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Identification of Targetable Surfaces of Cks1 
for Development of New Cancer Therapeutics

Nolan M. Winicki1, Reed E. S. Harrison1, J. Jefferson P. Perry2, Dimitrios Morikis1

1 Department of Bioengineering

2 Department of Biochemistry

A B S T R A C T

Cyclin-dependent protein kinase regulatory subunit 1 (Cks1) is involved in cell cycle progression 
through interactions with cyclin-dependent kinases (CDK) and ubiquitination of cyclin-dependent 
kinase inhibitors (CKI). Dysfunction of CDK dependent associations can affect the entrance of a 
cell into mitosis, particularly the G1-S phase transition. Abnormal assistance from Cks1 with the 
multiprotein complex SCF (Skp2) in the ubiquitination of CDKN1B (p27Kip1) can disrupt the mitotic 
regulatory protein levels escalating to cancer development. In this study, we use computational 
methods to investigate interactions in three different complexes sharing Cks1 in order to create a 
targeted pharmaceutical solution that will assist in regulation.  Our analysis is performed using the 
crystal structure of Cks1 in three complexes to include involvement between one ubiquitin ligase 
and two CDKs.   The assessment is based on the intermolecular electrostatic interactions, such as 
hydrogen bonds and charge-charge interactions. We observe that charge and hydrogen bonding plays 
a significant role in the stability between Cks1 and adjacent proteins in each complex. Due to large 
binding interfaces and varied distribution of charge across the main contact regions, we decided that 
a condensed pocket on Cks1 that interacts with phosphorylated p27Kip1 should be selected for further 
in-depth examination.     
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INTRODUCTION
During interphase of the cell cycle in eukaryotes, the G1, S, 
and G2 phases occur sequentially, and during the transition 
from G1 to S there is a checkpoint to determine whether or 
not the cell will replicate cellular DNA. Once crossed, the 
cell will divide into two daughter cells and carry out normal 
cell processes until the next G1 phase without interruption. 
Cyclin Dependent Kinases (CDK) form complexes with 
cyclins during short periods of the cell cycle to regulate 
steps of progression. Specifically, cyclin-dependent protein 
kinase regulatory subunit 1 (Cks1) binds to a catalytic 
subunit, a cyclin-dependent kinase. Regulation of the cell 
cycle depends on the interactions between cyclins, CDKs, 
and CDK inhibitors (CKIs). Dysregulation of the cell cycle 
results in uncontrolled, damaged cell multiplication that 
may lead to cancerous growths.
 
While the concentration of mitotic regulatory proteins 
oscillates during stages of the cell cycle due to periodic 
proteolysis, the ubiquitin-proteasome system maintains 
the levels of degradation.6 This system involves multiple 
enzymes and a ubiquitin ligase which dictates the 
specificity of ubiquitination. One of the ligases is the 
S-phase kinase-associated protein 2 (Skp2) which is part 
of the SCFSkp2 complex. This complex targets cell cycle 
control elements, primarily p27 and p21, tagging them 
for destruction.4,5 Cyclin-dependent kinase inhibitor 1B 
(p27Kip1) is incredibly influential on cell cycle division due 
to binding and preventing the activation of E-CDK2 during 
the G1 phase.3 While levels of p27Kip1 fluctuate with the 
cell cycle, modulation is done by the SCF-Skp2 complex 
creating an inverse relationship of concentrations.4 While 
normal levels regulate cell cycle progression, a recent 
study showed that overexpression of Skp2 is frequently 
observed in human cancer progression.2 In addition, Skp2 
inactivation restricts cancer development when observed 
in oncogenic conditions in vivo.1 Cks1 plays a critical role 
in p27Kip1 ubiquitination by increasing the binding affinity 
of Skp2 for p27Kip1.

Using structural analyses of protein complexes that focus on 
hydrogen bonds and electrostatic interactions, this project 
will search for the amino acid interactions between proteins 
that contribute the largest amount of stability to the protein 
complex. Determining key interactions can help design 

new drugs to alter protein-protein interactions. These drugs 
have potential applications as new cancer therapeutics, 
acting by restoring regulation of cell cycle progress and 
slowing the growth rate of tumors. Additionally, the shape 
of protein-protein interfaces are considered to account 
for druggability of protein-protein interactions. After 
determining the most promising interactions, molecular 
dynamics simulations will be performed for fine-grain 
analysis leading to identification of key amino acid 
interactions that a new therapeutic should disrupt.  

Methods
Structure Retrieval and Preparation
The crystallographic structures for protein complexes 
Skp1-Ckp2-Cks1-p27Kip1, CDK1-Cks1, CDK2-Cks1 
were retrieved from the Protein Databank (PDB) with 
identifiers 2AST, 4YC6, and 1BUH, respectively, and were 
visualized using the software UCSF Chimera.11 The initial 
structures were missing hydrogens and heavy atoms in 
addition to a chimeric region on Skp2 which however was 
not involved in the binding interface. These discrepancies 
were remedied through the tools PDBFixer and Modeller, 
and the hydrogens were assigned based at pH 7.4.
 
Structural Analysis of Hydrogen Bonding         
Four separate analyses were performed to characterize 
the structural and electrostatic components of interactions 
in the protein complexes.  The first test was to search 
for hydrogen donor-acceptor pairs to determine potential 
attractive dipole-dipole interactions that could add to the 
stability of the complex. This was done by quantitatively 
measuring the amount of hydrogen bonds and the distance 
between each heavy atoms. The default hydrogen bond 
constraints in UCSF Chimera10 with relaxations of 0.4 Å and 
30° were applied to ensure that all bond distances fell within 
the normal 3.5Å range and had acceptable angles of bonding. 

Computational Alanine Scans
Next, we performed a computational alanine scan to assess 
the contributions of charged sidechains to the stabilities 
of the protein complexes. To conduct this assessment, 
we used the alanine scan method from the computational 
framework AESOP (Analysis Of Electrostatic Structures of 
Proteins)12-15. This scan determined the overall contribution 
in terms of energy (kJ/mol) of each ionizable amino acid 
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when mutated to alanine individually and compared to the 
parent protein resulting in a change of energy (ΔΔG). Each 
of the energy fluctuations out of the normal range for thermal 
fluctuations (±2.5kJ/mol) were considered to be potentially 
influential residues that stabilize the protein complex. 

Structural Comparisons of Electrostatic Surfaces
In order to compare electrostatic complementarity at 
the interface of each protein complex, we calculated 
electrostatic potentials for Cdk1, Cdk2, Cks1, Skp2 and 
p27Kip1. The grid of electrostatic potentials calculated by 
the Adaptive Poisson-Boltzmann Solver (APBS)18 were 
projected onto the surface of each individual protein 
structure within UCSF Chimera. The contacts were 
shown through Chimera, utilizing the find contacts and 
clashes feature then highlighting the selected residues 
to be reflected on the surface map.  PBD2PQR was used 
to parameterize atomic radii and charges.16,17 Surface 
potentials were visualized by coloring regions according 
to their electrostatic potential. The color scale ranges 
from red at -6 kT/e, the potential energy for a single 
proton in the corresponding region, to white at 0 kT/e and 
from white at 0 kT/e to blue at 6 kT/e. At this point, the 
complexes were then separated and displayed in the open 
book conformation to qualitatively assess the possible 
electrostatic complementarity at the contacting surfaces. 

Molecular Dynamics
Finally, molecular dynamics analysis was performed 

on the complex of p27Kip1 and Cks1 using NAMD and 
the CHARM27 force field. The structures were initially 
minimized with the water molecules contained in the 
crystallographic structure and subsequently solvated in 
a cubic TIP3P water box measuring 61.57Å x 63.62Å 
x 53.46Å. Sodium and chloride ions were also added to 
the water box, bringing the ionic strength to 150 mM. 
Minimization of the solvated structure was performed 
for 25,000 steps (50 ps) before heating to 310 K over 64 
ps. Next, equilibration was performed where all protein 
atoms were constrained at 10 kcal/mol/Å2 initially and 
then relaxed to 5, 2, and 1 kcal/mol/Å2 before removing 
constraints altogether for the final equilibration run. 
Following equilibration, the MD simulation was run with 
periodic boundary conditions, Langevin temperature and 
pressure control, and particle mesh Ewald electrostatics. 
Relevant parameters for the simulation included a 
nonbonded interaction cutoff of 12 Å and a switching 
distance of 10 Å. Hydrogen bonds were held constant 
according to the SHAKE algorithm as an integration time 
step of 2 fs was used. The simulation was run over a 100ns 
timescale benchmarked at 50ps timestamps.

Results
Intermolecular Hydrogen Bonds
The intermolecular hydrogen bonds between Cks1 and 
the adjacent chains in each of the three complexes are 
displayed (Tables 1-3) with the protein, three letter amino 
acid code, sequence number, and atom type identified for 
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Table 1 details the intermolecular hydrogen bond interactions in complex Skp2-Cks1-p27Kip1 between two amino acids (donor and 
acceptor) of differing proteins at the complex interface, a total of 5 hydrogen bonds.

Table 2 details the intermolecular hydrogen bond interactions in complex Cdk1-Cks1 between two amino acids (donor and acceptor) 
of differing proteins at the complex interface, a total of 3 hydrogen bonds.
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donors and acceptors as well as the distance between heavy 
atoms. Complex Cdk2-Cks1 includes the highest amount 
of hydrogen bonds of the three complexes. The majority 
being backbone hydrogen bonds. The same observation 
is found in the Cdk1-Cks1 complex in smaller quantities. 
The Skp2- p27Kip1-Cks1 complex has the most variation 
between side chain and backbone hydrogen bonds.

Computational Alanine Scans
The ΔΔG values (kJ/mol) for each ionizable amino acid 
when mutated to alanine, out of the range of thermal 
fluctuations (±2.5kJ/mol), is listed in Table 4 respective 
to each protein, one letter amino acid code, sequence 
number and mutation to alanine. A negative ΔΔG value 
indicates a gain-of-binding mutation while a positive ΔΔG 

value corresponds to a loss-of-binding mutation relative 
to the parent sequence. There were 13 total residues that 
when mutated were out of the standard range of thermal 
fluctuations in the Cks1-Skp2-  p27Kip1 complex, split 
evenly between Skp2 and Cks1 with one mutation on 
p27Kip1. All of the ΔΔG values for residues on Skp2 were 
positive while Cks1 had equal amounts positive and 
negative and the one value for p27Kip1 was positive. A 
majority, 11 of the 14 mutations recorded in the Cdk1-Cks1 
complex were on the Cdk1 chain and had negative ΔΔG 
values. Three residues from Cks1 were recorded, one with 
a high negative ΔΔG value and the other 2 were positive. 
The Cdk2-Cks1 complex had two residues, LYS 237 and 
ARG 217 that displayed ΔΔG values out of the normal 
range and were both positive.
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Table 4 displays 
the results from the 
AESOP alanine scan 
for each complex 
respective to the 
protein, initial one 
letter amino acid code, 
sequence number, 
mutation to alanine 
and the resulting ΔΔG 
(kJ/mol).

Table 3 details the intermolecular hydrogen bond interactions in complex Cdk2-Cks1 between two amino acids (donor and acceptor) of 
differing proteins at the complex interface, a total of 7 hydrogen bonds.



Electrostatic Surface Potentials
The electrostatic surface potentials produced by APBS 
are juxtaposed to the corresponding contact region, both 
displayed Figures 1-3 in the open book conformation. The 
Skp2-p27Kip1-Cks1 complex displays marginal, dispersed 
electrostatic complementarity between Skp2 and Cks1 at 
the contact region. In the Cdk1-Cks1 complex, there is a 
negative charge contact region on Cks1 that corresponds 
to a positively charged area on Cdk1. The Cdk2-Cks1 
complex includes a negative charged region on Cks1 that 
appears to bind directly to a positive charge site on Cdk2.

Molecular Dynamics
The heat maps for the occupancy, or percentage of 
occurrence over the course of the simulation trajectory, 
of the interactions between Cks1 and p27Kip1 s are shown 
in Figure 4 indicated by a color scale from 0.0 (0%) to 
1.0 (100%) from blue to red, respectively. Multiple 
key residues with high rates of interaction occurrence 
throughout the molecular dynamics trajectory are: ARG 
20, ARG 44, GLN 49, GLN 50 and SER 51 on protein 
Cks1. The corresponding residues and atoms on p27Kip1 
involved in those interactions can be a target for further 
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Figure 3 displays the electrostatic projection of proteins Cdk2-Cks1 by the range of -6 kT/e to +6kT/e colored red to blue respectively 
with white indicating no charge. Compared to the colored surfaces distinguishing separate chains, with contacts highlighted in orange 
and protein Cdk2 colored green and Cks 1 colored red.

Figure 1 displays the electrostatic projection of proteins Skp2-p27Kip1-Cks1 by the range of -6kT/e to +6kT/e colored red to blue 
respectively with white indicating no charge. Compared to the colored surfaces distinguishing separate chains, with contacts 
highlighted in orange and protein Skp2 colored purple, p27Kip1 colored blue and Cks1 colored red.

Figure 2 displays the electrostatic projection of proteins Cdk1-Cks1 by the range of -6kT/e to +6kT/e colored red to blue respectively 
with white indicating no charge. Compared to the colored surfaces distinguishing separate chains, with contacts highlighted in orange 
and protein Cdk1 colored white and Cks1 colored red.



bonds confirms the importance of residues: ARG 20, ARG 
44 and SER51 in complex stability.

investigation of creation of a disruptive biotherapeutic. 
Additionally, the heat map for the occupancy of hydrogen 
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Figure 4 displays the occupancy of interactions throughout the trajectory of the molecular dynamics simulation. Interaction sited are 
labeled according to the three letter amino acids code, sequence number and atom identifier with protein Cks1 on the left, vertically 
aligned and protein p27kp1 labeled on the bottom, horizontally
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Figure 5 diplays the occupancy of hydrogen bonds throughout 
the trajectory of the molecular dynamics simulation. Interaction 
sites are labeled according to the three letter amino acids code, 
sequence number and atom identifier with protein Cks1 on the 
left, vertically aligned and protein p27kp1 labeled on the bottom, 
horizontally.

Discussion
Intermolecular Hydrogen Bonds
Based on the hydrogen bond tables for each respective 
complex, all of the bonds are within the typical 3.5 Å range 
suggesting that these interactions are strong and contribute 
to the stability of the complex. There is variety between 
the complexes with distribution of backbone and side 
chain hydrogen bonds. The Cks1-Cdk1 complex having 
all backbone hydrogen bonds and Cks1-Cdk2 having the 
highest amount of total bonds in addition to the majority 
being to the backbone. The Skp2- p27Kip1-Cks1 complex 
had the most diversity of types of hydrogen bonds between 
side chains and the backbone. Overall, with the hydrogen 
bonds of each system characterized by the optimal distance, 
angle and distribution of backbone and side chain bonds the 
stability of each interaction region may be difficult to disrupt. 

Electrostatic Surface Potential
In Skp2-p27Kip1-Cks1, translating the region of contact 
to the APBS electrostatic surface map shows there is a 

small amount of scattered electrostatic complementarity. 
However, there appears to be no condensed, direct 
complementarity at the interface suggesting that charged 
interactions may not play a strong role in complex 
stability. In Cks1-Cdk1, there potentially is direct charge 
complementarity at the binding interface. A small pocket of 
negative charge on Cks1 appears to correspond to a region 
of positive charge at the contact region on Cdk1 leading to 
suggest that these charged interactions assist in structural 
stability. Finally, in Cks1-Cdk2 there is no apparent direct 
electrostatic complementarity. The contact region on Cks1 
has a negative charge and Cdk2 has an accompanying 
weak, positive region at the contact zone offering some 
reliance of the system of electrostatics for stability. 

Computational Alanine Scans 
Observing a direct complementarity of mutations across 
the complex lends to a strong interaction that can add to 
the stability of the complex. In Skp2- p27Kip1-Cks1 there 
are a majority of positive, loss-of-binding mutations which 
happen to be in close physical proximity to each other, 
verified manually in Chimera. However, while there are 
several gain-of-binding mutations none occur in the same 
region as the loss-of-binding mutations. Then for Cks1-
Cdk1 there is a majority of gain-of-binding mutations 
which are close in physical proximity. However, again 
there is not direct complementarity shown through the 
mutations and when verified in Chimera. Finally, in Cks1-
Cdk2 only two ionizable amino acids are outside the effects 
of thermal fluctuations indicating that electrostatics may 
not play an important role in the complex stability.  

Molecular Dynamics 
The heat maps composed of the occupancies of interactions 
produced by molecular dynamics offers a vast amount 
of information regarding potential areas of targeted 
therapeutics. Refining down to the key interactions with 
high occupancies, a potential targeted attribute profile can 
be created to mimic these characteristics. In particular, 
pTHR (phosphorylated threonine) 187 on p27Kip1 is 
involved in multiple high occupancy interactions. Thus, to 
inhibit interactions between p27Kip1 and Cks1, one could 
attempt to prevent such interactions. Additionally, GLU 
185 on p27Kip1 offers another source for interruption due 
to the large amount of hydrogen bonds between Arginine 
44 on Cks1. Varying emphasis between these residues 
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