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Abstract. - OBJECTIVE: Polymerase & exonu-
clease (POLE) is an enzyme involved in DNA rep-
lication and may be an attractive therapeutic tar-
get in various cancers. Here we sought to model
the impact of specific POLE mutations on protein
function. Due to the lack of a crystal structure, the
tertiary structures of the wild type and four com-
mon mutants were modeled using |-Tasser server.

MATERIALS AND METHODS: Molecular dock-
ing and dynamic simulation studies were performed,
and the structure and function of the mutants ana-
lyzed through residue conservation analysis and
protein folding energy changes.

RESULTS: All mutants of POLE gene had fa-
vorable binding affinities compared with their wild
type of counterpart. The P286R variant, but not the
other variants, disrupted cladribine binding to the
protein. Similarly, dynamics studies revealed insta-
bility of the P286R mutant, while V411L, L424V, and
L424F appeared to favor cladribine binding.

CONCLUSIONS: Since P286R is a hotspot mu-
tation in endometrioid carcinomas, patients with
this variant may not respond to cladribine. Popu-
lation-based pharmacogenomics studies will be

required to validate our results.
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Introduction

DNA polymerase epsilon (POLE) is a B-fam-
ily DNA polymerase that plays an important role

in leading strand synthesis in nuclear DNA rep-
lication'. The enzyme has four subunits: p261
(POLE), p59 (POLE2), p17 (POLE3), and pl2
(POLE4). p261, encoded by the polymerase &
exonuclease (POLE) gene, has a conserved poly-
merase exonuclease domain (ED), a proofreading
domain responsible for detecting and removing
mis-incorporated nucleotides®. Defects in the
proofreading function of the POLE enzyme con-
tribute to genomic instability in different can-
cers’. All reported somatic and germline POLE
mutations are heterozygous and no loss of het-
erozygosity has been reported’. Although they
exist in heterozygous form, the pathogenicity of
these mutations remains unclear and the role of
these mutations on tumor development is not ex-
plained*. It has been recently shown’ that different
POLE mutant alleles differentially influence and
drive tumor mutation burden, thereby dividing
patients into distinct subgroups. Interestingly, all
POLE mutations reported in patients with ultra-
mutated tumors are located in the proofreading
ED. POLE is frequently mutated in different solid
cancers and leukemias®, with 92 POLE ED muta-
tions reported in different cancers according to the
cBioPortal database (available at: https:/www.
cbioportal.org/, accessed in November, 2021)"%,
Cladribine (2-chlorodeoxyadenosine; 2-CdA)
is a nucleoside analogue developed nearly 50
years ago and is now commonly used to treat
variety of tumors’ and individuals with multiple
sclerosis due to its immunosuppressive activity'°.
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Cladribine is activated after undergoing sequen-
tial intracellular phosphorylation, which leads to
the accumulation of its active form 2-Cd-ATP°.
2-Cd-ATP incorporates in DNA strands, thereby
inhibiting enzymes involved in DNA synthesis,
including POLE!"2, Interestingly, in vivo, cancers
with POLE mutations show hypersensitivity to
nucleoside analogues compared with POLE wild
type tumors, suggesting that nucleoside analogues
may be an effective therapeutic strategy in patients
with advanced-stage POLE-mutant cancers'’.

Here we focused on common mutations re-
ported in POLE gene including P286R, V41IL,
L424V, and L424F of POLE gene. These somatic
mutations cluster in the exonuclease proofreading
domain of POLE gene and are found in tumor tis-
sue from different cancers, such as endometrial
(around 8% of patients) and colorectal (around
3% of patients)>!*. Patients with P2864 and
L411V are associated with high tumor mutation-
al burdens (=100 mutations per megabase), and
while tumors harboring L424F mutations are also
associated with high tumor mutational burdens,
L424V-mutant tumors have lower mutational bur-
dens (5-10 mutations per megabase)*. The crystal
structures of target proteins are crucial for the the-
oretical analysis of protein structure and function
but, when the structure in unavailable, the tertia-
ry structure must be predicted through homology
modeling or ab initio modeling based on available
template structure data. To predict the deleteri-
ous effects of these four recently reported muta-
tions", protein tertiary structures were modeled
through ab initio protein modeling, and the pre-
dicted structure was mutated manually to obtain
individual structures for further processing. Sev-
eral computational analyses and validations were
performed to understand the impact of structural
changes on protein function and drug binding. We
selected cladribine as a reference drug molecule
for docking studies®'s. In addition, amino acid
conservation and impact of the variants on protein
folding were analyzed.

Materials and Methods

Selection of SNPs

POLE encodes the catalytic subunit of DNA
polymerase € and is involved in nuclear DNA re-
pair and replication'’. The most common POLE
mutations are found within the ED (exons 9-14),
important for proofreading during DNA replica-
tion. These mutations result in an extremely high

mutational load and the hypermutated phenotype
in colorectal and endometrial carcinomas'®. The
most prevalent POLE mutations reported in en-
dometrial carcinoma patients are P286R, V411L,
L424V, and L424F, with two variants (P286R
and V411L) accounting for 63-76% of all POLE
point mutations. POLE mutations have long been
known to be associated with improved long-term
progression-free survival®.

In Silico Protein Structure Modeling of
Non-Synonymous (Ns)Snps

The protein structures of wildtype and mutant
POLE were modeled using Maestro (Schréding-
er, New York, NY). Before mutating the protein,
we confirmed the mutation position and mutated
residues in Uniprot (KB Q07864). After intro-
ducing the mutations, the models were optimized,
and the energy reduced using the OPLS3 force-
field in Maestro. The root mean square deviation
(RMSD) for each energy-minimized mutant pro-
tein was computed in relation to the wild-type
protein structure?. The optimized structure was
used in further docking studies after minimization
(Figure 1).

Meta-Study of Target Snps

A meta-study gathers previously reported in-
formation about selected variants and their spe-
cific deleterious effects in genetic disorders as
determined by case-control studies conducted
in a different ethnic populations?'. Table I de-
tails the POLE variants previously reported to
be deleterious.

Active Site Prediction

The SiteMap module in Schrodinger was used
to identify the most favorable binding regions in
the protein’s active site*” on the basis of hydro-
phobic, hydrophilic, and charged amino acids in
the tertiary protein structure (Figure 2). A custom-
ized grid was generated with co-ordinates in three
axes, and the ligand-receptor interaction distance
was fixed at < 20 A. Receptor grid generation was
implemented to create a fine grid covering the
active site. Cladribine was docked with the four
variant models and one wildtype protein in extra
precision mode (XP).

Protein-Ligand Docking

The selected drug cladribine was obtained
from the PubChem database as a ligand for dock-
ing experiments, with which we generated con-
formers using Ligprep in Maestro utilizing the
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Figure 1. Energy-minimized tertiary structure of POLE protein.

OPLS3 forcefield. Among the different conform-
ers of cladribine, a molecule with high binding
affinity was determined via molecular docking
using Glide in Maestro®#*. The active site was
defined based on the best active site predicted by
SiteMap in the protein structure. After complet-

Table I. Detailed information about the POLE variants studied.

ing the docking protocol, the docked ligands were
carefully studied for binding pose selection.

Secondary Structure Prediction
To identify structural alterations induced in the
target protein by the missense mutations® and, as

Variants/SNP Alleles Clinical significance Transcript ID Pathogenicity Prediction Evidence
Polyphen — Probably .
1057519945 /T Likely pathogenic  ENST00000320574.10 Damaging Phenotype evidence
V411L . available, Cited
SIFT — Deleterious
Polyphen — Probably
1057519943 . . Damaging Phenotype evidence
PIS6R G/C/T Likely pathogenic =~ ENST00000320574.10 SIFT - Deleterious available, Cited
REVEL — Pathogenic
Polyphen — Probably Frequency, identified
15483352909 . Damaging in EXAC, gnomAD
LAJAF G/A/IC Pathogenic ENST00000320574.10 SIFT - Deleterious consortium, phenotype
REVEL — Pathogenic evidence available, Cited
Polyphen — Probably Frequency, Identified
1483352909 . Damaging in ExAC, gnomAD
LA2AY G/A/IC Pathogenic ENST00000320574.10 SIFT - Deleterious consortium, phenotype
REVEL — Pathogenic evidence available, Cited
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Figure 2. Protein tertiary structure focusing on the active site of the target molecule. Yellow regions are hydrophobic, red

regions are hydrophilic and charged.

a consequence, any functional change, the protein
sequence encoded by POLE was retrieved from
UniProtKB and individual sequence files with
variant modifications prepared for comparison of
protein secondary structure. MAFFT alignment v.
7.0 was used to align the modified sequences? us-
ing the BLOSUM 62 scoring matrix as a scoring
function. The secondary structure of the aligned
sequences was generated using Geneious R 6.1.2
(Biomatters, Auckland, New Zealand)?'.

Binding Enerqgy Calculations

In addition to Glide energy, the binding ener-
gy of the docked complex was calculated using
Prime MM-GBSA in Schrodinger since these
results are important in the design of new drug
molecules specific to the target protein molecule.
Prime MM-GBSA was used to calculate the bind-
ing free energy of the studied molecules, the mol-
ecule’s strain energies, and the binding energies of
the ligand and receptor.

Molecular Dynamic Simulation (MDS)

Desmond in Maestro was used for MDS using
the OPLS 3 forcefield. All essential steps were
carried out as previously?®?°. The box dimen-
sion ensured that the protein’s atoms would be in
a suitable area distant from the box’s wall with
periodic boundary conditions. The system was
solvated using the SPC water model and initially
equilibrated with NVT, NPT followed by a 100
ns final molecular dynamics equilibration simula-
tion. All trajectories were saved at every 2 ps for
further analysis.

Residue Conservation Analysis

The amino acid sequence of POLE was re-
trieved from UniProtKB and used as the source
file for conservation analysis. The conservation
score of each amino acid was predicted through
multiple sequence analyses using Consurf Server
(available at: https://consurf.tau.ac.il/consurf in-
dex.php) using the default settings, Bayesian cal-

Table II. Information about the POLE protein and candidate drug, cladribine.

Protein Gene Amino acid Template structural Variants identified Available
name name length information as disease-causing drug information
DNA polymerase 2286 aa X-ray crystal structure V411L Cladribine
epsilon catalytic = POLE  targetarea (5VBN) sequence cover- P286R [14]

subunit A (250 to 450) age - 2,142 to 2,286 [31] L424V/F
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culation, and the HMMER homology search al-
gorithm. Conserved amino acids were identified
after scoring from 1 to 9, with a higher score de-
noting higher conservation®’. Furthermore, amino
acid function was predicted based on position in
the protein, i.e., buried or exposed.

STRUM Prediction

The STRUM server® was chosen to identify
structure-dependent changes in protein stability
based on the point mutations. Scores below zero
indicated protein destabilization, while those
above zero indicated that the mutation stabilized
the protein structure. In this way, changes to the
active site that might alter drug binding affinity
were identified.

Results

The studied POLE mutations were predicted to
be deleterious in silico and have been shown to be
disease-causing experimentally'* (Table II). The
POLE protein studied here is described in Table
II. Since the crystal structure of the POLE protein
was not publicly available, a significant template
structure of SVBN was identified through ho-
molog screening using the BLAST tool from the
NCBI.

Amino Acid Conservation Analysis

The predicted energy changes in protein fold-
ing on introduction of the mutations were between
3.56 and -2.81 (Table III). The ConSurf server also
helps to predict amino acid nature and conservation
through sequence alignment and analysis (Figure
3). Table IV shows the conservation score of each
mutation and its predicted function. All the mutat-
ed amino acids were highly conserved, with P286R
buried and categorized as a functional residue
and the other mutants exposed and categorized as
structural. Among the four variants, P286R had a
STRUM score of -2.81, suggesting that this variant
might influence the protein structure.

Secondary Structure Analysis

We next examined secondary structural chang-
es caused by the four SNP sequence variants. The
addition and loss of secondary structural elements
were observed near the mutated regions (Figure
4). V411L induced turn loss and helix gain around
the mutation; L424V showed no change in turns
near the mutated site; L424F showed secondary
structure displacement through a specific turn

Table Ill. STRUM server predictions for the identified variants.

Variant Score AAG (ddG) Remarks
V411L 2.36 Stabilized
P286R -2.81 Destabilized
L424F 3.34 Stabilized
L424V 3.56 Stabilized

replaced with a small helix at the mutated site,
while P286R produced several secondary struc-
tural changes at the mutant site such as loss of
the turn and loop region and formation of a helix.
Therefore, all four variants resulted in structural
changes in the protein secondary structure.

Molecular Docking Analysis

All mutant and wildtype protein structures un-
derwent energy optimization during pre-docking
experiments. Cladribine was docked in the active
sites of the five proteins in parallel and binding
affinities and conformational changes compared
to understand the impact of the drug in the pres-
ence of specific mutations (Table V). The wildtype
protein had a glide score of -7.13 kcal/mol in the
presence of cladribine. The L424V/F and V41IL
mutants had higher glide scores of -8.08 and -8.04
kecal/mol, respectively, while P286R had a lower
score of -5.89 kcal/mol, indicating reduced binding
affinity. The glide scores are a direct measure of
binding affinity of molecules in protein active sites.
The binding energy ranged from -51.94 to -36.24
kcal/mol, and Asp462, Thr278, GIn277, Argl077,
and Ser1075 were interacting residues. Of these,
Thr278 and GIn277 were hotspot residues favoring
binding between the molecules (Figure 5).

Molecular Dynamic Simulations

All the docked protein-ligand complexes were
used to prepare topology and coordinate files for
MD simulations in Desmond. In the biological
setting, the predicted tertiary protein structure
is extremely dynamic and structural stability is
highly important for predicting the target protein
function. For the modeled or mutated protein, the
RMSD is an important parameter when deter-
mining protein stability. We therefore performed
molecular simulation of the docked complex mol-
ecule for 100 ns to determine and differentiate na-
tive and mutant structures.

Root Mean Square Deviation
Structural changes in the studied complexes
were measured from 0 ns to 100 ns. RMSD plots
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Figure 3. Color-coded sequence alignment indicates sequence conservation at the sites of the studied mutations.
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Figure 4. Secondary structure prediction of the POLE wild and mutant sequences.
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Table IV. Residue conservation analysis and function prediction by ConSurf analysis.

Variants Color scale, score Buried/exposed Function
V411L Highly conserved, 9 Buried Structural
P286R Highly conserved, 9 Exposed Functional
L424F Highly conserved, 9 Buried Structural
L424v Highly conserved, 9 Buried Structural

show the deviation of the backbone atoms of the
protein residues observed throughout the sim-
ulation (Figure 6). The wildtype protein RMSD
was stable at 0.31 nm (3.1 A), while the mutants
were stable at 0.22 to 0.39 nm (2.2 to 3.9 A), in-
dicating that the mutations in structural residues
significantly altered system stability with respect
to RMSD values represented in the RMSD plots
(Figure 6). The RMSD changes indicated that the
protein structures or their conformational patterns
were unstable.

Protein Residue Fluctuation

Protein function can be altered by docking
chemicals or drug molecules to hotspot sites in
the protein molecule. The P286R SNP was very
unstable and reduced drug binding affinity. In
molecular dynamics simulations, this mutant de-
creased the RMSF stability by 0.38 nm (3.8 A)
and interactions with cladribine were lost (Figure
7). Important and strong non-covalent interactions
between the amino acid residues and atoms of the
drug molecule will improve stability and affinity,
and indeed the other mutants retained interactions
and stability in simulations. Residue fluctuation
near the loop regions is expected and influences
the structural conformation.

H-Bond Analysis

Hydrogen bond analysis showed a loss
and gain of hydrogen bonds in each trajectory
throughout the simulations. Important and strong
non-covalent interactions between the amino acid
residues and atoms of the drug molecule improve

stability and affinity, and indeed the other mutants
retained interactions and stability in simulations.
There were very few hydrogens bond networks
in the P286R variant model, while the other
models showed considerable interactions main-
taining complex stability. To simplify the data,
we present wild and mutant L424F in Figure 8§,
which shows that the L424F model has the most
H-bond interactions, while the wildtype protein
and other mutants had fewer H-bonds throughout
the simulation. The wildtype model showed sta-
ble interactions including H-bonds, hydrophobic
interactions, and salt bridges, while L424F had
more important residue interactions such as with
Thr278, Tyr362, His422, and Arg976 via all the
major possible contacts.

Discussion

The computational studies on POLE gene mu-
tation brings out the significant outcomes based
on the several in silico analysis on specific SNPs
on the protein structure. The amino acid conserva-
tion analysis differentiates the studied SNPs based
on their residue conservation score obtained from
sequence alignment (Figure 3). Furthermore, the
conserved residues were categorized as structural
and functional with respect to their position in the
protein structure. Associate results were observed
in secondary structure analysis. All the studied
mutations have substantial secondary structure
changes near the mutated regions (Figure 4). All
the studied variants impact protein structure and

Table V. Molecular docking results of cladribine in the wild and mutated structures.

Molecule Glide XP score (kcal/mol) Binding energy (kcal/mol) Interacting residues (H-bonds)
Protein_ Wild -7.139 -41.567 Asp462, Thr278
Protein V411L -8.044 -49.590 GlIn277, Thr278
Protein_P286R -5.894 -36.241 Argl077, Serl075
Protein L1424V -8.080 -51.623 GIn277, Thr278
Protein_L424F -8.080 -51.947 GIn277, Thr278
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Figure 5. Molecular docking studies revealed 2-dimensional interactions of the drug molecule in the protein active site.

may, therefore, alter protein function. The su-
perimposition of wild and mutant structures re-
vealed significant differences in structure between
mutants and wildtype, especially for the P286R
mutant. These observations confirm the negative
impact of the variants on protein stability and
conformation. The mutated structures induced
significant differences in structural alignment and
conformational state of the functional protein in
three-dimensional views.

The molecular docking analysis reveals that the
Cladribine drug molecule’s binding nature to the ac-
tive POLE protein is altered. The protein structure
with specific mutation differentiates the drug binding
affinity and binding energy. Among them, P286R has
a significant reduction in binding score compared
to wild type. It indicates that the P286R mutation
disrupts the binding cavity and leads to an unfavor-
able binding compatibility with the drug molecule.
Furthermore, RMSD, RMSF, and hydrogen bond
analysis from molecular dynamic simulation studies
reveal several supporting data. The mutants have an
important role in the structural stability, as well as in

functional and conformational variation of the pro-
tein. The P286R has an unstable structure and very
few hydrogen bonds are observed throughout the 100
ns simulation time. Overall, it is clearly assumed that
the studied mutants have a crucial role in modulating
the function of the POLE gene.

Conclusions

Here we performed in silico analyses to ex-
plore the impact of common POLE variants on
protein structure, function, and drug binding.
Docking studies showed that all mutations altered
interactions with cladribine, which may alter
drug efficacy depending on the mutation and its
position. Structural stability and hydrogen bond
interactions demonstrated that the mutations sig-
nificantly contributed to changes in drug affinity.
Of the studied variants, P286R had the greatest
impact and resulted in structural instability and re-
duced binding affinity. The theoretical prediction
of differential binding between cladribine and dif-
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Figure 8. Hydrogen bonds observed between protein and ligand for the wildtype and mutant structures.

ferent POLE mutants now requires further clinical
and experimental validation.
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