclin A2, the 
cyclin A2 structure (PDB: 4fx3) was submitted to the 
SITEHOUND binding-site identification server [48]. The 
SITEHOUND server identified regions of the protein that 
constitute potential small molecule binding sites by charac-
terizing favorable interactions with a CMET-Methyl Carbon 
probe. The top 3 binding sites predicted by the 
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SITEHOUND were selected, and virtually docked a sample 
ligand library (NCI Diversity set III [49], consisting of 1,565 
small molecule ligands) to each of the 3 potential cyclin A2 
binding sites using AutoDock Vina [24]. Based on the ligand 
efficiencies (AutoDock Vina docking score normalized by 
number of non-hydrogen ligand atoms) of the docked lig-
ands, site 1 was determined to be the most suitable site for 
docking studies.  

2.2. MD Simulations of Cyclin A2 (System Preparation, 
NAMD Simulations) 

The system prepared for simulations was based on the 
crystallized structure of the cyclin A2-CDK2 complex (PDB: 
4fx3). The cyclin A2 structure (PDB: 4fx3 chain B) was ex-
tracted from the crystalized cyclin A2-CDK2 complex. The 
initial preparation of the system is described in the study 
[38]. In short, the system was solvated in a TIP3P water box 
and Na+ and Cl- ions were added to neutralize the system and 
set up an ionic strength of 0.15 M. The fully solvated cyclin 
A2 system contained 48,110 atoms. The system was mini-
mized and equilibrated prior to running a 100 ns MD simula-
tion. MD simulations were performed using the 
CHARMM22 [50] force field. Particle Mesh Ewald (PME) 
and periodic boundary conditions were applied to the system 
with a nonbonded interaction cutoff of 12 Å. Bonds involv-
ing hydrogen atoms were constrained using the SHAKE al-
gorithm. Cyclin A2 was simulated for 100 ns with a time 
step of 2 fs, resulting in a total of 50,000 frames. 

2.3. Pocket Volume and Shape Analysis of Cyclin A2 
To quantify the volume and dimensions of the potential 

cyclin A2 binding pocket, POVME was used for volume 
measurement [51]. The following coordinates, which encom-
passed the potential binding site region, were used as sphere 
centers for a POVME inclusion sphere: (18.5, 5.0, 12.7). 
Points were generated in POVME with a grid spacing of 1 Å 
using an inclusion sphere radius of 7.5 Å around the above 
sphere centers. The distance cutoff was set at 1.09 Å, thus any 
point that came within this distance from the receptor atom 
was not considered for the pocket volume calculation. 
2.4. Clustering Analysis of the Cyclin A2 MD Trajectory 

Structures representing the conformational variability of 
the binding site during the simulation were extracted using 

clustering. For clustering, every fourth frame was extracted 
from the MD trajectory. A sample ligand was docked to the 
binding site with AutoDock Vina and the docked pose was 
used as the ligand-bound reference structure for clustering. 
The alignment was based on all C-alpha atoms within 10 Å 
of the ligand in the ligand-bound reference structure. Clus-
tering was performed by RMSD using GROMOS++ con-
formational clustering tool [52]. An RMSD cutoff of 0.9 Å 
was chosen, resulting in five clusters that represented at least 
90% of the trajectory. The central members of each of these 
clusters were chosen to represent the protein conformations 
within the cluster and thereby the pocket conformations 
sampled by the trajectory.  

2.5. Screening Library Preparation  
The NCI Diversity set III, a diverse and representative 

subset of the entire NCI database containing 1,565 unique 
compounds, was used for the virtual screening. Prior to any 
virtual screening, all PAINS compounds [53] were removed 
from the screening library. PAINS compounds are chemical 
compounds that nonspecifically interact with biological tar-
gets and consequently tend to generate false-positive results 
in high-throughput screens. Therefore, filtering PAINS com-
pounds from the ligand database reduced the chance of ob-
taining false positive hits in our biochemical assay. PAINS 
compounds were filtered using the PAINS-Remover server 
[54]. The compounds were submitted to the server in 
SMILES format. After the PAINS filtration of the NCI Di-
versity set III, the ligand library consisted of 1,473 com-
pounds. Prior to virtual screening, compounds were prepared 
using Schrödinger’s LigPrep package [55]. Tautomers and 
possible chiralities of each compound were generated. The 
energy minimization step was conducted using the 
OPLS_2005 force field, and compounds were ionized at a 
target pH of 7.0 ± 2.0.  

2.6. Initial Virtual Screening with Glide Against CDK2 
and Cyclin A2 

In order to identify modulators that are predicted to target 
both cyclin A2 and the CDK2 kinase binding site, the NCI 
Diversity set III compounds were screened into two binding 
sites: the newly identified binding pocket of cyclin A2 
(PDB: 4fx3 chain B) and CDK2 kinase site (PDB: 4fx3 

 
Scheme 1. Identified cyclin A2 inhibitors. The chemical structures of four identified cyclin A2-CDK2 complex inhibitors are shown. Com-
pounds 1 and 2 were identified as potential inhibitors from an initial screening of the NCI diversity set III. Compounds 3 and 4 were identi-
fied in a second round of virtual screening of compounds from the NCI database with 80% structural similarity to the seed compound 2. The 
chemical structures were generated with ChemDraw. 
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chain A), as shown in Fig. (1). The NCI Diversity set III was 
docked to five previously identified representative cyclin A2 
binding pocket conformations and a crystalized structure of 
CDK2 (4fx3 chain A) using both AutoDock Vina and Glide. 
The docking site of cyclin A2 was centered at x = 18, y = 3, 
and z = 10 coordinates, whereas the CDK2 was centered at x 
= -10, y =8, and z = 35. For Autodock Vina, the target’s box 
size was set to be 25Åx25Åx25Å. For Schrödinger’s Glide, 
the grid was centered at the target’s docking site coordinates 
with an inner box size of 20Åx20Åx20Å, and an outer box 
size of 40Åx40Åx40Å. In Glide, the selected compounds 
were docked to the cyclin A2 binding site with the 
OPLS_2005 forcefield, the van der Waals radii of ligand 
atoms were scaled by 0.8, a charge cutoff for polarity was set 
at 0.15, and the GlideScore version XP5.0 was used. 

For each target, compounds were first ranked based on 
their Autodock Vina affinity score and the Glide XP docking 
score, then the consensus rank of the two docking tools (de-
fined as the sum of Glide and Vina rank) was applied. Since 
the aim of this study was to identify small molecules that 
could interact with both the cyclin A2 and the CDK2 binding 
sites, the two consensus ranked compound list, and ranked 
the compounds by the consensus rank of the two targets were 
merged (defined as the sum of cyclin A2 and CDK2 rank). 
Different weights were applied to the two targets when cal-
culating the consensus rank, in order to obtain more com-
pounds that are likely to interact with cyclinA2. 70% of the 
cyclin A2 rank and 30% of the CDK2 rank for the consensus 
rank of the two targets were used. The top 20 compounds 

were selected based on their final consensus rank and visual 
inspection. An initial screening in vitro biochemical assay 
(see below) was utilized to verify the functional activity of 
the selected 20 compounds and confirmed two compounds 
(compound 1 or NSC71866, and compound 2 or 
NSC105827) as inhibitors of the cyclin A2-CDK2 complex. 

2.7. Ligand Similarity Search 

The dataset used to identify the two initial hit com-
pounds, the NCI Diversity set III, covered less than 1% of all 
NCI database compounds (250,250 chemical molecules). For 
the purpose of hit improvement, compounds from the entire 
NCI database were identified, which were structurally simi-
lar to the two hit compounds (compounds 1 and 2) with veri-
fied in vitro biochemical activity. The similarity search func-
tion of the database was utilized and a similarity cutoff of 
80% Tanimoto similarity was used. The derived compound 
set contained 471 compounds (157 compounds similar to 
compound 1; 314 compounds similar to compound 2). Prior 
to virtual screening, any PAINS compounds were again re-
moved from the ligand set. As a result, 463 compounds re-
mained after PAINS filtration (151 compounds similar to 
compound 1; 312 compounds similar to compound 2). Once 
again, in order to identify modulators that would target both 
cyclin A2 and CDK2 binding sites, the filtered 463 com-
pounds were screened against the cyclin A2 and the CDK2 
kinase binding site using AutoDock Vina and GlideXP 5.0. 
Compounds were docked to the previously identified five rep-
resentative cyclin A2 binding pocket conformations and a 

 
Fig. (1). Cyclin A2-CDK2 complex and Cyclin A2 with top 3 potential binding sites. (a) Cyclin A2 is shown in rainbow colors and 
CDK2 is shown in grey, illustrating the binding surface of cyclin A2 involved in protein-protein interaction with CDK2. The ATP binding 
site of CDK2 is colored in red. (b) The top 3 binding sites predicted by the SITEHOUND server are colored in pink, light-blue, and green for 
site 1, site 2, and site 3, respectively. Sites 2 and 3 were located on the surface of cyclin A2, whereas site 1 was more embedded within the 
protein. (c) Two different views of cyclin A2, with all alpha-helices being labeled. (A higher resolution / colour version of this figure is 
available in the electronic copy of the article). 
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crystalized structure of CDK2. Again, the top 20 compounds 
from this screening were selected based on the weighted con-
sensus rank of the two targets and visual inspection. A second 
round of in vitro biochemical verification was utilized to as-
sess the functional activity of these additional 20 compounds.  

2.8. Experimental Verification Assay  

The ADP-Glo™ Kinase Assay was carried out in 96-well 
plates. The kinase detection buffer and Kinase detection rea-
gent were previously prepared according to the manufactur-
er’s recommendations. Each experimental compound was 
diluted in DMSO to a concentration of 1mM. The reaction 
buffer was prepared by adding 200µM DTT to 4x diluted 5X 
Reaction Buffer A (200mM Tris [pH 7.5], 100mM MgCl2 
and 0.5mg/ml BSA). Compounds were diluted into 10µM 
and 1µM in the reaction buffer, briefly centrifuged at 840 
rpm, and incubated for 60 minutes with Cyclin A2-CDK2 
kinase enzyme and 5ul of ATP/Substrate mix. The 
ATP/Substrate was prepared by adding Histone H1 (1mg/ml) 
to 150µl of 500µM of ATP into reaction buffer. Then, 5 µl 
of ADP-Glo™ reagent was incubated for 40 minutes to stop 
kinase reaction after being centrifuged at 840 rpm. The ki-
nase detection reagent was added in the ratio 2:1:1 of kinase 
reaction and ADP-Glo™ reagent to convert ADP to ATP in 
30 minutes. The luminescence was measured in a Synergy™ 
H1 Biotek plate reader. The Reaction Biology Corporation 
was contracted to determine dose-response curves of four 
compounds (Compound 1, 2, 3, and 4), and the following 
final concentrations: 0nM, 5nM, 15nM, 45nM, 0.1µM, 
0.4µM, 1.2µM, 3.7µM, 11µM, 33µM, and 100µM of each 
compound were used. All steps were performed at room 
temperature (22-25°C). Staurosporine was used as an inhibi-
tor of Cyclin A2-CDK2 kinase action and thus as a positive 
control for enzyme inhibition. DMSO with enzyme was used 
as the control reaction, and DMSO without enzyme was used 
as the “blank” for the luminometer. 

2.9. Predicting Binding Targets via Cross-docking  

In order to predict the binding target of the inhibitors, the 
TargetID python script was used [56]. Compounds for target 
screening were prepared using Schrödinger’s LigPrep pack-
age prior to virtual screening. The energy minimization step 
was conducted using the OPLS_2005 force field, and com-
pounds were ionized at a target pH of 7.0 +- 2.0. All the se-
lected compounds were docked to cyclin A2 and CDK2 
binding sites using GlideScore version SP 5.0. For cyclin 
A2, the grid was centered at x = 18, y = 3, and z = 10 coor-
dinates, with an inner box size of 20Åx20Åx20Å, and an 
outer box size of 45Åx45Åx45Å. For CDK2, the grid was 
centered at x = -10, y = 8, and z = 35 coordinates, with an 
inner box size of 20Åx20Åx20Å, and an outer box size of 
40Åx40Åx40Å.  

3. RESULTS AND DISCUSSION 

Based on cyclin A2’s recently discovered role in DNA 
repair, it has been hypothesized that small molecule inhibi-
tors that were predicted to bind to both cyclin A2 and CDK2 
will be useful as a radiosensitizer of cancer cells. Here it has 
been observed that cyclin A2 structural information can be 
used for structure-based drug discovery. Cyclin A2 is a chal-

lenging receptor target for structure-based drug discovery, 
since no small molecules of cyclin A2 have been reported 
and no ligand-bound structures of cyclin A2 or any other 
cyclin family members have been determined. Thus, poten-
tial binding sites are unknown. A potential ligand-binding 
pocket based on structural information from crystal struc-
tures has been identified. MD simulations were used to con-
firm that the pocket is sufficiently accessible by small-
molecule binders and to generate diverse binding pocket 
conformations to account for receptor flexibility. Since pro-
tein flexibility plays a central role in biomolecular recogni-
tion, incorporating dynamic receptor conformations in virtu-
al ligand docking has been demonstrated to be helpful [27]. 
Five distinct pocket conformations were targeted using vir-
tual screening with Glide and AutoDock Vina. The NCI da-
tabase was screened against both the identified cyclin A2 
binding sites and the CDK2 kinase binding site, and top 
compound candidates were identified using a consensus 
scoring approach. Potential PAINS compounds were re-
moved from consideration. About 40 compounds were tested 
experimentally using a biochemical luminescence assay. 
Two nanomolar and two micromolar inhibitors that are pre-
dicted to target both cyclin A2 and CDK2, were verified. 

3.1. Pocket Identification of Cyclin A2 and Verification 

The SITEHOUND server was used to identify potential 
cyclin A2 binding sites. The top 3 ranked potential binding 
sites were selected for further verification. The locations of 
the top 3 predicted cyclin A2 binding sites were distinct and 
the binding site volume varied for each site. According to the 
SITEHOUND server, the volume of site 1 was 86 Å3, 74 Å3 
for site 2, and 53 Å3 for site 3. As shown in Fig. (1), site 1 
was embedded inside the cyclin A2 protein, delineated by 
the central parts of helices α1, α2, α2′ and α3′. Site 2 was 
located on the surface of cyclin A2, between α-N terminal 
and α5. Site 3 was located near the cyclin binding groove, on 
the surface between α1 and the loop that links α3 and α4. In 
order to select the most favorable of the binding sites identi-
fied by SITEHOUND for interactions with drug-like mole-
cules, a sample ligand library (NCI Diversity set III) to each 
of the three potential cyclin A2 binding sites using Auto-
Dock Vina was virtually docked. A total of 1,565 unique 
ligands were docked to each of the three potential binding 
sites of cyclin A2. The ligand efficiencies (AutoDock Vina 
docking score normalized by number of heavy ligand atoms) 
of the docked ligands to determine the most suitable of the 
three sites for docking studies were used. As a result, the 
average of the top 100 ligand efficiencies was -0.5675 for 
site 1. This was higher than the average ligand efficiencies 
for the other two sites (site 2: -0.5672; site 3: -0.4202). In 
addition, site 1 was the only site out of the three that did not 
directly interfere with the protein-protein interface. Site 1 
was thus chosen for all following docking studies. Site 1 
comprised 36 hydrophobic residues (56.25%), 16 polar neu-
tral residues (25%), and 12 charged residues (18.75%) (5 
acidic residues and 7 basic residues). 

3.2. MD Simulation: Ligand Accessibility 

Even though the virtual docking supported site 1 as the 
binding pocket to have the most favorable interaction with 
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drug-like molecules, the buried nature of site 1 had the po-
tential to reduce potential external interactions. Therefore, a 
100 ns molecular dynamics simulation was utilized to inves-
tigate whether the embedded binding pocket opened up fre-
quently and became sufficiently exposed to the surrounding 
environment, thereby increasing the accessibility of potential 
drug-like molecules. From the 100 ns trajectory, the loop that 
connected α-N terminal and α1 was flexible (from LYS194 to 
LYS201). This loop moved away from the loop that connected 
α2′ and α3′ (from SER340 to PRO352), consequently expos-
ing the embedded site 1 to the external environment. This 
large opening of site 1 was short-lived (3% of the trajectory), 
but sufficient for small, drug-like molecules to enter and inter-
act with this potential cyclin A2 binding site.  

After having confirmed the suitability of site 1 for struc-
ture-based drug discovery, a clustering analysis was used to 
extract structures representing the conformational variability 
of the cyclin A2 binding site during the simulation. For the 
clustering analysis, every fourth frame of the 100 ns MD 
trajectory was extracted and similar binding site confor-
mations were grouped as clusters. As a result, five cluster 
centers were identified as representative conformations of 
the potential cyclin A2 binding site (Fig. 2). As illustrated in 
Fig. 2, site 1 exhibited a pocket volume size ranging from 
104 Å3 to 170 Å3 for about 85% of the trajectory (cluster1, 
cluster2, and cluster3). Cluster 5, which represented about 
3% of the trajectory, corresponded to a completely open con-
formation of cyclin A2.  

3.3. Virtual Screening of NCI Diversity set III with Glide 
and AutoDock Vina 

Using both AutoDock Vina and Glide, 1,473 NCI Diver-
sity set III compounds (PAINS compounds had been re-
moved from the screening dataset) were docked into each of 
the five cyclin A2 cluster centers and to CDK2. For each 
target, compounds were then individually ranked according 
to their Autodock Vina affinity score and their Glide XP 
docking score. In order to optimize the selection of potential 
hits, the docked compounds were subsequently sorted by 
their consensus rank, i.e. the sum of their individual Glide 
and Vina ranks. The two lists of consensus rank were then 
merged  (cyclin A2 and CDK2) by a weighted consensus 

rank of the two targets. This consensus ranking approach 
ensured the selection of compounds that performed well in 
both scoring functions and both cyclin A2 and CDK2. There 
is empirical evidence that the use of multiple force fields 
improves sampling and prediction accuracy in the areas of 
molecular dynamics, protein structure prediction, protein-
ligand docking and protein-protein docking. In structure-
based protein-ligand docking particularly, consensus scoring 
has been reported to substantially improve virtual screening 
performance, contributing to better enrichments, while also 
improving the prediction of bound conformations and poses 
[57-60]. As shown in Table S1, the top 20 compounds’ Vina 
affinity scores of cyclin A2 and CDK2 ranged from -6.5 to -
9.7 kcal/mol, and Glide XP docking scores of cyclin A2 and 
CDK2 ranged from -5.5 to -9.6 kcal/mol. Among the five 
cluster centers, the preferred cyclin A2 conformations target-
ed by the top 20 compounds were cluster center 2 (volume: 
170 Å3) and cluster center 3 (volume: 151 Å3). As shown in 
Table S1, 15 out of top 20 compounds favored docking into 
cluster center 2 for Vina. For Glide, 11 compounds favored 
cluster center 2 while 9 compounds favored cluster center 3. 
Thus, based on the virtual docking results, the favorable cy-
clin A2 binding conformations were the ones with binding 
pocket volume sizes ranging between 150 Å3 to 170 Å3. This 
was encouraging since those two cluster centers also ac-
counted for more than 85% of the MD simulation trajectory 
and thus, they likely constitute predominant cyclin A2 pock-
et conformations in vitro.  

3.4. Experimental Screening of top 20 Compounds from 
NCI Diversity Set III 

The top 20 compounds identified in the combined Auto-
Dock Vina and Glide virtual screen were ordered from the 
National Cancer Institute Development Therapeutic Pro-
gram. In order to verify the functional activity of the selected 
top 20 compounds, various compound concentrations (0µM 
1µM, and 10µM) were applied in an in vitro biochemical 
assay that quantified the kinase activity of the cyclin A2-
CDK2 complex. As shown in Fig. (3), two inhibitors (com-
pound 1 and 2) were identified. Between the two potential 
inhibitors, compound 2 was the more effective inhibitor 
compared to compound 1, since 1µM of compound 2 re-

 
Fig. (2). Pocket volume analysis of five key binding conformations of cyclin A2. Five cluster centers from an MD simulation, identified 
as representative conformations of the potential cyclin A2 binding site, are shown. Each binding conformation is depicted in a different color, 
and the binding pockets are colored in purple surface representation. The residues that are involved in the opening of cyclin A2 are colored in 
yellow. Additionally, the volume of the binding pockets and the size of the respective cluster (in number of frames and percentage) are provided.  
(A higher resolution / colour version of this figure is available in the electronic copy of the article). 



Synthesis, Antibacterial Activity and Molecular Docking of Phospholi-dinones Current Computer-Aided Drug Design, 2021, Vol. 17, No. 1    63 

duced CDK2 kinase activity to 43%, whereas compound 1 
had no significant effect at a concentration of 1 µM. Increas-
ing the concentration of compound 2 to 10 µM did not fur-
ther reduce the kinase activity. Compound 1, on the other 
hand, reduced the kinase activity to 58% at the highest con-
centration (10µM of compound 1). Encouragingly, com-
pound 2 inhibited CDK2 kinase activity at levels similar to 
the known CDK2 inhibitor Staurosporin. The kinase activity 
of all 20 compounds is illustrated in Supplemental Fig. (1).  

The docked poses of compounds 1 and 2 in cyclin A2 
binding site were investigated. According to the binding con-
formations generated using AutoDock Vina and Glide, com-
pound 1 favored cluster center 3, while compound 2 pre-
ferred cluster center 2. As shown in Supplemental Fig. (2), 
compound 1 formed four favorable hydrogen bonds with 
residues in the binding site (SER340, ASP343, TYR347, and 
TYR199), and compound 2 formed six favorable hydrogen 
bonds with the binding site residues (SER340, TYR347, 
ALA344, PRO309, and HSD233). Across both potential 
inhibitors, the common interacting residues were SER340 
and TYR347.  

3.5. Second Round of Virtual screening of Compounds 
Similar to Initial Hits 

From the initial virtual screening of 1,473 NCI Diversity 
set III compounds, the top 20 hits were selected for in vitro 
verification, and successfully identified two potential cyclin 
A2-CDK2 complex inhibitors among those 20 compounds. 
To capitalize on the success of the potential inhibitors from 
the initial screen, the ligand library for virtual screening was 
expanded to the entire NCI database. For an efficient search 
of potential additional modulators, the focus is on com-
pounds with high structural similarity (≥ 80% Tanimoto sim-
ilarity) to the two initial hits (compounds 1 and 2). It has 

been hypothesized that compounds that are structurally simi-
lar to the potential ligands will exhibit comparable and po-
tentially increased functional activity in follow-up in vitro 
screening. A similarity search yielded 471 compounds which 
were subsequently filtered to remove known Pan-Assay In-
terference Compounds (PAINS). As a result, filtered com-
pounds were docked into each of the five cyclin A2 cluster 
centers and to the CDK2 binding site using both AutoDock 
Vina and Glide. Again, the compounds docked into each of 
the targets were individually ranked according to their Auto-
dock Vina affinity score and their Glide XP docking score, 
respectively, followed by a weighted consensus rank sorting. 
As shown in Table S2, the top 20 consensus compounds’ 
Vina affinity score of cyclin A2 and CDK2 ranged from -6.7 
to -9.8 kcal/mol, and Glide XP docking scores of cyclin A2 
and CDK2 ranged from -4.2 to -11.9 kcal/mol. Among the 
five cluster centers, the most favored cyclin A2 confor-
mations were again cluster centers 2 and 3, as shown in Ta-
ble S2.  

3.6. Experimental Result: Similarity 80% Ligands 

To test the extent to which these compounds inhibited 
cyclin A2-CDK2 activity, the ADP-GloTM Kinase Assay, an 
assay that tests the capacity of cyclin A2-CDK2 complexes 
to phosphorylate targets was utilized. As a positive control 
for reaction inhibition, a staurosporine treatment condition 
that abrogates all kinase activity in the reaction was includ-
ed. As a negative control, the vehicle (i.e., DMSO) was used, 
in addition to a DMSO without cyclin A2 to serve as a blank 
reading for the luminometer. The top 20 compounds identi-
fied in the second virtual screen of similar compounds were 
ordered from the NCI Development Therapeutic Program. In 
vitro follow-up experiments tested various compound con-
centrations (0µM, 1µM and 10µM) and quantified their ef-
fect on the kinase activity of the cyclin A2-CDK2 complex. 

 
Fig. (3). In vitro Screening of the top 20 compounds from NCI diversity set III. Selected top 20 compounds were screened using a kinase 
assay. Results for seven compounds are shown. The bar graph is showing the relative luminance of two identified inhibitors (compounds 1 
and 2), and five randomly selected compounds, which showed little to no inhibition, a known kinase inhibitor (Staurosporine), and a negative 
control (DMSO). Each compound was tested at various concentrations (0µM, 1µM, and 10µM). The red dash line separates the two identi-
fied inhibitors from the five top ranked compounds. Error bars are showing the standard error of the mean (SEM). (A higher resolution / 
colour version of this figure is available in the electronic copy of the article). 
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As expected, the majority of the tested compounds showed 
similar functional activity as their seed ligands (compound 1 
and 2). As illustrated in Fig. (4), five of the compounds with 
80% structural similarity to compound 2 (NSC279846, 
NSC65346, NSC116276, NSC107517, and NSC172599) 
exhibited a similar trend of inhibition as their seed com-
pound 2. Among these five compounds, compounds 3 and 4 
approximately inhibited CDK2 activity as effectively as 
Staurosporin at 1µM, inhibiting the kinase activity to 65% 
and 68%, respectively. Encouragingly, compound 4 inhibited 
CDK2 kinase activity to 20% at 10 µM, which was stronger 
than the known CDK2 inhibitor Staurosporin (46%). Com-
pounds with 80% structural similarity to compound 1, on the 
other hand, showed little to no inhibition. Interestingly, five 
of those compounds (NSC50590, NSC73380, NSC73381, 
NSC49876, and NSC66578) even weakly activated CDK2 
activity at 10µM, as shown in Fig. (4).  

3.7. Dose-Response 

From the second set of 20 compounds, the four most 
promising inhibitors (compounds 1, 2, 3 and 4) were selected 
and tested for dose-response. For the purpose of dose-
response measurements, various concentrations of the select-
ed four compounds (0nM, 5nM, 15nM, 45nM, 0.1µM, 
0.4µM, 1.2µM, 3.7µM, 11µM, 33µM, and 100µM) were 
applied in the in vitro biochemical assay that quantified the 
kinase activity of the cyclin A2-CDK2 complex. The select-
ed compounds’ dose-response was compared with the known 
kinase inhibitor, Staurosporine. As shown in Fig. (5), the 
IC50 values of the four compounds were 6.5 µM, 7.6 nM, 

181 nM, and 1.9 µM for compounds 1 through 4, respective-
ly. Two inhibitors (compounds 2 and 3) showed IC50 values 
in the nanomolar range, where compound 2 was the most 
effective inhibitor among the four compounds with a low 
nanomolar IC50. Notably, compound 2’s cyclin A2-CDK2 
inhibition was as potent as the known kinase inhibitor Stau-
rosporine (IC50 1nM). 

The docked poses of compounds 3 and 4 in cyclin A2 
binding site were also investigated. According to the binding 
conformations generated using AutoDock Vina and Glide, 
compound 3 and 4 favored cluster center 3 of the cyclin A2 
for Glide. As shown in Supplemental Fig. (3), compound 3 
formed eight favorable hydrogen bonds with residues in the 
binding site (SER340, ASP343, ALA344, TYR350, 
ASN237, and PRO309) and compound 4 formed seven fa-
vorable hydrogen bonds with binding site residues (SER340, 
TYR350, TYR347, PRO309, ASP240, and ARG211). In-
deed, both backbone and side chain atoms of SER340 were 
predicted to form hydrogen bonds with compound 4. Inter-
estingly, SER340 was the most common residue interacting 
with all of the potential inhibitors (compounds 1, 2, 3, and 
4). PRO309 was the most common residue for the seed com-
pound 2 and its structurally similar compounds (compound 3 
and 4), whereas TYR350 residue was only found in com-
pounds 3 and 4.  

In addition to virtual screening, and selecting compounds 
based on their weighted consensus ranking, the TargetID 
target identification application [56] was used to predict 
binding target of the identified inhibitors. According to the 
TargetID application, compounds 1 and 3 were predicted to 

 
Fig. (4). In vitro Screening of the top 20 compounds of structural similarity to initial hits. The selected top 20 compounds were screened 
with the kinase assay. For each seed ligand (compounds 1 and 2), ten structurally similar compounds were selected for in vitro screening. 
The relative luminescence value of compounds with 80% structural similarity to the two inhibitors (compounds 1 and 2), a known kinase 
inhibitor (Staurosporine) and negative control (DMSO) are shown. Each compound was tested at various concentrations (0µM, 1µM, and 
10µM). Compounds on the left side of the red dash line were derived from compound 2, and compounds on the right were derived from 
compound 1. Error bars are showing the standard error of the mean (SEM). (A higher resolution / colour version of this figure is available in 
the electronic copy of the article). 
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bind to the cyclin A2 binding site over the CDK2 kinase 
binding site, whereas the remaining two compounds (com-
pounds 2 and 4) were predicted to bind to the CDK2 kinase 
binding site. The combined Z-scores, as determined by Tar-
getID, of the four inhibitors were -0.39 (compound 1), -0.66 
(compound 2), -1.48 (compound 3), and -0.90 (compound 4), 
respectively. Interestingly, compounds that were predicted to 
preferentially interact with the cyclin A2 binding site (com-
pounds 1 and 3) generally exhibited micromolar range IC50 
values, whereas the remaining compounds (compounds 2 
and 4) exhibited nanomolar range IC50 values.  

CONCLUSION 

Recent studies have shed light on cyclin A2’s critical role 
in DNA repair, making it an attractive target for neurodegen-
erative disease and cancer drug discovery. Here, a novel po-
tential cyclin A2 allosteric ligand-binding pocket was identi-
fied, and a combination of molecular dynamics and virtual 
screening structure-based drug discovery to find candidate 
cyclin A2-CDK2 complex inhibitors was used. A number of 
leads for cyclin A2-CDK2 complex inhibitors have been 
identified using a relaxed complex scheme virtual screen of 
this allosteric site and the CDK2 binding site and have been 
verified in a biochemical luminescence assay of cyclin A2-
CDK2 function. The most potent leads, compounds 2 and 3 
were all ribofuranosyl-pyrrolo[2,3-d]pyrimidines with in-
hibitory concentrations in the nanomolar range. Three of the 
selected compounds (compounds 2, 3, and 4) do appear to 
have a structural resemblance of ATP, however, as deter-
mined by the Tanimoto similarity index employing RDKit’s 
Daylight fingerprinting method, the three compounds are 
only about 60% structurally similar with ATP. According to 
research at Abbott Laboratories, structures will be consid-
ered highly homologous if their Tanimoto index/Daylight 

fingerprint exceeds 0.85 [61]. Similarly, compound 1 has 
only 51% structural similarity with known CDK2 inhibitor 
PNU 112455A (PDB: 1JSV). Furthermore, the TargetID 
target identification application [56] was used to predict the 
receptors of each of the compounds. Compounds 1 and 3 
were predicted to bind to the cyclin A2 binding site over the 
CDK2 kinase binding site suggesting that they likely inhibit 
the kinase activity through cyclin A2 inhibition. Importantly, 
the docking scores of compounds 1, 2, 3, and 4 ranged from 
-5.5 to -6.2 kcal/mol when docked into the cyclin A2 crystal 
structure. Consequently, they would have never been picked 
for experimental verification, underscoring the importance of 
our use of the relaxed complex scheme to account for recep-
tor flexibility. Compounds 1, 2, 3, and 4 were only identified 
using structures from a molecular dynamics simulation. In-
terestingly, we observed several weak activators in our 
screens and we will focus future work to pursue potential 
cyclin A2 activation which has implications in neurodegen-
erative disease. Future work will focus on identification of 
additional non-nucleoside inhibitors. Additionally, future 
studies will concentrate on experimental verification of the 
binding targets of our potential hit compounds. Overall, our 
results highlight the potential of combined advanced compu-
tational tools and biochemical verification to discover novel 
binding scaffolds. 
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Fig. (5). In vitro dose response of compound 1, 2, 3, and 4. The kinase activity of the selected four compounds was tested at various con-
centrations (0nM, 5nM, 15nM, 45nM, 0.1µM, 0.4µM, 1.2µM, 3.7µM, 11µM, 33µM, and 100µM). The relative kinase activity values of the 
potential inhibitors (compounds 1, 2, 3, and 4) and the known CDK inhibitor Staurosporine at various concentrations are shown. IC50 values 
of the four compounds were 6.5µM (1), 7.6nM (2), 181nM (3), and 1.9µM (4), respectively. The IC50 of the known CDK inhibitor Stauro-
sporine was 1nM. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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