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SUMMARY

Each year, twenty million people are diagnosed with
cancer. Its prevalence is increasing at a faster pace
than any other disease. Cyclin-Dependent Kinase 2
(CDK2) plays a key role in regulating the cell cycle.
When CDK2 is overexpressed, it disrupts the cell
cycle by accelerating transitions and bypassing
checkpoints, leading to uncontrolled cell growth,
which is characterized as a hallmark of cancer. There
are two approaches to address CDK2 overexpression:
one option entails creating mutations in the CDK2
gene that immobilizes its functionality, effectively
stopping the cell from dividing and keeping it in a
resting phase (G, phase). The alternative option is
to use CDK2 inhibitors that neutralize its activity.
We hypothesized that creating mutations in CDK2
gene’s crucial amino acids would lead to significant
changes in protein production. We selected seven
strategic mutations in two essential regions: the
glycine-rich loop and the activation loop. Mutation
E12R, located in the glycine-rich loop, inhibited CDK2
gene expression by 80% compared to wild type, while
mutation T160E-E162T, located in the activation loop,
showed 95% inhibition. Mutation T160L, located in
the activation loop, exhibited protein expression
levels similar to wild type, whereas mutation T160E,
located in the activation loop, resulted in a four-fold
increase in CDK2 protein content. The results show
that mutations E12R and T160E-E162T were most
effective at suppressing CDK2 protein concentration;
however, mutation T160E had an opposite effect,
leading to increased CDK2 protein concentration.
These findings highlight the importance of crucial
amino acids in CDK2 expression and their impact on
cell growth.

INTRODUCTION

Cancer is one of the most devastating diseases of the
21st century, with more than ten million people losing their
lives to cancer each year (1). There has been an increase
in newly diagnosed cases by over 26% and deaths by
nearly 21% between 2010 and 2019 (2). Cancer is caused
by various mutations in the DNA, leading to uncontrolled cell
proliferation (3). The cell cycle plays a key role in regulating
cell growth, and aberrations in its regulatory components
are known to greatly increase the risk of developing cancer
(4). The different phases of the cell cycle include G, (cell
growth), S (DNA replication), G, (preparation for division),

and mitosis (cell division) (Figure 1) (5). Different checkpoints
between phases of the cell cycle can detect and correct
mutations before the cell transitions to the next phase (6).
In instances where these checkpoints detect damage and
remain functional, they can halt the cell cycle to allow for
repair or push the cell into dormancy or apoptosis if repair is
unsuccessful (5-7). However, if the checkpoints themselves
are impaired, for example, due to mutations in key regulatory
genes, the cell may bypass these safeguards entirely (6).
When this happens, damaged cells can proceed unchecked
through the cycle, allowing mutations to persist through
mitosis and resulting in uncontrolled cell proliferation (8).
Many of the most common mutations associated with cancer
occur in genes that regulate the cell cycle (9).
Cyclin-dependent kinases (CDKs) are a complex family
of serine/threonine kinases that play an essential role in
controlling the cell cycle (10). They function by binding to
regulatory proteins called cyclins, whose concentrations
fluctuate throughout the cell cycle (10). When a CDK binds to
its corresponding cyclin, the complex becomes activated and
is capable of phosphorylating a variety of substrates that are
essential for advancing the cell through specific checkpoints
and transitions (10). CDK2 is a 298 amino acid checkpoint
gene and its overexpression has been linked to various types
of cancers, including lung and breast cancer (11-12). CDK2
consists of two lobes, a carboxy terminus full of alpha helices
and an amino terminus with many beta sheets. Between
these two lobes is an active site where CDKs bind with cyclins
(Figure 2) (13). The activation loop and glycine-rich loop of
CDK2 are crucial for its activation and binding to cyclins. The
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Figure 1: Phases of the cell cycle with cyclin binding sites. The
phases shown are: GO (resting phase), Growth 1 (cell growth and
DNA preparation), Synthesis (DNA replication), Growth 2 (organelle
duplication and preparation for mitosis), and Mitosis (cell divides).
In the G1-8S transition, Cyclin E binds with CDK2. Aiding in the end
of the S phase, going into the G2 phase, Cyclin A binds with CDK2.
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Figure 2: lllustration of Structure of CDK2 Protein (Accession
#P24941). The labeled parts include: C-Helix (aids ATP binding and
kinase activation), Hinge (anchors ATP), activation loop (regulates
substrate binding), glycine-rich loop (coordinates ATP binding and
stabilizes active conformation of CDK2), T160 (key phosphorylation
site that activates the kinase), and E12 (structure and stability of the
protein).

activation loop undergoes phosphorylation after CDK2 binds
to cyclin, which stabilizes CDK2 in an active conformation.
This phosphorylation induces a structural change that
exposes the active site for substrate interaction (13). For
example, CDK2 binds with cyclin E and phosphorylates the
retinoblastoma protein, leading to the release of transcription
factors that activate genes necessary for S phase entry (14).
In many cancers, overactivation of this pathway promotes
uncontrolled cell proliferation (14). The glycine-rich loop,
on the other hand, stabilizes adenosine triphosphate (ATP)
binding, which is necessary for the kinase activity of CDK2.
Kinase activity refers to CDK2’s ability to transfer a phosphate
group from ATP to specific substrate proteins. This substrate
phosphorylation is essential because it helps regulate DNA
replication and cell cycle checkpoints, allowing the cell cycle
to progress (15). Together, these structural features enable
CDK2 to effectively bind cyclins and perform its role in cell
cycle regulation (Figure 1) (16-17).

CDK2 binds to two cyclins in cells, Cyclin E and Cyclin A
(18-19). Cyclin E binding with CDK2 transitions cells into the S
phase, initiating DNA synthesis, whereas Cyclin A binding with
CDK2 drives the S phase and G,/M transition to support DNA
synthesis (18-19). This precise regulation ensures orderly cell
growth and division (20-21). Through interactions with these
cyclins, CDK2 also enforces key checkpoints in the S phase,
identifying and correcting any DNA errors (22). However,
some mutations can bypass the intra-S phase checkpoint,
going unnoticed and surpassing subsequent checkpoints,
allowing the cells to grow rapidly (23-26). Overexpression of
CDK2 can also contribute to the increased rate of cell growth
(27). This can disrupt the normal functionality of checkpoints,
contributing to unregulated cell division. This is one of the
mechanisms by which CDK2 overexpression can lead to
cancer development (28).

One of the approaches to address CDK2 overexpression
is to utilize CDK2 inhibitors that neutralize its activity (29).
Palbociclib is an FDA-approved CDK inhibitor used to treat
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breast cancer that prevents CDK4/6 from activation and
phosphorylation (30). However, no CDK2 inhibitors have
received FDA approval due to increased toxicity and the lack
of selectivity (31). This highlights the challenges associated
with the development of CDK2 inhibitors as a viable
therapeutic strategy. The other approach entails creating
targeted mutations in the CDK2 gene that will compromise its
functionality, leading to cell cycle arrest (32). The difference
between these two approaches is that one inhibits the
activation of CDK and the other alters the structure of CDK,
both leading to similar results.

We hypothesized that substituting amino acids with
different charges and polarities would have a significantimpact
on protein production. We chose to make mutations in the
glycine-rich loop and activation loop because these are two
crucial regions that aid in the binding of the cyclin and CDK2.
Mutations in these regions could potentially impact CDK2'’s
ability to bind with cyclins, reducing its role in the cell cycle.
To achieve this goal, we selected seven strategic mutations
and measured their effects on protein production. Our results
show that while some mutations significantly increased CDK2
protein content, others reduced protein content.

RESULTS

To test if altering the DNA sequences of crucial amino
acids located in the glycine-rich loop and the activation loop
of the CDK2 gene would alter CDK2 expression, we created
a total of seven mutations. We created two mutations in the
glycine-rich loop (E12R and G13W) and five in the activation
loop (T160E, T160Y, T160L, T160E-E162T, and T160E-
H161W-E162T) to investigate how structural disruptions
affect CDK2 protein content. These mutations were selected
based on their potential to alter local charge, size, and
polarity. For example, E12 (a negatively charged glutamate)
was replaced with R (a positively charged arginine), a change
likely to disrupt the glycine-rich loop’s flexibility (33). Similarly,
T160 (a polar, hydrophilic threonine), an amino acid critical for
CDK2 activation, was replaced with residues like glutamate
(negatively charged) and leucine (hydrophobic). Combined
mutations, such as T160E-E162T and T160E-H161W-E162T,
were designed to create even further disruptions and explore
crosslinking and interdependencies. These mutations may
interfere with local intramolecular interactions, also called
crosslinking, by altering various amino acid properties. Such
changes can further impact amino acid interdependencies
where the structure and behavior of one residue influence
neighboring ones (34).

In order to accomplish our objective of creating mutations,
we extracted human CDK2 DNA from plasmids using spin
columns and introduced the desired mutation via site-directed
mutagenesis. We transformed and plated mutant DNA
using Escherichia coli (E. coli), which was sent for Sanger
sequencing to confirm the presence of the correct mutation in
the DNA before starting protein production (Figures 3 and 4).

Mean Standard Deviation Standard Error
WT (Wild Type) 0.563 0.046 0.023
E12R 0.105 0.024 0.012
T160E 2175 0.222 0.111
T160L 0.585 0.052 0.026
T160E-E162T 0.036 0.021 0.010

Table 1: Descriptive statistics for OD measurements for WT,
E12R, T160E, T160L, T160-E162T at 280nm (n = 4).
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Figure 3: Sanger Sequencing results of E12R and T160E-E162T mutant DNA. Mutant DNA was extracted from colonies and sent to
Azenta to perform sanger sequencing. Figures 3a-3d show the results of sanger sequencing performed on both WT and the mutant DNA to
confirm that the correct mutation was present. a) Sequence of the WT DNA in glycine-rich loop with trinucleotide sequence encoding glutamic
acid (E) boxed in red. b) Sequence of the E12R mutation DNA in glycine-rich loop with trinucleotide sequence encoding arginine (R) boxed in
red. c) Sequence of the WT DNA in activation loop with trinucleotide sequences encoding threonine (T) and glutamic acid (E) boxed in red.
d) Sequence of the T160E-E162T mutation DNA in activation loop with trinucleotide sequences encoding glutamic acid (E) and threonine (T)

boxed in red.

By comparing the DNA sequences of wild-type (WT) and
the corresponding mutation, we identified the change of
the trinucleotide sequence encoding the mutated amino
acid, confirming the success of the mutation (Figure 3). We
transformed the mutant DNA into E. coli (T7 SHuffle) cells
for protein production. We lysed these cells and measured
the optical density (OD) of the purified protein using a
spectrophotometer (Table 1).

We converted OD measurements to mass using Beer-
Lambert’'s Law. The WT CDK2 protein yielded 1.55 + 0.13
mg, which served as the baseline for comparison. Among
the glycine-rich loop mutants, E12R resulted in a significant
reduction in protein content, approximately 80 percent lower
than WT with a protein content of 0.29 + 0.07 mg (p < 0.05),
indicating that substituting a negatively charged glutamate
with a positively charged arginine may have decreased
protein expression. In contrast, the activation loop mutant
T160E produced a four-fold increase in protein content
of 598 £ 0.61 mg (p < 0.05), suggesting that mimicking
the negative charge added during phosphorylation may
enhance expression. T160L, which replaces threonine with
a hydrophobic leucine, had protein levels similar to wild-type
at 1.61 £ 0.14 mg (p > 0.05). Combination of two mutations,
T160E-E162T, was created in the activation loop to determine
the effects of coupling and interaction on protein expression.
Double mutant T160E-E162T led to a 95 percent reduction (p
<0.05) in protein yield, dropping to 0.10 + 0.06 mg, suggesting
that the combined changes caused significant interference
with protein expression (Figure 5). We were not able to
successfully quantify three of the seven designed mutations
(G13W, T160Y, T160E-H161W-E162T), as all three did not
properly amplify during the PCR phase.

In summary, a one-way ANOVA with post hoc Tukey’s

HSD (honestly significant difference) test revealed that protein
content was significantly different in E12R, T160E and T160E-
E162T compared to WT (p < 0.05). E12R and T160E-E162T
exhibited significantly reduced protein content, while T160E
showed a significant increase. However, T160L did not show a
significant difference compared to WT (p > 0.05) (Figure 5).

DISCUSSION

Our results show that mutations E12R and T160E-E162T
significantly decreased CDK2 protein content compared to
WT. They were effective at suppressing CDK2 expression,
potentially leading to inhibition of uncontrolled cell growth.
On the other hand, mutation T160E substantially increased
CDK2 protein content, possibly contributing to increased cell
growth. This data confirms our hypothesis that substituting
amino acids with different charges and polarity would have a
significant impact on CDK2 protein production.

T160 is an essential amino acid for CDK2 functionality
(35). Phosphorylation of T160 directly leads to the activation
of CDK2 in the G1 and S phases of the cell cycle (36).
Furthermore, T160’s interaction with nearby amino acids
within the activation loop promotes a conformational shift
that is essential for cyclin binding and kinase function (37).
E162, an amino acid located within the activation loop of
CDK2, plays a critical role in the alignment of the active site
for interaction with cyclins and other regulators (38). Mutation
T160E led to an increase in CDK2 protein levels. T160E
mimics phosphorylation and introduces a negatively charged
side chain at that position (39). This negative charge is similar
to the one added by a phosphate group during phosphorylation
(39). Since T106E mimics phosphorylation, it is possible that
this modification affects CDK2 stability or expression (39).
On the other hand, mutation T160E-E162T significantly
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Figure 4: Agarose gel for mutant DNA PCR products. Figure 4a
shows an image of the agarose gel and a 1Kb ladder with labeled
sizes for base pairs ranging from 10 Kb to 250 b. Figures 4b-4e
show the agarose gel electrophoresis that was performed to validate
the presence of the gradient PCR products for the mutations E12R,
T160L, T160E, and T160E-E162T, respectively. Lanes 1-3 and 5-7
contain gradient PCR products amplified at annealing temperatures
of 50°C, 51.6°C, 54.9°C, 58.2°C, 62°C, and 64.4°C, respectively.
Lane 4 contains the 1Kb ladder highlighted in 4a.

decreased protein content, demonstrating the importance of
crosslinking between T160 and E162 on protein expression.
Despite having 298 amino acids, a mutation in just 1 or 2 of the
crucial amino acids may lead to changes in protein content.

While the use of CDK2 inhibitors has been explored, no
FDA-approved drugs targeting CDK2 inhibition are available,
demonstrating its challenges as a viable treatment approach.
Our findings suggest that there may be another approach to
solving CDK2 overexpression. Our results highlight specific
amino acid residues that influence CDK2 protein levels.
These sites may serve as potential molecular targets for future
therapeutic strategies aimed at modulating CDK2 expression
in cancer. However, additional studies are required to elucidate
the underlying mechanisms and evaluate their feasibility in a
clinical context. Targeting specific mutations within the CDK2
gene can potentially limit toxicities, a common side-effect
usually seen with the use of CDK2 inhibitors (40). The benefit
of this strategy is controlled regulation of CDK2 overexpression
rather than complete inhibition of CDK2 activity.

There are several limitations of our study. Our initial goal
was to make seven mutations, but we were only able to
complete and find the protein content of four mutations. The
main problem was with the binding of the primer to the template
DNA during the site-directed mutagenesis. The mutations for
which site-directed mutagenesis did not work were G13W,
T160Y, and T160E-H161W-E162T. In mutation G13W, we
wanted to change from glycine, the smallest amino acid, to
tryptophan, the largest amino acid. Mutation T160Y involved a
change from threonine, a hydrophilic amino acid, to tyrosine,
a very hydrophobic one. Lastly, the triple mutation involved
changing multiple amino acids with different properties. In
all of these mutations, the primer likely had trouble binding
with the DNA template despite the use of different annealing
temperatures due to a significant change in nucleotide base
pairs in the primers.

Other limitations of this study involve the manner in which
the CDK2 protein was isolated and quantified. The CDK2
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protein, which contained a His10-TEV tag, was isolated using
ZYMOPURE His-Spin Protein MiniPrep. While the use of this
technique is accurate in isolating His-tagged proteins, running
the obtained sample on an SDS-PAGE gel would have
confirmed the sole presence of CDK2 in the purified protein.
Since we did not run the sample on an SDS-PAGE gel, it
remains possible that trace amounts of other proteins could
be present. After obtaining the His-tagged protein, we used
ultraviolet-visible (280nm) spectrophotometry as well as the
protein’s extinction coefficient to determine the concentration
of CDK2 in our sample. Using these metrics, protein
quantification was calculated. This method has been shown
to provide accurate protein quantification, enabling equal
protein loading across samples and minimizing variability
(41). Alternatively, a Bradford assay could have been used to
measure the concentration and quantification of the purified
CDK2 protein. Due to experimental constraints, we were
unable to perform the Bradford assay.

Our novel findings reveal promise for the future design of
CDK2 mutations to regulate its overexpression and impact
on uncontrolled cell growth. Future studies should investigate
mutations in both the glycine-rich loop and the activation loop
simultaneously and measure their effects on the folding of the
CDK2 protein. The next steps in carrying our research forward
would involve creating similar mutations in a mammalian
model and measuring their impact on tumor suppression.

MATERIALS AND METHODS
DNA Extraction

CDK2 slant Escherichia coli (DH5-a) cells with bacterial
expression and His10-TEV tag, were obtained from AddGene
(plasmid #79726) and plated on ampicillin-resistant (100 pg/
mL) nutrient agar plates (42). The CDK2 slant was plated
in streaked colonies and placed in an incubator at 37°C
overnight. The colonies were inoculated into 3mL of ampicillin
(100 pg/mL) nutrient broth. This protocol was used for future
experiments.

ZymoPURE Plasmid Miniprep Kit (Catalog #D4211) was
used to extract plasmid DNA (pDNA) from the CDK2 cell
culture. The final step of spin column was transferred to a new
microfuge tube, 30uL of ZymoPURE Elution Buffer was added
directly to the column matrix, and it was centrifuged at 6000g
for 30 seconds. The pDNA was stored at -20°C and was used
as needed.
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Figure 5: Average mass of protein in milligrams of 30mL E. coli
culture for WT, E12R, T160E, T160L, T160-E162T (n = 4). Error
bars represent standard error of the mean (Equation 1). Asterisks
(*) represent statistical significance (p < 0.05, one-way ANOVA with
post hoc Tukey’s HSD Test).
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Gel Electrophoresis

Gel electrophoresis was run using 1% agarose gel to
check for the presence of CDK2 DNA, along with a control 1Kb
ladder. 3pL of the DNA, combined with 1uL of 6X Gel Loading
Dye, was placed in the well. 5L of 1Kb ladder was added to
the adjacent well to check that the pDNA was the correct size.

Polymerase Chain Reaction (PCR) and Site-Directed
Mutagenesis

Seven different mutations were selected within the
activation loop and the glycine-rich loop: E12R, G13W, T160E,
T160Y, T160L, T160E-E162T, and T160E-H161W-E162T.
The forward and reverse desalted primers (Table 2) were
ordered from GenScript and diluted to 100uM stock. These
primers were further made into 2uM stock for site-directed
mutagenesis via PCR reaction.

Site-directed mutagenesis was used to generate CDK2
mutants. Itis a technique thatis used to create specific, targeted
changes in the DNA sequence (43). For each mutation, a
25puL PCR mix consisting of Accuris High Fidelity Master Mix,
primers, pDNA, was made according to the manufacturer’s
directions. To optimize PCR conditions, the mix was further
divided into 6 tubes to perform a gradient PCR in order to
identify the optimal annealing temperature. Every column had
a different annealing temperature, meaning that each mutation
had 6 tubes at 6 different temperatures. All tubes were placed
in a Thermal Cycler (Benchmark Sci) starting at 95°C for 3
minutes. Sixteen cycles were run to obtain mutated DNA. The
cycle included a denaturation phase, an annealing phase,
and an extension phase. Gel electrophoresis was conducted
to find which annealing temperature was optimal for each
mutation (Figure 4). Once the correct annealing temperature
was identified, a 50 yL standard PCR reaction was performed
to attain the mutated DNA via site-directed mutagenesis.

This DNA was then purified using ZymoPURE DNA Clean
& Concentrator Kit (Catalog #D4033). To purify the DNA, the
manufacturer’s instructions were followed. The purified DNA
for each mutation was transformed with E. Coli (DH5-a) cells
and plated on ampicillin-resistant plates. Once the colonies
formed, two colonies from each plate were inoculated into
nutrient broth with ampicillin. The ZymoPURE Plasmid
MiniPrep Kit was used to extract the mutated DNA and it was
run on gel electrophoresis to ensure proper size and quality.
The DNA samples were then sent for Sanger Sequencing to
confirm the presence of the desired mutation.

Name Sequence
E12R (F) gaa aag atc gga AGA ggc acg tac gga
E12R(R) tec gta cgt gec TCT tcc gat ctt ttc
T160E (F) gtt cgt act tac GAA cat gag gtg gtg
T160E (R) cac cac ctc atg TTC gta agt acg aac
T160L (F) gtt cgt act tac TTA cat gag gtg gtg
T160L (R) cac cac ctc atg TAA gta agt acg aac
T160E-E162T (F) gtt cgt act tac GRA cat ACT gtg gtg acc ctg
T160E-E162T (R) cag ggt cac cac AGT atg TTC gta agt acg aac

Table 2. Sequences of forward and reverse primers for
four successful mutations (E12R, T160E, T160L, & T160E-
E162T). Green indicates a mutation in the glycine-rich loop, purple
indicates a mutation in the activation loop, and yellow indicates the
trinucleotide sequence for the mutated amino acid. The primers were
used to create the desired mutations by performing site-directed
mutagenesis.
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Protein Expression and Purification

After confirming that the sequence had the correct
mutation, the DNA was transformed using E. Coli (T7 SHuffle)
cells onto nutrient agar plates. Half of the colonies from each
plate were taken and grown in 30mL nutrient broth solution
with ampicillin. Each culture was further divided into two 15mL
cultures for centrifugation.

A spectrophotometer (Metash) was used to monitor the OD
of each culture at 600nm. Once the OD reached ~0.8, 15 yL
of isopropyl 3-D-1-thiogalactopyranoside (IPTG 0.5mM) was
added to induce protein production and grown overnight. The
cells were centrifuged at 4000g for 6 minutes. The supernatant
was discarded and the cell pellet was then dislodged using
2mL of Phosphate Buffer Solution with 20uL of 100X Protease
Inhibitor Cocktail Mix. This solution was then placed into a 2mL
Lysing Matrix tube with silica beads. The MonoLyser was used
to lyse the cells and collect the protein. ZYMOPure His-Spin
Protein MiniPrep Kit (Catalog #P2002) was used according
to the manufacturer’s instructions to isolate the protein in the
solutions, purifying the His-tagged protein from the cell lysate.
Finally, the spectrophotometer was used to take readings of
the protein content at 280nm with quartz cuvettes.

Data Analysis

Standard error of mean (SEM) was calculated using
standard deviation (o) and sample size (n) (Equation 1),
where o is the standard deviation and n is the sample size.

(o2
SEM = T
The SEM value is graphed as positive and negative error
bars (Figure 5).

To calculate the protein content from the OD
measurements (Table 1), we used the Beer-Lambert Law
(Equation 2), where A is the absorbance (OD) at 280nm, ¢ is
the extinction coefficient of the protein, c is the concentration
of the protein, and / is the path length of the cuvette.

A = gcl
To simplify calculations, this can be rearranged (Equation 3).

A
el

By using the observed values of absorbance, an
extinction coefficient of 37025 M-'cm' (44), and a path length
of 1, the concentration of the protein can be calculated.

This can be converted from moles per liter to grams per liter
(Equation 4), where g is the concentration of the protein in
g/L, c is the concentration of the protein in mol/L, and m is
the molar mass.

g=c*m

Substituting the calculated value for ¢ and a molar mass of
33929.53g/mol (26), the concentration of the protein can be
obtained in g/L. Finally, the concentration can be converted
to mass (Equation 5), where p is the mass of the protein in
grams, g is the concentration of protein, v is the volume of
the cuvette in liters.

p=g*v

Substituting the calculated value for g and a volume of
0.003L (3mL), the concentration of the protein can be
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converted to mass in grams, p.

To calculate statistical significance between the calculated
protein contents of WT and the four mutations (E12R, T160E,

T160L, T160-E162T) one way ANOVA was used followed
by post hoc Tukey’s HSD test. This statistical analysis was
performed using Statistical Package for Social Sciences

(SPSS, v30).
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