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Abstract

The ES protein is the smallest known oncoprotein linked to HPV 16 cancer development. In this study,
we determined the potential of asarinin and thiazolo as an inhibitor of the ES protein through molecular
dynamics. The results showed that the binding site is unstable because of its hydrophobic nature and small
size, causing considerable changes in the binding site for each of the 3 drugs examined. Except for asarinin,
which still interacts with the first hydrophobic domain, they preserved their capacity to prevent endosomal
acidification, hyper amplification of the EGFR pathway and contact with BAP31. It may inhibit ES-MHC
I interaction. Thiazolo[3,2-a]benzymidazole-3(2H)-one,2-(2-fluorobenzylideno)-7,8-dimethyl (thiazolo) is
expected to form more stable protein-ligand complexes than the other 2. However, the SASA, hydrogen
bond and DCCM plots show that both compounds are equivalent to HPV 16 E5 protein.
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Introduction

Human papillomaviruses (HPVs) are small double-stranded non-enveloped DNA viruses that infect
the skin and mucosa epithelium [1-3]. At least 202 HPVs have been identified, although studies indicate
that the actual number is much higher [4-6]. It is generally classified into 2 major groups: The low-risk
HPV, which commonly cause benign epithelial lesion with low mortality prevalence and high-risk HPV,
which cause urogenital and head and neck cancer with high mortality prevalence and accumulation [7,8].

HPV is linked to 5 % of all cancers globally, including cervical cancer and head and neck squamous
cell carcinoma (HNSCC), and the proportion of HPV-associated malignancy has been rising. A subset of
HPVs are carcinogenic, and HPV 16 is identified in about 60 % of cervical cancer cases globally [9,10].
Cervical cancer is the second most frequently occurring form of cancer in Indonesia and the second most
frequently occurring type in females aged 15 to 44 [11,12]. Infections of high-risk HPV are commonly
asymptomatic. However, it could be detected during screening by looking for precancerous lesions [13].
The main risk for high-risk genital HPV infection are being sexually active, having a non-monogamous
sexual partner, being sexually active at an earlier age, and having a higher number of sexual partners
[14,15]. The efforts to prevent high-risk HPV infections may take 1 of 2 directions: A preventive strategy
based on vaccination or a curative approach based on treatment [16,17]. Vaccination is the most feasible
preventive option that provides maximum protection against high-risk HPV infections. At least more than
80 countries have introduced nationwide HPV vaccination programs [18]. The most commonly used HPV
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vaccines are Gardasil, Gardasil 9 and Cervarix [19]. Combined with safer or lower-risk sexual activity, it
significantly reduced the chance of getting infected by high-risk HPV [20]. Meanwhile, despite decades of
research, there is currently no effective treatment for a persistent HPV infection. Some therapies do not
thoroughly remove HPV DNA, leaving a 40 % risk of infection recurrence [21].

Although no effective HPV inhibitors have been developed, several compounds and targets have been
analyzed. Most research on HPV-related cancer has focused on the oncoproteins-proteins encoded by
HPV’s oncogenes that are highly involved in the synthesis and regulation of tumor-associated proteins
[22,23] -particularly E6 and E7. Due to their well-characterized activities and pathways, these proteins are
critical oncoproteins that differentiate high-risk from low-risk variations [5,24-26]. However, another
essential oncoprotein for the HR type of HPV is the ES5 protein, an 83 amino acid long hydrophobic
transmembrane protein that interacts with various cellular proteins biologically critical during cell
transformation. HPV 16 ES5 is classified as an oncoprotein due to its ability to induce anchorage-
independent growth in murine fibroblasts and human keratinocytes [10]. By inhibiting the tumor
suppressors, p21 and p27 decreases the expression of MHC I and BAP31 in the ER and increase infection
cell entrance into the S-phase [27-29]. We predict asarinin, and thiazolo in our recent molecular docking
research as potent ES protein inhibitors is mainly due to their docking affinity, stability and predicted
binding site. They are expected to interact with 3 critical regions of the E5 protein, specifically the first
hydrophobic domain, the third hydrophobic domain and the C-terminus, disrupting the ES protein’s
interaction with the heavy chain of MHC I, inhibiting endosomal acidification mediated by v-ATPase, and
decreasing the rate of EFG-receptor recycling to the plasma membrane, respectively [10,27,30-33].

Rimantadine is an antiviral medication classified as a viroporin blocker. This orally available drug is
most commonly used to treat influenza A virus infection. It interferes with the virus’s uncoating process,
inhibiting the ion channel formed by the M2 protein that crosses the viral membrane, and reducing viral
replication [34]. Combining 5 uM rimantadine and 0.1 pM zanamivir significantly reduced HIN1 virus
generation in MDCK cells by 90 - 100 % [35]. Rimantadine reduced the p7 protein’s activity against the
Hepatitis C virus (HCV) in Huh7 cell culture with an IC50 value of 40 uM [36]. Rimantadine’s in vitro
repurposing as an E5 inhibitor inhibited the target protein with a 100 uM IC50. Prior research predicted
that inhibiting E5’s voltage gating motifs would inhibit the activation of mitogenic signaling in
keratinocytes [37]. We perform further research in this work utilizing various molecular dynamic
characteristics to evaluate the potential of asarinin and thiazolo as an inhibitor of the ES protein.

Materials and methods

Data retrieval and pre-docking screening

The HPV16 E5 amino acid sequence was collected from UniProt under the accession number P06927.
The protein’s 3-dimensional structure was simulated using the I-TASSER website
(https://zhanglab.demb.med.umich.edu/I-TASSER/). The 3D model was picked based on its C- and TM-
score  values rank. We assessed the modelled structure using SWISS-MODEL
(https://swissmodel.expasy.org/assess). The Ramachandran favored percentage was 57.14 % with
MolProbity score of 3.73. The final file format for the target protein is .pdb. We evaluated asarinin and
thiazolo, the top 2 ligands with the lowest binding affinity scores, as well as vorinostat (CID:5311) as a
positive control. All compounds were provided in .sdf format.

Molecular docking process

AutoDock Vina is used for docking, integrated with PyRx (https://pyrx.sourceforge.io). Before the
docking procedure, we convert protein target molecule and ligands into .pdbqt format, required by
Autodock Vina. We used the target protein’s whole structure for this blind docking procedure. The
molecular coverage area, which include whole structure of the protein, is 39.3567x40.9481x35.1306 A,
and the center coordinates are 56.3238x40.9481x35.1306 A. The main factors in docking are the molecule’s
affinity in kcal/mol, where the binding site is, and how the protein and ligands interact.

Molecular dynamics simulation

During simulating molecular dynamics against the ES protein, ligands with the lowest scores for
binding affinity were chosen. Under physiological conditions 37 °C, 1 atm, pH 7.4 and 0.9 % salinity, the
protein and ligand complex structures were built for 1,000 picosecond simulations. The md run macro
program was used to do the molecular dynamics simulation, and the md analyze, and md analyeres macro
programs were used to analyze the molecular dynamics data through yasara.
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Results and discussion

The alignment of the 3 protein-ligand complexes in 3 dimensions using a cycle value of 5.0 and a
cutoff value of 2.0 revealed that they deviate by more than 5 A. However, the lowest deviation was seen in
the E5-thiazolo complex, which had an RMSD alignment value of 5.575 A. The E5-asarinin complex
exhibited the highest alignment, with a score of 7.060 A. Visual inspection of the binding site using 3D
visualization revealed that asarinin and thiazolo did not exhibit a substantial shift in position. However,
when rimantadine was used as a control, substantial alterations in the binding site were observed.

Table 1 Binding site residues comparison before and after molecular dynamics simulation.

Post-molecular dynamics

Pre-molecular dynamics simulation . .
simulation

Compounds (CID) Sources (organ) Amino acid Amino acid

Interactions (A) Interactions (&)

residue residue
Thr76 Arg79
Leu71 Leu28
Ser37 Ala78
Tyr39 Hydrophobic LeuS81
I Ser35 contact Leu71 dronob
. Zanthoxylum s, Hydrophobic
Asarinin (11869417) (bayrk) PP Leu23 Pro70 Y
Ala78 Phe72
Pro31 Pro31
Arg79 Hydrophobic Leu34
contact
Hydrogen bond
(2.92) Leu27
Tyr39 Ala78
Leu23 Leu71
Thr76 Leu73 Hydrophobic
y Ser35 dronhob Thr76 contact
. Mpyristica fragrans Hydrophobic
Thiazolo (1823738) Y (seeds)g Ala78 yconlt)act Thr38
Arg79
Hydrophobic
Leu71 Tvr39 contact
y Hydrogen bond
(2.91)
Pro70 Ile64 Hydrophobic
Thr38 Phe60 contact
Leu71 Hydrophobic
Te64 contact
Rimantadine (5071) Drug control Serd1
Ile43
Hydrophobic
contact
Tyr39 Hydrogen bond

(2.97)
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Figure 1 The 3D and 2D structure visualization of binding HPV 16 ES5 protein and (A) asarinin, (B) thiazolo,
(C) rimantadine. The cyan structures in 3D visualization indicate the protein-ligand complex before MD
simulation, while the green structures are after MD simulation. The colored diagram in 2D indicates
protein-ligand complex after MD, while the greyscale diagram indicates protein-ligand complex before
MD.

The outcomes of the 2-dimensional visualization (Table 1 and Figure 1) are comparable to those of
the 3-dimensional visualization. Rimantadine, used as a control, exhibited the most substantial alteration in
the binding site, with a roughly 70 % decrease in interaction with binding site residues compared to the pre-
MD state. Only 2 residues, notably Ile64 and Phe60, interact with rimantadine through hydrophobic
interactions. The 2D visualization findings revealed that the asarinin binding site shifted throughout the
simulation period, as shown by just 4 of the 9 conserved residues. Asarinin's interaction with 1 other
deposition increased from 9 to 10 residues. Additionally, it lost hydrogen bonds with the binding site
residues, rendering all interactions between asarinin and its binding site are through hydrophobic contact.
The 2-dimensional visualization revealed that thiazolo also underwent binding site shift, as shown by
substituting 2 interacting residues and inserting 1 additional interacting residue. Post-molecular dynamics
simulations revealed that thiazolo established a second hydrogen bond with Tyr39. Based on these results,
asarinin still interacts with residues in the first hydrophobic domain, third hydrophobic domain and C-
terminal region, but the post-MD results show that all residues that interact with asarinin are critical residues
in each region. Thiazolo losing its interaction with the residue of the first hydrophobic domain, so it only
interacts with the third hydrophobic domain and C-terminal region. Rimantadine control practically only
interacts with residues in the third hydrophobic domain instead of the second and third hydrophobic domain
before MD simulation.

The 2 visualization results demonstrate that the 3 ligands’ binding sites shifted following MD
simulation. Because asarinin’s binding site shifting in post-MD simulation, positioned in between the first,
third hydrophobic domains and the extreme C-terminal domain, asarinin could theoretically disrupt the ES
protein’s interaction with the heavy chain of MHC I by interacting primarily with Pro31, thereby decreasing
endosomal acidification and the rate of EGFR recycling, and inhibiting the interaction of E5 protein with
BAP31, respectively [27,38-41]. However, asarinin's binding site did not exhibit substantial visual changes
than the pre-MD state, suggesting that the binding location was optimum for asarinin, particularly after
passing 700 ps. Between 150 and 700 ps, fluctuations in ligand movement are believed to be driven by its
binding pocket showing some flexibility before stabilizing at 700 ps [42]. Meanwhile, asarinin’s
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conformational variation was caused by its attempt to maintain contact with the changing binding pocket
on the ES protein [43]. However, asarinin's conformational plot pattern suggested it had not yet achieved
equilibrium [44].

After 700 ps, the ligand mobility plot exhibits comparable findings to the 2D and 3D representations.
Asarinin has the most significant mean value (9.225 + 2.618 A), indicating rapid movement in the time
range of 100 to 700 ps with a maximum peak at 13.813 A and then rapidly decreasing to around 7 A before
finally stabilizing about 100 ps before the simulation period ended, just below thiazolo. Rimantadine has
the lowest average movement (5.622 + 2.278 A), and it is reasonably steady around 5 A, but exhibits a
dramatic and rapid rise in RMSD movement value shortly after 900 ps, reaching a maximum of 13.365 A.
The ligand with the most stable movement in this simulation is thiazolo, as indicated by the RMSD plot
pattern, which has the most stable plot in comparison to other ligands, despite it did not have the lowest
mean value of movement, but it has lowest standard deviation value among others (7.318 + 1.252 A).
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Figure 2 Ligand movement plot for asarinin (red line), thiazolo (green line) and rimantadine (blue line)
over a 1,000 picosecond of simulation.

Rimantadine is the only ligand with no significant conformational fluctuations and the mean
conformational deviation less than 1 A (0.796 + 0.144 A). While both asarinin and thiazolo exhibited
significant conformational fluctuations. Simulation results indicated that asarinin exhibited slightly more
conformational changes than thiazolo. Asarinin's standard deviation (0.454 A) is marginally higher than
thiazolo (0.398 A). Additionally, the plot results indicated that asarinin fluctuated from 50 ps to the end of
the simulation period. In contrast, thiazolo also fluctuated but stabilized at around 2 A between 200 - 400
ps and 700 - 950 ps, before finally dropping below 2 A at the end of the simulation.

In general, thiazolo exhibits relatively consistent movement and conformation plots when compared
to the other ligands examined, as indicated by a relatively low standard deviation value [45,46]. When the
binding pocket of the compounds was visually compared before and after MD, no significant alterations
were seen. The relatively steady movement and conformation plot showed that the binding site was
optimized and that conformational changes occurred due to adjusting the conformation with its binding site
[42,43,47]. Nevertheless, thiazolo loses its interaction with the first hydrophobic domain and retains it with
the third hydrophobic domain and the C-terminal domain, reducing its ability to disrupt the ES protein’s
interaction with the heavy chain of MHC I but retaining its ability to inhibit endosomal acidification, the
EGFR pathway hyperamplification, and inhibit the interaction of ES protein with BAP31 which reducing
infected cells’ proliferation ability and the virion assembly process [27,38-41].
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Figure 3 Ligand conformation plot for asarinin (red line), thiazolo (green line) and rimantadine (blue line)
over a 1,000 picosecond of simulation.
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Figure 4 Solvent accessible surface area for asarinin (red line), thiazolo (green line) and rimantadine (blue
line) complexes over a 1,000 picosecond of simulation.

The most drastic positional shift was experienced by rimantadine, which is known as an anti-viroporin
drug, where it expelled from its binding cavity compared to the pre-MD simulation results. However, post-
MD rimantadine is predicted to still interact with Ile64, which is thought to be an essential residue that acts
as a voltage gating motif that inhibits the diffusion of specific critical ions, although the intricacies of the
voltage gating motif’s function on the HPV16 ES protein remain mostly unclear [30,48]. The lack of
interaction between rimantadine and Ser41 after the simulation is believed to reduce the possibility of
inhibiting mitogenic signaling activation for this specific protein in keratinocytes, but these results still need
to be explored further through in vitro studies [10,37,48]. The abrupt ligand movement of rimantadine
towards different binding sites in the last 100 ps of simulation indicates that the initial binding site of
rimantadine may not be optimum owing to the conformational dynamics of the E5 protein throughout the
simulated process [42,49]. Rimantadine's stable conformation ligand is believed to be owing to its simple
structure as a cyclic amine, which provides little flexibility.
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Figure 5 Intramolecular hydrogen bonds in the solute for asarinin (red line), thiazolo (green line) and
rimantadine (blue line) complexes over a 1,000 picosecond of simulation.
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Figure 6 Hydrogen bonds between solute and solvent plot for asarinin (red line), thiazolo (green line) and
rimantadine (blue line) complexes over a 1,000 picosecond of simulation.

In the 1,000 ps simulation, the solvent-accessible surface area (SASA) graph demonstrates a
substantial change after 100 ps. The SASA values for the E5-asarinin complex were consistently greater
than those for the 2 protein complexes. Meanwhile, the ES-thiazolo and ES-rimantadine complexes vary
around 6,000 A2, The E5-rimantadine complex, on the other hand, exhibits a more stable graph than the 2
active molecules. However, none of the 3 protein complexes demonstrated a significant spike in SASA
levels in a short period.

The SASA value fluctuated significantly during the simulation, indicating that the protein-ligand
complex expanded throughout the simulation period. This expansion occurs due to the partial unfolding of
the target protein, which alters the protein region accessible to solvent molecules [50-52]. Despite the
fluctuations, none of the 3 protein-ligand complexes in the 1,000 ps timeframe experienced a sudden rapid
change in their SASA value, indicating that the 3 protein-ligand complexes are compact enough to avoid
collapsing during the simulation due to the sudden unfolding process, exposing the hydrophobic core of the
protein complexes to the solvent and causing damage [53,54].

During the simulation, the intramolecular hydrogen bond plot revealed that the 3 protein complexes
underwent substantial variations in size compared to the protein complexes. The most substantial hydrogen
bond instability was seen in the E5-rimantadine complex. The intramolecular hydrogen bonds between the
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complexes E5-asarinin and E5-thiazolo varied between 40 and 50, and both equally fluctuated. Meanwhile,
the protein-solvent hydrogen bond plot demonstrates that despite the fluctuation of the 3 protein-ligand
complexes, the ES-thiazolo complex has the most stable graph compared to the other protein-ligand
complexes. The E5-rimantadine complex seemed to be subjected to the most substantial changes. However,
both hydrogen bond graphs do not exhibit a sharp rise or drop in value throughout the simulation.

Hydrogen bond analysis revealed substantial fluctuations in both parameters, indicating that the 3
protein-ligand complexes underwent continuous movement to reach equilibrium during the simulation
period [55,56]. The plot values that seem to fluctuate significantly are believed to be caused by the highly
hydrophobic nature of the E5 protein and its small size. The oscillating intramolecular bond is caused by
the highly hydrophobic protein complex attempting to retain its folded conformation in a water solvent to
avoid a rapidly unfolded phenomenon that causes protein denaturation [57-59]. The absence of a rapid and
sustained decrease in intramolecular hydrogen bonding indicated that the 3 protein complexes maintained
their conformation throughout the simulation period. It correlates with the protein-solvent hydrogen bond
plot, which, although fluctuating, does not exhibit a sudden and sustained spike of protein-solvent hydrogen
bonds, as donor and acceptor atoms that had previously established intramolecular hydrogen bonds are
exposed and form hydrogen bonds with the water [57-59].

Asarinin — E5 Thiazolo - ES Rimantadine — ES
Complex Complex Complex

Figure 7 Dynamic cross-correlation matrix for each protein complex. Yellow represents correlated motions
and blue represents anticorrelated motions.

The DCCM illustrates movements between individual residues that are considerably correlated in
yellow and highly anticorrelated motions in blue [60-62] (Figure 8). It is shown that the E5-rimantadine
complex enhanced both correlated and anticorrelated motion, implying higher fluctuation and interaction
between residues within the complex. Rimantadine’s binding site in the third hydrophobic domain moves
in lockstep with the -helix in the first hydrophobic domain and the N-terminal of the a-helix in the second
hydrophobic domain. Additionally, a strongly correlated motion was seen between residues 20 and 42, and
activity of the N-terminal a-helix residue in the first hydrophobic domain (AA 8 and 10) resulted in a highly
correlated movement from the first hydrophobic domain to the N-terminal of the second hydrophobic
domain. A significantly anticorrelated motion was seen between the C-terminal of the second a-helix and
the N-terminal of the third a-helix.

Except for the second a-helix, the ES-asarinin complex exhibits a pattern of highly correlated motion
comparable to that of the ES-rimantadine complex in the first, second and third hydrophobic domains. A
similar pattern was seen in the third hydrophobic domain; however, in the E5-asarinin complex, the Ser41
residue exhibited a strongly correlated motion with residues 60 - 71. Similar to the ES-rimantadine complex,
a significantly anticorrelated movement was seen between the C-terminal of the second a-helix and the N-
terminal of the third a-helix. However, previous studies mentioned that rimantadine act as anti-viroporin
by blocking the ES oligomer’s lumen through interaction with Ser37 and Ser4, inhibiting mitogenic
signaling activation in keratinocytes [10,37,48].

The E5-thiazolo complex displays a motion pattern virtually identical to the E5-asarinin complex but
with a lower value. Only the first hydrophobic domain and the second N-terminal of the a-helix exhibit
highly correlated mobility. The DCCM analysis demonstrates that all protein-ligand complexes display
comparable patterns of correlated motions. The majority of correlated motion occurred on the a-helixes,
particularly the first a-helix, the N-terminal of the a-helix of the second hydrophobic domain and the third
a-helix. The ES-rimantadine complex was the most flexible, whereas the E5-thiazolo complex was the least
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flexible. Correlation increased due to increased interaction with the ES-rimantadine system, implying that
the system as a whole had grown more elastic compared to 2 other complexes [63,64].

Conclusions

The ES protein is the smallest known oncoprotein related to cancer formation due to HPV 16 infection.
Due to its extremely hydrophobic nature and diminutive size, the binding site is unstable, resulting in a
significant change in the binding site for each of the 3 compounds studied as they seek to maintain contact
with the shifting binding pocket on the E5 protein. After the simulation, the majority of them concentrated
in the third hydrophobic domain and the C-terminal domain, where they retained their ability to inhibit
endosomal acidification, hyperamplification of the EGFR pathway, and interaction with BAP31, except for
asarinin, which still interacts with the first hydrophobic domain. It may block the interaction of E5 with
MHC I. The SASA, hydrogen bond, and DCCM plots, on the other hand, indicate that both compounds are
comparable against HPV 16 ES5 protein. Due to its differing molecular dynamic characteristics, thiazolo is
projected to create more stable protein-ligand complexes than the others.
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