
Interpretations on the Interaction between Protein Tyrosine
Phosphatase and E7 Oncoproteins of High and Low-Risk HPV: A
Computational Perception
Murali Aarthy and Sanjeev Kumar Singh*

Cite This: ACS Omega 2021, 6, 16472−16487 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The most prevalent and common sexually trans-
mitted infection is caused by human papillomavirus (HPV) among
sexually active women. Numerous genotypes of HPV are available,
among which the major oncoproteins E6 and E7 lead to the
progression of cervical cancer. The E7 oncoprotein interacts with
cytoplasmic tumor suppressor protein PTPN14, which is the key
regulator of cellular growth control pathways effecting the
reduction of steady-state level. Disrupting the interaction between
the tumor suppressor and the oncoprotein is vital to cease the
development of cancer. Hence, the mechanism of interaction
between E7 and tumor suppressor is explored through protein−
protein and protein−ligand binding along with the conformational
stability studies. The obtained results state that the LXCXE domain
of HPV E7 of high and low risks binds with the tumor suppressor protein. Also, the small molecules bind in the interface of E7−
PTPN14 that disrupts the interaction between the tumor suppressor and oncoprotein. These results were further supported by the
dynamics simulation stating the stability over the bounded complex and the energy maintained during postdocking as well as
postdynamics calculations. These observations possess an avenue in the drug discovery that leads to further validation and also
proposes a potent drug candidate to treat cervical cancer caused by HPV.

■ INTRODUCTION

Human papillomaviruses causing sexually transmitted infection
in women belong to the family of DNA viruses that are of 200
types and reported highly for the squamous epithelium. These
viruses are differentiated into high and low-risk types based on
the scientific diagnosis, which develops cancers and warts.1−3

The infection progressed by the fact that the high- and low-risk
genotypes of HPV infect not only the cervix but also head,
neck, vagina, penis, anus, vulva, and oropharynx, resulting in
cervical cancer, skin cancer, mucosa verrucous hyperplasia, and
orophayngeal cancer.4,5 The high-risk human papillomaviruses
include HPV types 31, 35, 18, 16, 33, 39, 51, 56, and 59 from
the genera alpha categorized to cause cancer, whereas the types
11, 6, 42, 44, 61, 54, 72, and 70 belong to the low-risk HPV
types causing warts and cysts.2,6

The genome of the human papillomavirus is ∼8 kilobase
pairs in size, which encodes a total of eight proteins, among
which two are present in the late region and six are present in
the early region. These proteins are responsible for regulatory
functions like genome replication and transcription, cell
signaling, cell cycle, alteration in the structure of infected
cell, and variation in the immune system. It is clearly observed
that these proteins are expressed during the infectious cycle
possibly with the reduced expression at late times.7,8 The early

proteins E6 and E7 termed to be oncogenic depict a major role
in cell line transformation, transmembrane signaling, and
regulation of the stability in chromosomes. Further, these E6
and E7 oncoproteins are responsible for association with tumor
suppressors p53 and pRB, respectively, suggesting that these
proteins involve in the inactivation of suppression activity of
tumor, resulting in cancer development.9

It is reported that HPV 11 involves in the maintenance of
genome through episomes, whereas the HPV types 16 and 18
are highly essential for the productive stage of the viral life
cycle.1,10,11 The E7 oncoproteins encoded by HPV 16 and 18
bind to retinoblastoma with higher affinity than the
oncoproteins encoded by the low-risk type HPV 11.12 Similar
to HPV 16, low-risk HPV 11 is also observed to show less
severity than the high-risk one, resulting in a reduction of the
viral episomes partially. The contribution of HPV 11 in the
viral cycle is not clearly understood, and also, the configuration
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of the early transcripts in the low-risk viruses results in the
synthesis of lower-risk viruses in higher levels than high-risk
viruses, which is also responsible for the similar effects on Rb.
The LXCXE motif of the oncoprotein E7 recognizes the
binding pocket of tumor suppressor proteins to bind. This
binding is represented in the structure determination by the
research group of Lee et al., in 1998. The HPV E7 oncoprotein
is composed of three different conserved regions, namely, CR1,
CR2, and CR3 consisting of an N-terminal end with the
LXCXE motif and a C-terminal region of the protein,
respectively. The CR3 region of the protein is structured
compared to the CR1 and CR2 regions, which is reported to
associate with the various host proteins like cyclin E, A, M2
pyruvate kinase, AP-1, p48, IRF-1, TBP, IGFBP-3, histone H1
kinase, and cyclin-dependent inhibitors like p21 and p27 other
than Rb.13,14 These proteins are involved in the cellular
transcription involving E2F1, E2F2, HDAC1, and HDAC2
contributing toward the immortalization of the host cell
through the independent pathways of pRb.15

Recently, the protein tyrosine phosphatase PTPN14 tumor
suppressor is identified to be the potential cellular target of the
E7 proteins from various genotypes of HPV. This protein is
also denoted PTPD2, PTP36, or PTP-Pez, which controls the
protein tyrosine phosphorylation. This is found to be the major
posttranslational modification related with the regulation of
numerous biological progressions.16,17 PTPN14 inhibits the
oncogenic activity of the Yes-associated protein and members
of the Hippo pathway.18,19 White et al. states that E7
oncoprotein of HPV 16 targets PTPN14 for the degradation
mediated in proteasome with the help of ubiquitin ligase UBR4
and gets degraded at the positive cancer cell lines of HPV.34

Szalmaś et al. have reported that the oncoprotein E7 interacts
with PTPN14, which is independent of the pRb involving the
residues of HPV E7 CR3 terminal region.20 In this study, we
emphasize on the interaction of PTPN14 with the high and
low-risk HPV type 16 and 11 E7 oncoproteins with the
reference of available HPV 18 E7−PTPN14. The CR3
terminal region of HPV E7, which is ordered, has been
focused for interacting and helps in analyzing the difference in
the virulence of E7 inhibition in PTPN14 tumor suppressor
through computational approaches. We have performed
protein−protein interactions to obtain the complex of high
and low-risk type HPV with PTPN14, which was further used
to analyze the intensity of E7 dominance. Further, conforma-
tional analysis depicts the changes observed in PTPN14 in
contact with types 16 and 11 corresponding to high and low-
risk HPV types. The compounds that have been already stated
to inhibit the E7 oncoproteins of HPV in earlier work are
docked at the interface of the protein−protein complex to
block the interaction between both the macromolecules. Our
study can provide better insights into the dominance of E7 in
the development of cervical cancer with respect to HPV 16 E7
and warts/cysts with respect to HPV 11 E7, which helps to
draw a conclusion in drug discovery approaches.

■ RESULTS
Secondary Structure and Three-Dimensional Struc-

ture Prediction of HPV 11 E7. Since the three-dimensional
structure of the HPV type 11 E7 is unavailable, we aimed to
develop a model based on the obtained template of the
structure through the BLAST search representing the similarity
and identities. The secondary structure of type 11 E7 was
anticipated with the assistance of PSIPRED server.21 The

secondary structure of HPV 11 E7 predicted through the
server is depicted in Figure S1, in which the confidence level of
the prediction is represented in various shades of blue. The
higher the darkness of the shade, the higher the confidence
whereas less darkness represents the low confidence of the
amino acid residues. In Figure S1, yellow color represents the
strand, pink color represents the helix conformation, and the
blue thin line represents the coil. Apart from these analyses,
literature reports state that the E7 protein possesses intrinsic
disorder in the N-terminal.22 Also, the sequence difference
between HPV types 16 and 18 is presented in Figure S2
denoting a difference between the sequences.
To develop a three-dimensional structure, comparative

modeling helps in developing suitable models for an extensive
variety of targets. UniProt Knowledgebase was used for the
retrieval of HPV 11 E7 sequence and implemented for the
BLAST search. The blast results revealed that the template
structure was observed to be 2EWL_A with the identity score
of 49.02% and query coverage of 52%. The structure obtained
as the template is the crystal structure of E7 protein from HPV
type 45. The Modeller 9.20 has developed 10 rough models
based on the template structure, and also the zinc ion which is
available in the crystal structure is also included in the modeled
structure due to its essential role in the conformation of the
protein. The lowest DOPE score was set to be the minimal
criteria to help in obtaining the best model representing the
stability in thermodynamic aspect. The model has further
carried out refinement and validation. The refinement of the
modeled structure is carried out with the help of molecular
dynamics (MD) simulation, and beforehand, the side chain of
the modeled protein was set by the rotamers. It is clearly
evident from the obtained model that HPV 11 E7 consists of
the helix and antiparallel sheet with the CXXC sequence in two
positions for forming the zinc finger motif. The modeled
structure is depicted in Figure S3a, whereas the superimposed
structure of query and template is represented in Figure S3c
representing the root-mean-square deviation (RMSD) of 0.009
nm.

Assessment and Validation of the Modeled Struc-
ture. The validation and assessment of the modeled structure
are very essential, and PDBsum Generate satisfies the need that
identifies the reliability of the modeled structure in terms of φ
and ψ torsional angles through the Ramachandran plot. This
parameter is represented in Figure S3b denoting that 98% of
the residues in the modeled regions fall in the most favored
region and 2% residues fall in the additionally allowed region
and only two glycine residues fall in the generously allowed/
disallowed regions. This analysis helps in confirming that the
obtained model is reliable in terms of backbone conformation.
Along with this, the energy profile and Z-score value of the
model are obtained with the ProSA program23 for calculating
the interaction energy per residue with the distance-based pair
potential, which is represented in Figure S3d. The analysis
shows Z-score corresponding to −2.70 stating that the negative
energy reflects the improved reliability of the model.

Conformational Stability of the Modeled HPV 11 E7
Oncoprotein. The modeled structure of HPV 11 E7 has been
used further for stability analysis by subjecting it to the
molecular dynamics simulation through GROMACS (Gronin-
gen Machine for chemical Simulations) for a period 100 ns in
the explicit water model. This analysis has been compared with
the stability check obtained for the modeled structure of HPV
16 E7 as mentioned in our earlier work.24 The stability of HPV
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type 11 E7 is found to be around 1.0−1.2 Å from its 20 ns
period of simulation, whereas the deviations observed during
the initial phase of time represent the time taken for
equilibration. The root-mean-square deviations and fluctua-
tions of both type 11 and 16 E7 are presented in Figure 1A,B,
respectively. The blue and pink colors represented the
modeled structure of HPV type 16 and 11 E7 oncoproteins,
respectively. The molecular dynamics simulation of HPV 16
E7 states that initially, the protein gets deviated to get
equilibrated till 0.9 nm around 0−20 ns, whereas after 20 ns,
the equilibration of the protein reduced to 0.8 nm till 45 ns,
and throughout the 100 ns simulation period, slight deviations
are observed. But when the HPV 11 E7 is observed during the
simulation period, it is clearly evident with the root-mean-
square deviations that till 40 ns, the protein gets equilibrated
for the initial stability around 1.0 nm and is maintained
through the period of 100 ns simulation. When the simulation
of HPV type 16 and 11 E7 are compared with each other in
Figure 1A, it clearly shows that type 11 gets equilibrated easily
and stabilized after 40 ns. Figure 1B represents the root-mean-
square fluctuations (RMSF), in which blue color represents the
type 16 E7 oncoprotein stating that the fluctuations are
observed around the 0.2−0.5 nm throughout the simulation
period. The fluctuations are observed during the 0.7 nm
around the residue aspartic acid at position 41, which denotes
the loop region. However, when the HPV type 11 is observed

for fluctuations around the disordered region ranging from the
residues 8 to 20 with 0.8 nm, the remaining region has
represented fluctuations around 0.35−0.5 nm, stating that the
fluctuations are not much compared with the 16 E7
oncoprotein throughout the simulation period of 100 ns.
Figure 1C represents the residual fluctuation of the LXCXE
domain of HPV types 16 and 11 with the blue and pink,
respectively, and states that the fluctuation in Leu22, Tyr23,
Cys24, and Tyr25 of type 16 is high, whereas that in the
residue Tyr 26 and Glu27 of type 11 is high.

LXCXE Domain of HPV E7 Binding to the PTP Domain
of PTPN14. The LXCXE region of HPV E7 plays a major role
in the binding toward tumor suppressor protein retinoblasto-
ma. The modeled HPV 16 and 11 E7 were docked with
PTPN14 and analyzed for strong interactions. The reported
crystal structure of the PTPN14−HPV 18 E7 complex has
been analyzed for the interactions and treated as a reference.
The interaction reported reveals that residues of HPV E7 in
positions 64, 91, 71, 62, 61, 87, 88, and 84 interact with the
residues of PTPN14 in positions 1098, 1095, 1102, 1046,
1045, 1026, 1057, and 1031. Also, Yun et al. mentioned Phe90,
Leu91, Met61, Leu62, and Arg84 as the hotspot residues of
HPV E7 in interacting with PTPN14, which is present in the
ordered region of the oncoprotein. From this, it is clearly
evident that the LXCXE motif of HPV 18 E7 is not involved in
the binding of tumor suppressor protein, whereas only the

Figure 1. (A) RMSD of the HPV modeled type 11 and 16 E7. (B) RMSF of the HPV modeled type 11 and 16 E7. (C) RMSF mean of the residues
present in LXCXE motif.
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structured region stated to be ordered is involved. With this as
a reference, and to identify the similar residues present in the
ordered region of oncoprotein belonging to type 11 and 16 E7
proteins, alignment of E7 from three types has been
performed. The alignment and superposition are represented
in Figure 2. The active site obtained for the binding of the
tumor suppressor with HPV E7 oncoprotein is the conserved
region 2 encompassing the LXCXE motif, which is responsible
for binding with the cellular targets. The conserved regions 2
and 3 of HPV are responsible for the degradation of tumor
suppressor that ultimately leads to inhibit the cell cycle arrest.
Figure 2A−C represents the alignment of HPV 18−16 E7
oncoprotein, HPV 18−11 E7 oncoprotein, and HPV 11−16
E7 oncoprotein, respectively. Cyan blue, yellow, and pink
colors represent HPV 18 E7, HPV 16 E7, and HPV 11 E7
oncoproteins, respectively, and the residues which are
represented as the hotspot of E7 for interaction are mentioned
in Table 1.

Protein−Protein Interaction Study. The interaction
between the tumor suppressor PTPN14 and HPV type 18 is
determined by the research group of Yun and deposited in the
Protein Data Bank with the ID: 6IWD. Yun et al. stated that
E7 oncoprotein of HPV involves in the degradation of tumor
suppressor proteins such as the retinoblastoma through the
LXCXE motif present in the CR1 region of the C-terminal of
E7.18 To define the binding mechanism of PTPN14 to the
different types of HPV E7, multiple docking simulations of the
high and low-risk types of HPV 11 and 16 were executed.

Various conformations are obtained for the complex of
PTPN14−E7 of both HPV type, and based on the pose
energy, pose score, and cluster size, the best conformation is
obtained for further analysis. The energy profile and the scores
of the best conformation for the complexes are presented in
Table 2. To validate the docking strategies performed, the

complex HPV 18 E7−PTPN14 is used as a control by
retrieving directly from the Protein Data Bank. Highly
constituted results are obtained for the conformers docked
with the help of Bioluminate, and these results are presented in
Figures 3 and 4 for HPV type 16−PTPN14 complex and HPV
type 11−PTPN14 complex, respectively. The E7 oncopro-
tein−PTPN14 complex involving types 11 and 16 was
exhibited, whereas the PTPN14−HPV type 18 E7 was
retrieved from the PDB. These results state that the PTP
domain of PTPN14 was strongly bound with the residues HPV
E7 with the help of hydrogen bonds and nonbonded contacts
like van der Waals and electrostatic interactions. When the
HPV 16 E7 is bound to PTPN14, numerous interactions are
observed, but when the HPV 11 E7 is bound to PTPN14, less
interactions are only observed, stating that the high risk
possesses strong interactions in comparison to the low-risk
HPV. To validate the residual interface and the stability of the
complex, the obtained top hit complexes are subjected to
molecular dynamics simulation.
Figures 3 and 4 present the interaction profiles of PTPN14−

HPV 16 E7 and PTPN14−HPV 11 E7, respectively. The
interactions in Figure 3 state that the residues Val55, Glu26,

Figure 2. Superimposed structure of the hotspot residues in (A) HPV 18−16 E7, (B) HPV 18−11 E7, and (C) HPV 11−16 E7.

Table 1. Hotspot Residues Identified during the Alignment
between the Types of E7

sl. no. type of HPV residues

1 HPV 18 E7 Phe90, Leu91, Met61, Leu62, Arg84
2 HPV 16 E7 Leu83, Met84, Ile54, Val55, Arg77
3 HPV 11 E7 Leu83, Leu84, Ile54, Leu55, Arg77

Table 2. Energy Profile and Interaction Scores for the
Protein−Protein Docking

sl.
no. complex description

cluster
size pose energy pose score

1 HPV 16 E7−PTPN14 51 −521.5870 −276.321000
2 HPV 11 E7−PTPN14 39 −486.0251 −202.843300
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and Arg77 of the HPV 16 E7 oncoprotein interact with
Thr1046, Ser1098, and Arg1101 of the PTPN14 tumor
suppressor protein, respectively. When we analyze the

PTPN14−HPV 18 E7 interaction, the residues among the
structured region are involved and nonbonded contact is
represented only in the residues in the N-terminal region. The

Figure 3. (A) Number of residues involved in interacting between PTPN14 and HPV 16 E7 oncoprotein. (B) Residue information about
interaction between PTPN14 and HPV 16 E7 oncoprotein and (C) docked complex of PTPN14−HPV 16 E7.

Figure 4. (A) Number of residues involved in interacting between PTPN14 and HPV 11 E7 oncoprotein. (B) Residue information about
interaction between PTPN14 and HPV 11 E7 oncoprotein and (C) docked complex of PTPN14−HPV 11 E7.
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lack of complete structure of HPV 18 E7, which contains the
disordered region, is the differences from the interaction study
by Yun et al.18 But when we analyze the interaction of
PTPN14−HPV 16 E7, it clearly states that the N and C-
terminal regions composed of CR1, CR2, and CR3 regions are
actively involved. The residue Glu26 of the LXCXE domain is
involved strongly in the hydrogen-bond formation along with
the residues obtained from the literature report provided by
Yun et al.18 Apart from these residues, the other four residues
of the LXCXE domain like Leu22, Tyr23, Cys24, and Tyr25
also strongly interact with PTPN14 through nonbonded
contacts, stating that these interactions play a major role in
the suppression of the tumor suppressor activity. Likewise, the
interaction of HPV 11 E7−PTPN14 depicted in Figure 4
represents that among the residues mentioned as hotspot in
the literature, only Arg77 is involved in interacting with
PTPN14. Only two hydrogen bonds were formed between the
HPV 11 E7 and PTPN14 complex, denoting that there form
lesser interactions. The LXCXE domain of the E7 oncoprotein
type 11 E7 is not involved in the formation of hydrogen or
nonbonded contacts representing the weakness of the
interaction. This can be also the reason for the development
of warts stating the mode of progression signifying the low-risk
types. The interacting residues of all of the three oncoproteins
and the PTPN14 are mentioned in Table 3.
Molecular Dynamics Simulation of the PTPN14−HPV

Complexes. The protein−protein complexes obtained were
employed for the molecular dynamics simulation, which
reveals the behavior of the protein in dynamic environment
over a period of 100 ns through GROMACS. The difference in
the stability of the high-risk (HPV 16) and low-risk (HPV 11)
genotypes with its binding toward PTPN14 is analyzed and
observed that significant changes occurred. The changes in the
structural features have been analyzed through the calculation
of root-mean-square deviations and fluctuations over the
backbone atoms. Deviations in the stability are observed in
Figure S4a, stating that the deviations gradually increased after
20 ns from 0.2 to 0.6 Å and stabilized over the period of
simulation till 0.3, 0.4, and 0.6 Å for HPV 18, HPV 16, and
HPV 11, respectively. But around 38 ns, the deviations for the
complexes with HPV 16 and 18 are observed but thereafter
regained the stability till 80 ns. When the PTPN14−HPV 11
complex is observed, the deviations get fluctuated after 40 ns
and stabilized over 80 ns. But when the simulation after 90 ns
is observed for all of the three complexes, it is clearly evident
that PTPN14−HPV 16 and PTPN14−HPV 18 have been
involved in some deviations compared with PTPN14−HPV
11. It is also understood that the high-risk HPV 18 and HPV
16 when interacting with PTPN14 possess less RMSD of 0.2
and 0.4 Å, stating that it is strongly dominating the tumor
suppressor protein. The RMSD of low-risk HPV is higher than
that of high-risk HPV, with 0.7 Å stating less importance and
deviation from binding. Also, we clearly examined the residual
fluctuation over 100 ns period of simulation, which strongly
represented the conformations of loop exhibits more
fluctuation in all of the three HPV genotypes presented in
Figure S4c, whereas the fluctuations of the PTPN14 when
bound with all of the three genotypes are presented in Figure
S4b. But when the tumor suppressor PTPN14 is observed, it is
clearly evident that the residues between 1000 and 1050
possess strong fluctuations of about 0.55−0.7 Å. From the
dynamics simulation, it is clearly understood that this analysis
justifies that the interaction of high-risk HPV with PTPN14 is T
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the major force driving the development of cervical cancer.
The principle-component analysis presented in Figure S5
states that the subspace of the protein dynamics has been
observed during the simulation period. The projections help in
visualizing the stable states through the cluster. The clusters
are clearly defined in all of the three complexes, stating that
coverage of the motion of protein complex PTPN14−HPV 11
is wider compared with the other complexes. When the
complexes are observed, it is evident that slight increase and
decrease are achieved within the conformational space. Also,
the conformational changes over the period of simulation are
observed clearly at each 5 ns and obtained about 20
conformations and each superimposed with each other.
These conformational changes at each 5 ns are represented
through the heatmap analysis for the three complexes in Figure
5. The analysis of the conformational changes represents the
correlation of root-mean-square deviations that can be
visualized through the heatmap. The correlations are
represented through different color codes ranging from 0.00
to 1.245 nm in Figure 5. These conformational analyses helped
in gaining the average structure to be used for further docking
strategies to identify the blockers to disrupt the interaction
between oncoprotein and tumor suppressor protein. The
Gibbs free energy landscape analysis has been calculated for
the protein−protein complexes using the projections of the
first and second eigenvectors, respectively, which is depicted in
Figure 6. This analysis helps in the inspection of the direction

of fluctuation observed in the systems for all Cα atoms of
PTPN14−HPV 11 E7, PTPN14−HPV 16 E7, and PTPN14−
HPV 18 complex structures from the MD trajectory. From the
figure, it is clearly evident that the deeper blue color represents
the lower energy, and it is observed that the main free energy is
correlated well with the global energy. This denotes the stable
conformation of these macromolecules.

Ligand Binding Interface of High- and Low-Risk E7
with PTPN14. The protein−protein complex of PTPN14 with
HPV 16 and HPV 11 E7 has been utilized for carrying out the
docking studies to identify the inhibitors that can disturb the
interaction of tumor suppressor and viral oncoprotein. In the
protein−protein complex PTPN14−HPV 16 E7, interfacial
residues are Thr1046, Ser1098, and Arg1101 in PTPN14 and
Glu26, Arg77, and Val55 in E7 of HPV 16, whereas in the
complex PTPN14−HPV 11 E7, the interfacial residues are
Lys1043 and Glu1066 in PTPN14 and Gln80 and Arg77 of
HPV 11. It is clearly observed that these residues possess
strong interaction between each other and high binding affinity
that helps in the identification of small-molecule inhibitors.
The small molecules identified from our previous works listed
in Table S1 are docked into the interface of the PTPN14−
HPV E7 complex.25,26 The best conformation with the lowest
docking score and high binding affinity was selected for each
ligand. The obtained complex of PTPN14 with HPV E7
revealed that the interacting sites are composed of hydro-
phobic pockets as confirmed in our protein−protein docking

Figure 5. Heatmap analysis for the superpositioned poses obtained during each 5 ns interval for the 100 ns simulation of PTPN14−HPV 11 E7,
PTPN14−HPV 16 E7, and PTPN14−HPV 18 E7.
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results. The docking scores of both HPV 16 and 11 are
presented in Table S2, whereas the post-docking binding free
energy of the ligands of HPV 16 and HPV 11 with PTPN14
are provided in Tables S3 and S4, respectively. To gain better
insights into the docking scores and binding energy, the scores
were plotted in the graphical representation in Figure 7. The
binding analysis states that all of the nine compounds involved
in the blocking of interaction between the tumor suppressor
and oncoprotein, but the top hit compounds are taken further
for the conformation stability analysis. When the compounds
ZINC49069570, 692320, ZINC49115270, and EGCG are
analyzed for interaction in PTPN14−HPV 16 E7, there

exhibits strong interaction with the residues Val55, Thr1046,
Ser1098, and Glu1095, which is considered to be the hotspot
residue responsible for the inhibition of tumor suppression.
Also, when the PTPN14−HPV 11 E7 is observed, the residues
Gln80, Arg77, Lys1043, and Glu1066 interact again with the
compounds ZINC49069570, 692320, ZINC49115270, and
EGCG, resulting in the blocking of the interaction between the
tumor suppressor and the oncoprotein, which can result in the
eradication of viral interaction. Further, Figures 8 and 9
present the top hit compound bounded at the interface of
PTPN14−HPV 16 and PTPN14−HPV 11, respectively.

Figure 6. Free energy landscape analysis of the protein−protein docking complexes.

Figure 7. Comparison of the binding energy and the docking scores for all of the nine compounds binding with PTPN14−HPV E7.
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Conformational Stability Analysis on the Ligand
Bound to the PTPN14−HPV Complex. The complex of
PTPN14−HPV E7 of both the genotypes 16 and 11 docked
with the small molecules EGCG, ZINC49069570, 692320, and
ZINC49115270 has been subjected to conformational stability
analysis for a period of 100 ns through dynamics simulation. It
is clearly evident from Figure 10A that except the compounds
692320 and ZINC49069570 with HPV 16, all other complexes
attained stability after 45 ns during the simulation period. The
RMSD of the top hit compounds is observed to fall within the
range of 0.4−0.6 nm except for 692320 HPV 16, which has the
corresponding value of about 0.9 nm. It represents that the
compound has been dominating the interaction of PTPN14
and HPV types 11 and 16 over the period of simulation. Figure
10B denotes that there is no much loss of interaction over the
period of simulation, which denotes that the compounds block
the interaction of the tumor suppressor and the oncoprotein
that can help in the treatment of cervical cancer. The
compounds ZINC49069570, 692320, ZINC49115270, and
EGCG can be better inhibitors that can be carried forward for

blocking the interaction with the human tumor suppressor and
viral protein.
Observation of the RMSF analysis represented in Figure 11

states that there are some minimal fluctuations over the loop
region, but these loop regions are not involved in the binding,
and hence can be ignored. But the interacting residues of the
tumor suppressor protein and virus with the compound are
observed, stating that the fluctuation of the residues is obtained
in both HPV 16 and HPV 11 during the course period of
simulation. It is clearly evident that the residues of HPV
possess higher fluctuation than the tumor suppressor, since
these residues of HPV possess disordered region. The maximal
fluctuation of the HPV 11−PTPN14 with the compound is
around 1.0 nm, whereas the fluctuation of HPV 16−PTPN14
with the compound exhibits around 0.3 nm to the maximum of
1.2 nm. The interacting residues of both type E7 have been
observed separately that helps in concluding with better
insights.

Binding Free Energy Postdynamics Strategies. The
postdynamics binding free energy helps in calculating the
interaction energies that are involved in the analysis of the

Figure 8. PTPN14−HPV 16 E7 docked with the compounds for blocking the interaction between the tumor suppressor and oncoprotein. (A)
Superimposed poses of top four compounds, (B) compound ZINC49069570, (C) compound 692320, (D) ZINC49115270, and (E) EGCG.
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biomolecular complex, which estimates the free energy of
binding and provides the breakdown of residual influence on
binding. About 100 snapshots were selected over 100 ns
simulation after every 1000 ps of constant intervals. The
binding free energy over the molecular dynamics trajectories
were obtained for the top four compounds that interact
strongly. It is clearly apparent that the compounds
ZINC49069570, 692320, ZINC49115270, and EGCG possess
better binding energy with the HPV−PTPN14 complex. The
regular components acquired over the binding free energy
analysis of HPV type 16 and type 11 with the compound and
PTPN14 are listed in Tables S5 and S6. The dominating
strategy of the binding free energy post-dynamics involves van
der Waals interactions, which represents the stronger
interaction. The energies obtained were distributed in different
representations over Figure 12A for HPV 11 and Figure 12B
for HPV 16. The obtained results clearly state that the binding
free energy obtained over the simulation studies is com-
paratively stronger, representing the strong binding of the
ligand in the interface of HPV−PTPN14 complex, which in
turn leads to the disruption of the interaction between
oncoprotein and tumor suppressor.

■ DISCUSSION

The most important cancer affecting women worldwide
annually is cervical cancer, which is a widespread neoplastic
disease that ranks second.27 This cancer is caused by
unrelenting infection caused by the human papillomavirus in
the cervix.28 Numerous genotypes like high-risk, low-risk, and
intermediate-risk genotypes are available in human papilloma-
virus that has been classified based on the severity of
malignancy and transformation.6,29 The infections are
associated with a variety of clinical conditions ranging from
innocuous lesions to cancer. The interconnection between the
Human papillomavirus and cervical cancer was demonstrated
first by the research group of German Virologist named zur
Hausen around the 1980s.30 HPVs can contaminate the
epithelial cells of the skin and the inner lining of the tissues
that is categorized as the cutaneous or mucosal types. Further,
the infectious cycle of the virus gets completed with the
differentiation of the cells, which occurred through the
assembly and release of the virus.25,31

Mostly, high-risk types of HPV cause cervical cancer,
whereas the low-risk types cause genital warts or abrasions.
Among the high-risk HPV types, the major types that are

Figure 9. PTPN14−HPV 11 E7 docked with the compounds for blocking the interaction between the tumor suppressor and oncoprotein. (A)
Superimposed poses of top four compounds, (B) compound ZINC49069570, (C) compound 692320, (D) ZINC49115270, and (E) EGCG.
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highly responsible for the development of cervical cancer are
the HPV types 16 and 18. The low-risk type HPV 11 is
responsible for the development of genital warts. These viruses

encoded some proteins necessary for replication, cellular
proliferation, virus assembly, and transformation.23,32 The
viral oncoproteins E6 and E7 of high-risk HPV are the major

Figure 10. (A) RMSD analysis of the best compounds with the PTPN14−HPV 11 and PTPN14−HPV 16 complexes. (B) Hydrogen-bond
interaction of the best compounds with the PTPN14−HPV 11 and PTPN14−HPV 16 complexes.

Figure 11. (A) RMSF analysis of the best compounds interacted with the PTPN14−HPV 11 complex and residual RMSF for the interacting
residues. (B) RMSF analysis of the best compounds interacted with the PTPN14−HPV 16 complex and residual RMSF for the interacting residues.
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carriers for the development of cervical cancer through its
direct interference with the significant growth regulatory
pathways. These oncoproteins are also represented to be the
supreme target for impending therapeutic intrusion in tumor
developed by human papillomaviruses.33 The E6 and E7
interact with p53 and pRb tumor suppressor protein,
respectively, and inactivate them, which leads to the develop-
ment of cervical cancer. Among both the oncoproteins, E7
oncoproteins interact with the varied number of cellular
proteins whose involvement is in cell cycle control, regulation
of cell proliferation, DNA damage, and gene expression.29 The
E7 protein of HPV 16 interacts with ZER1, UBR4/p600, IF3,
pRB, MDM2, and PTPN14. Vaccines Gardasil and Cervarix
are available for uninfected adolescent people, but they are
expensive. Also, the inadequate inhibitor to inhibit E7
oncoprotein is also the major striving force that provoked us
to check the interactions between high and low-risk
oncoproteins, which help in analyzing the transforming activity
of the genotype.
Our study is completely focused on interpreting the

interaction between E7 oncoproteins of HPV and tumor
suppressor protein PTPN14 as well as identifying blockers to
disrupt the interaction between the tumor suppressor and
oncoproteins. E7 oncoprotein of HPV type 16 has been
modeled through Modeller as mentioned in our previous
work.24 Along with this, E7 of HPV type 11 is also modeled for
the binding study of PTPN14 and E7 oncoprotein. The
protein−protein interaction of PTPN14 and HPV 18 E7
determined by Yun et al. provided a strong base and reference
for the study. It was mentioned that the residues Met61 and
Met 62 in β1 followed by Arg84, Phe90, and Leu91 in α1 of
HPV 18 E7 C-terminal domain bind hydrophobically with the
Leu1026 residue in the loop of β3−β4, along with the residues
Lys1043, Phe1044, Gly1055, Trp1070 from β5, β6, and β7
PTPN14.15 The HPV 16 and HPV 11 superimposed with the
HPV 18 reveals that the hotspot residues in the C-terminal of
HPV for all of the three oncoproteins are nonpolar amino
residues that fall in the same position as HPV 18. Further, a
protein−protein docking study of HPV types 11 and 16 with
PTPN14 is carried out, which showed that hotspot residues
observed from the research work of Yun are involved in the
formation of hydrogen and hydrophobic contacts. When we

observed the interaction between HPV 16 and PTPN14, it is
clearly evident that Arg77 and Val55 as referred to the
reported hotspot residues interact with Arg1101 and Thr1046
through the formation of hydrogen bonds. Along with these
interactions, Glu26 interacts strongly with Ser1098 and
Arg1101. At the same time, hydrophobic contacts are also
observed between the important residues of PTPN14 and E7
oncoprotein of type 16, which can be a thriving force for the
deprivation of the tumor suppressor function. When the
interaction between HPV 11 and PTPN14 is analyzed, we
found that only Arg77 and Gln80 of E7 interact with Glu1066
and Lys1043, stating that not much interactions are retrieved
in this binding. This lack of interactions can also be the reason
for the development of genital warts. Followed by the protein−
protein interaction studies, the small molecule obtained from
our previously published works has been used for blocking the
interaction between the tumor suppressor and the viral
oncoprotein. It is clearly evident from the results that the
compounds interact with the residues that already establish
binding with PTPN14, stating that the atoms of the
compounds replace the binding between PTPN14 and HPV.
When the postdocking binding free energy is observed, we

understood that the compounds ZINC49069570, 692320,
ZINC49115270, and EGCG show better binding in compar-
ison to the other five compounds. Further, molecular
simulation studies have been carried out for the top four
compounds exhibiting strong interaction over the disruption of
interaction. These analyses reveal that the compounds
ZINC49069570, 692320, ZINC49115270, and EGCG have
strong affinity over blocking the interactions, whereas it is also
depicted that no loss of hydrogen-bond interaction is observed
over the course period of simulation. In the root-mean-square
fluctuations of molecular dynamics, the fluctuation is not more
than 0.7 nm but the fluctuations are observed mostly on the
loop region for both the viral oncoprotein and the tumor
suppressor. When the oncoprotein of type 16 is observed, it
posses major interactions from the LXCXE domain with
PTPN14 and the compounds interact with the residues present
in LXCXE, stating that these compounds can act better for
treating the infection caused by HPV type 16. When the
oncoprotein of type 11 is observed, it clearly represents that
the LXCXE is not involved in the interaction with the tumor

Figure 12. (A) Binding free energy over the simulation trajectory for HPV 11−PTPN14 with compounds. (B) Binding free energy over the
simulation trajectory for HPV 16−PTPN14 with compounds.
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suppressor as well as the compound, but the compounds
interact with the interfacial residues of HPV 11 E7 and
PTPN14, implicating that these compounds block the
interactions. Also, the postdynamics binding free energy
studies revealed that the compounds ZINC49069570,
692320, ZINC49115270, and EGCG can be potent due to
their involvement over the dynamics trajectories in comparison
to the compound 692320. Additionally, these compounds can
be taken forward for further studies to bring potent small
molecules for treating the infection caused by HPV and
blocking the interaction between the tumor suppressor and
oncoprotein of HPV.

■ MATERIALS AND METHODS
Homology Modeling. The three-dimensional structure of

the full-length E7 oncoprotein of type 11 human papilloma-
virus is not available in the Protein Data Bank (PDB), which
provoked us to develop a 3D model.25,26 The protein
sequences of type 11 E7 were retrieved from the database
UniProtKB with ID P04020.34 The functions of the low-risk
E6 and E7 oncoproteins in the maintenance of the genome of
HPV 11 state that they may act in a way similar to the high-risk
proteins. The protein sequences were blasted with the default
parameters, which helps in finding the appropriate template for
modeling. The crystal structure of the human papillomavirus
type 45 E7 is obtained as the template protein with the best
identity score of 49.02% and the lowest e-value of 1e−09 with
the query coverage of 52% possessing PDB ID 2EWL.35 The
academic version of modeler 9.20 was used for the generation
of three-dimensional structure. Since the zinc ion is present in
the crystal structure, it was added in the modeled structure
without fail.27 A maximum of about 10 models are generated,
and model with the lowest dope score was selected and
subjected to quality check, Ramachandran plot, and ProSA
profile for the validation of the obtained model.25 Further, the
modeled structure is superimposed with the template structure
without altering the coordinate systems of atomic position in
the template.36,37

Preparation of Protein Structure. The three-dimen-
sional crystal structure of the Protein Tyrosine Phospahatase
Non-receptor 14 (PTPN14), a tumor suppressor protein, has
been retrieved from the Protein Data Bank with the resolution
of 1.80 Å possessing PDB ID 6IWD. This crystal structure
represents the binding of the Conserved region 3 of the human
papillomavirus type 18 in the PTP domain of the PTPN14.19

Also, the modeled structure of the HPV 16 E7 oncoprotein is
used from the previously reported work.25,26 The obtained
crystal structure along with the modeled E7 protein structure
from type 16 and type 11 is not readily usable in the molecular
modeling environment, and hence the protein is prepared with
the protein preparation wizard present in Schrödinger, which is
checked for the missing residues and loops.38 Preparation
wizard focuses on two main components, namely, refinement
and preparation. Once the chemical accuracy is ensured,
hydrogen is added for neutralizing the side chain, which is
either close to the binding site or the residues forming salt
bridges.24,39 The force field OPLS-AA is implemented for use,
which is represented to be more subtle for the refinement of
steric clashes. The removal of waters, addition of hydrogen
atoms, protonation, and tautomeric states of the histidine
residues along with the flip assignment of the residues Asn,
Gln, and His were carried out by Schrödinger. The
nonhydrogen atoms were checked for the average RMSD to

reach 0.3 Å with the help of minimization through the OPLS-
AA force field.40,41

Protein−Protein Docking. The three-dimensional crystal
structure of PTPN14 and modeled structures of HPV 11 and
16 E7 obtained from the average structure from molecular
simulation have been carried out for the protein−protein
docking studies with the help of Bioluminate module available
in Schrödinger.34 The residues of PTPN14 vulnerable for the
binding of HPV E7 are obtained from the literature and used
for the binding of the oncoprotein of type 16. This docking
strategy is an interface from the piper program. The PTPN14
was enforced for the preparation and the standard mode of
docking has been implemented. Both the proteins are rotated
into various number of orientations with respect to the
PTPN14, which is considered to be the receptor and each
orientation is translated for the retrieval of the best docking
pose. The top rotations are clustered using the RMS distance
between the matching atoms in each pair of the rotated
structures. About 70 000 ligand orientations were generated,
and this corresponds approximately to the sampling of every 5°
in the space of Euler angles. The maximum number of 30
poses is obtained, and each pose behaves as the center of the
cluster that results from the clustering of top results of the rigid
docking of the ligand.42,43

Binding of Small Molecules to Block the Interaction
of PTPN14 and E7. The possible binding patterns of potent
inhibitors reported for the inhibition of E7 from the previously
reported work have been carried out to examine the blocking
mechanism of PTPN14−E7 complex. A total of nine molecules
were used from the previously reported work of our group.24,39

New libraries have not been used in the study, since the
binding mechanism of the identified compounds earlier is
subjected to inhibit the E7 oncoprotein, but there emerges the
next perspective to block the interaction between both the
macromolecules (PTPN14−HPV E7). To use the compounds
for both the purposes of inhibiting oncoprotein and blocking
the interaction, the compounds in the earlier work have been
utilized.24,39 This strategy helps to take these compounds for
further study with experimental analysis. The active site of the
protein−protein complex has been determined with the help of
SiteMap module in Schrödinger, and it was observed that the
residues identified during our previous works also fall within
the active site for docking.44 The active-site-based grid
generation was achieved for the docking of compounds with
the extra precision docking protocol performed with the Grid-
based Ligand Docking with energetics (Glide) module of
Schrödinger.45,46 Different conformations were added and
passed through the filters internally in which the ligand is
centered initially and were allowed to rotate around three
angles. Removal of different binding modes based on the
docking scores of the entity and the geometrical filters is
performed.39 Evaluation on the force field obtained with the
grid and refinement of docking includes torsional and rigid
body movements of the ligands through the OPLS-AA force
field. To scale the ligands with the van der Waals force, 0.8 Å
of the scaling factor and a 0.15 cutoff value of the partial charge
are used, which are the default parameters. The conformational
prediction and the orientations of the ligand within the active
site of the receptor are executed by the process of docking. The
results obtained through the induced fit docking strategies
were used for further analysis.47

Conformational Stability Analysis. The conformational
stability analyses of the protein−protein complex (PTPN14−
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E7 type 11 and PTPN14−E7 type 16) and the protein−ligand
complexes were carried out for simulation with the help of
GROMACS Version 2019, in which the force field
GROMOS53a6 is incorporated. To carry out the protein−
ligand simulation, PRODRG was executed for the develop-
ment of ligand topology.48 These complexes were solvated
with the simple point charge water model with the cubic box
by applying proper periodic boundary condition. Appropriate
numbers of sodium (Na+) and chlorine (Cl−) ions were added
to neutralize the system before minimization of the complexes.
The complexes obtained after neutralization were subjected to
energy minimization with an indulgence of 1000 kJ/mol with
the steepest descent integrator to eliminate unfavorable
interactions. During the phases of equilibration, the conforma-
tional changes were restricted by applying the position
restraints to all atoms.49 The energy-minimized systems were
exposed to equilibration with NVT ensembles for a period of
100 ps, where the solvents and proteins with ions are treated
for the temperature coupling with the help of V-rescale
method. Further, the equilibrated structures are again treated
with the constant pressure (NPT) at 1 bar atmospheric
pressure.38 The Leapfrog algorithm is implemented for the
integration of the Newton equation with the time step of 2 fs,
whereas the coordinates were saved every 2 ps under constant
pressure and temperature. Computation on the long-range
electrostatic interactions with the particle mesh Ewald is used,
whereas a cutoff distance of 1.2 nm is used for the short-range
van der Waals and electrostatic interactions. The hydrogen
atoms were retained in the system with the LINCS
algorithm.50

Post-Docking and Postdynamics Binding Free Energy
Calculations. The binding free energy of the complexes
obtained after docking is calculated with the help of Prime
MMGBSA approach, which helps in predicting the free energy
of ligand binding to receptor. The Prime Molecular Mechanics
Combined with the Generalized Born and Surface Area
(MMGBSA) module available in Schrödinger is used for
calculating the internal energy of the molecule and the implicit
representation of the solvent continuum.39 Finally, the term of
entropy is found negotiable in Prime, which uses the surface-
generalized Born model engaging the Gaussian surface in place
of the van der Waals surface for improved representation of the
accessible surface area of the solvent.51

Further, the calculation on the binding free energy of the
system obtained through the trajectories of the molecular
dynamics simulation was subjected to MMPBSA calculation.
This method is widely used for the binding free energy
calculation from the snapshots of the molecular dynamics
simulation trajectory. The molecular mechanics Poisson−
Boltzmann surface area (MMPBSA) approach combines the
energies based on the molecular mechanics with free energy
based on the implicit solvent models. The binding free energy
of the protein−ligand complex is estimated based on the
difference between the free energy of the unbound component
and the complex.

Δ = Δ − Δ ≪ Δ + Δ − ΔG H T S E G T Sbind MM solv (1)

where ΔGbind is the total binding free energy, ΔEMM is the sum
of gas-phase interaction energy between the receptor and
ligand, ΔGsolv is the solvation energy involved in the transition
of gas-phase energy to the solvation energy, and −TΔS is the
change in conformational entropy associated with ligand
binding

Δ = Δ + Δ + ΔE E E EMM covalent elec vdW (2)

From eq 2, it is clearly evident that ΔEMM is the calculation of
molecular mechanics on different components like ΔEcovalent
(covalent energy), ΔEelec (electrostatic interaction), and ΔEvdW
(van der Waals interaction energy)

Δ = Δ + ΔG G Gsolv PB SA (3)

Further, ΔGsolv is the sum of polar and nonpolar components,
ΔGPB is the contribution of polar energy toward the solvation
energy in the Poisson−Boltzmann implicit solvent model, and
ΔGSA is the nonpolar energy toward the solvation energy in the
solvent-accessible surface area.29,30 The residue that is involved
significantly in the binding free energy provides an enhanced
approach into the components participating in the interaction
between protein and ligand.52

Principle-Component and Free Energy Landscape
Analysis. Principle-component analysis is the commonly used
computational technique that uses the trajectory of the
molecular dynamics simulation and extorts the dominant
modes present in the motion of the molecule.53−56 The
dimensionality of the data will be reduced in the data obtained
through the molecular dynamics simulation, which helps in
recognizing the configurational space containing a few degrees
of freedom where the harmonic motion occurs.57 The
predicted motion of the protein correlates to the mode of
vibration or the collective motions of group of atoms in the
normal mode analysis.58 The significance of the principle-
component analysis is that these data provide the appropriate
way to analyze, visualize, and motion compare during the
course period of simulation. The principle components of the
protein were obtained through the diagnolization and solving
of eigenvectors and eigenvalue for the covariance matrix. The
eigenvectors and eigenvalues of the principle-component
analysis represent the direction of protein motion and the
magnitude of the motion, respectively. The matrix for
illustrating the principle-component analysis was calculated
using the simulation trajectories in the tool gmx covar that
builds and diagnolizes the covariance matrix.59 Further, the
gmx sham of the Gromacs modules is implemented to analyze
the free energy landscape of the tumor suppressor and the
oncoprotein complex.60
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(56) Münger, K.; Basile, J. R.; Duensing, S.; Eichten, A.; Gonzalez, S.
L.; Grace, M.; Zacny, V. L. Biological activities and molecular targets
of the human papillomavirus E7 oncoprotein. Oncogene 2001, 20,
7888−7898.
(57) Haider, S.; Parkinson, G. N.; Neidle, S. Molecular dynamics
and principal components analysis of human telomeric quadruplex
multimers. Biophys. J. 2008, 95, 296−311.
(58) David, C. C.; Jacobs, D. J. Principal Component Analysis: A
Method for Determining the Essential Dynamics of Proteins. In
Protein Dynamics; Humana Press: Totowa, NJ, 2014; pp 193−226.
(59) Crosbie, E. J.; Einstein, M. H.; Franceschi, S.; Kitchener, H. C.
Human papillomavirus and cervical cancer. Lancet 2013, 382, 889−
899.
(60) Ali, S.; Khan, F. I.; Mohammad, T.; Lan, D.; Hassan, M.; Wang,
Y. Identification and evaluation of inhibitors of lipase from Malassezia
restricta using virtual high-throughput screening and molecular
dynamics studies. Int. J. Mol. Sci. 2019, 20, No. 884.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01619
ACS Omega 2021, 6, 16472−16487

16487

https://doi.org/10.1091/mbc.e02-09-0577
https://doi.org/10.1091/mbc.e02-09-0577
https://doi.org/10.1073/pnas.1819534116
https://doi.org/10.1073/pnas.1819534116
https://doi.org/10.1073/pnas.1819534116
https://doi.org/10.1097/00130404-200309000-00004
https://doi.org/10.1097/00130404-200309000-00004
https://doi.org/10.1038/srep13446
https://doi.org/10.1038/srep13446
https://doi.org/10.1038/srep13446
https://doi.org/10.3390/molecules25081971
https://doi.org/10.3390/molecules25081971
https://doi.org/10.3109/10799893.2014.956756
https://doi.org/10.3109/10799893.2014.956756
https://doi.org/10.3109/10799893.2014.956756
https://doi.org/10.3109/10799893.2014.956756
https://doi.org/10.1016/j.jmgm.2017.07.024
https://doi.org/10.1016/j.jmgm.2017.07.024
https://doi.org/10.1016/j.jmgm.2017.07.024
https://doi.org/10.1021/pr0602388?ref=pdf
https://doi.org/10.1021/pr0602388?ref=pdf
https://doi.org/10.1080/07391102.2012.706080
https://doi.org/10.1080/07391102.2012.706080
https://doi.org/10.1080/07391102.2012.706080
https://doi.org/10.1128/mBio.01530-16
https://doi.org/10.1128/mBio.01530-16
https://doi.org/10.1128/mBio.01530-16?ref=pdf
https://doi.org/10.1093/nar/gkt381
https://doi.org/10.1093/nar/gkt381
https://doi.org/10.1016/S2214-109X(19)30482-6
https://doi.org/10.1016/S2214-109X(19)30482-6
https://doi.org/10.1016/0090-8258(81)90067-6
https://doi.org/10.1016/0090-8258(81)90067-6
https://doi.org/10.4103/0250-474X.106063
https://doi.org/10.4103/0250-474X.106063
https://doi.org/10.1038/s41598-020-65446-7
https://doi.org/10.1038/s41598-020-65446-7
https://doi.org/10.1038/s41598-020-65446-7
https://doi.org/10.1080/10409238.2018.1564730
https://doi.org/10.1080/10409238.2018.1564730
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1002/0471140864.ps0209s50
https://doi.org/10.1002/0471140864.ps0209s50
https://doi.org/10.1002/0471140864.ps0209s50?ref=pdf
https://doi.org/10.1016/j.bbapap.2012.05.016
https://doi.org/10.1016/j.bbapap.2012.05.016
https://doi.org/10.1016/j.bbapap.2012.05.016
https://doi.org/10.3109/10799893.2013.789912
https://doi.org/10.3109/10799893.2013.789912
https://doi.org/10.3109/10799893.2013.789912
https://doi.org/10.1080/07391102.2017.1397058
https://doi.org/10.1080/07391102.2017.1397058
https://doi.org/10.1080/07391102.2017.1397058
https://doi.org/10.1371/journal.pone.0186666
https://doi.org/10.1371/journal.pone.0186666
https://doi.org/10.1371/journal.pone.0186666
https://doi.org/10.7314/APJCP.2016.17.4.2291
https://doi.org/10.7314/APJCP.2016.17.4.2291
https://doi.org/10.7314/APJCP.2016.17.4.2291
https://doi.org/10.7314/APJCP.2016.17.4.2291
https://doi.org/10.1371/journal.pone.0082849
https://doi.org/10.1371/journal.pone.0082849
https://doi.org/10.1080/07391102.2015.1116411
https://doi.org/10.1080/07391102.2015.1116411
https://doi.org/10.1080/07391102.2015.1116411
https://doi.org/10.1007/s00044-011-9940-6
https://doi.org/10.1007/s00044-011-9940-6
https://doi.org/10.1016/j.ijbiomac.2017.06.105
https://doi.org/10.1016/j.ijbiomac.2017.06.105
https://doi.org/10.1016/j.ijbiomac.2017.06.105
https://doi.org/10.1016/j.ygyno.2010.01.024
https://doi.org/10.1016/j.ygyno.2010.01.024
https://doi.org/10.1016/j.jcv.2004.12.008
https://doi.org/10.1016/j.jcv.2004.12.008
https://doi.org/10.1128/JVI.02074-12
https://doi.org/10.1128/JVI.02074-12
https://doi.org/10.1128/JVI.02074-12
https://doi.org/10.1038/sj.onc.1204860
https://doi.org/10.1038/sj.onc.1204860
https://doi.org/10.1529/biophysj.107.120501
https://doi.org/10.1529/biophysj.107.120501
https://doi.org/10.1529/biophysj.107.120501
https://doi.org/10.1016/S0140-6736(13)60022-7
https://doi.org/10.3390/ijms20040884
https://doi.org/10.3390/ijms20040884
https://doi.org/10.3390/ijms20040884
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01619?rel=cite-as&ref=PDF&jav=VoR

