Elucidation of the binding conformations and interactions between small peptide
inhibitors and human papillomavirus 16 protein.
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Abstract
Human papillomavirus 16 (HPV 16) is a DNA virus from the papillomavirus family that
capable of infecting humans and causing cervical cancer. E2 protein plays important
including viral gene regulation, and is required for viral replication. Binding of E2 to HPV
DNA increases the binding of E1 to the origin of replication, followed by DNA replication.
Fujii et al reported that nine peptides constructed by phage display technique, could bind to
HPV16 E2. The aim of this research is to predict the binding conformations and interactions
between the peptides and HPV16 E2 as well as to determine the key residues of peptide4 (the
best binder) for E2 binding. ClusPro webserver was used to dock these peptides to E2. The
ranking of the predicted binding affinities showed consistent to that of the experimental
results. We found that peptide4 bound to E2 with the best binding affinity, consistent to the
experimental results. The key amino acid residues of peptide4 were TYR6 and TYR8. TYR6
formed a pi-cation interaction with LYS68 of E2, a pi-pi interaction with TYR43 and a
hydrogen bond (H-bond) with SER65 as well as van der Waal interactions with nearby
residues. TYR8 formed H-bonds with ASN9 and ASN55 of E2 interactions nearby residues
with van der Waals. This information will enable design of novel peptides to bind to E2, and
suppress DNA replication of HPV16.
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Introduction

Human papillomavirus (HPV) is a small, double stranded DNA virus that causes benign and
malignant lesions of the differentiating epithelium. Infection with some type of HPV can
cause cervical cancer, the second most common cancer found in women worldwide. To date,
more than 150 different HPV types have been identified as low (e.g. HPV6 and HPV11) or
high risk types (e.g. HPV16 and HPV18), depending on whether they cause benign warts or
lesions that can progress to invasive cancer (Munger et al., 2008). In the viral life cycle, the
HPV E2 can function as both a transcriptional activator and repressor, probably by
interactions with cellular transcriptional factors such as SP1 and TATA-binding protein
(Kovelman et al., 1997.). E2 plays an important role in promoting the formation of the HPV
DNA replication, initiated by the recruitment of E1 onto the HPV origin of DNA replication.
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E2 is composed of three domains: the N-terminal domain, which is involved in the
transcriptional regulation and direct association with HPV E1; a C-terminal region involved
in DNA binding and dimerization; and a hinge region involved in tethering the HPV episomal
circular DNA to the chromosomal DNA (Abbate et al., 2004). Although two prophylactic
HPV vaccines and screening programs are available, there is currently no antiviral drug for
the treatment of HPV infections and associated diseases (D’Abramo et al., 2011). In the
previous study, Fujii et al constructed small peptides of 12 amino acid residues from the
phage display library and identified nine peptides that could bind to HPV16 E2. In addition,
some of these peptides were capable of suppressing the E2-dependent luciferase expression in
the test cell line, suggesting that they might be able to inhibit E2-dependent DNA replication
and transcription and could be used to treat HPV infections. To understand how these
peptides bind to E2, this study used ClusPro to predict the binding conformations and
interactions between these peptides and HPV16 E2, as well as to determine the key residues
of peptide4 (the best binder) which may be crucial for E2 binding. This study could provide
useful information for designing new peptides with high potential in binding to E2,
interrupting the formation of E1-E2 complex and inhibiting HPV16 replication.

Methodology

Structural similarity between HPV16 and HPV18 E1-E2 complexes.
The structural similarity between E2 of HPV16 (PDB code: 2NNU, chain A) and E2 of
HPV18 (PDB code: 1TUE, chain E) were studied by superimposing the two structures and
computing their root mean square deviation (RMSD) using Swiss-Pdb Viewer (Biasini et al.,
2014). The equivalent amino acid positions of E1 and E2 were also elucidated from the
superimposed structures.
Redocking of E1 to E2 (HPV18 crystal structure).
The protein-protein docking sever, ClusPro (Kozakov et al., 2013), with default parameters
and “balanced coefficient” was used in all docking simulations. To test whether the software
can be used to predict the binding interactions between E1 and E2, E1 (chain D) of the crystal
structure of HPV18 E1-E2 complex (PDB code: 1TUE) was redocked to E2 (chain E), and
the root mean square deviation (RMSD) between the docked conformation and the crystal
structure was computed and compared. Before docking calculations, the structures of E1 and
E2 were assigned appropriate protonation states by PDB2PQR server (Dolinsky et al., 2004).
Construction of the peptides structures using I-TASSER.
The I-TASSER sever (Roy et al., 2012), an on-line platform for protein structure and function
predictions, was used to build nine peptides which were previously reported to bind to E2
(Fujii et al, 2003). The structure with the best score of each peptide was then selected for
docking calculations. The PDB2PQR server was employed to assign the appropriate
protonation states of the peptides.
Docking of small peptides to HPV16 E2.
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The ClusPro server was used to dock the peptides to HPV16 E2 with default parameters and
“balanced coefficient”. The centroid of the docked structures that were clustered with the
highest populations was used for the analysis of the binding interactions between each
peptide and E2.

Results
Structural similarity between HPV16 and HPV18 E1-E2 complexes.
Figure 1A shows that the superimposition of HPV16 E2 and HPV18 E2. The two structures
showed high structural similarity as their calculated RMSD were quite low (1.31 Å). The
equivalent amino acid residues in the E1-E2 binding interfaces of the two proteins are shown
in Table1.
Table 1: Equivalence amino acid positions between HPV18 E2 and HPV16 E2 (E1-E2
binding interfaces).
position of HPV18 E2
16
17
19
20
21
23
24
26
36
40
43
60
61
62
63
64
72
98
99
102
104

amino acid
Q
D
I
I
D
Y
E
D
Y
I
E
H
Q
V
V
P
K
L
Q
C
E

position of HPV16 E2
12
13
15
16
17
19
20
22
32
36
39
56
57
58
59
60
68
94
95
98
100

amino acid
Q
D
I
L
T
Y
E
D
Y
M
E
H
Q
V
V
P
K
L
Q
S
E

Redocking of E1 to E2 (HPV18 crystal structure).
Since the crystal structure of HPV16 E1-E2 complex was not available, the crystal structure
of HPV18 E1-E2 complex was used to determine whether ClusPro can be employed to
predict the binding interactions between E1 and E2. Due to high structural similarity between
HPV16 E2 and HPV18 E2, we assumed that the binding interactions between E1 and HPV16
E2 would be similar to that of E1 and HPV18 E2. HPV E1 was redocked to E2, and the
superimposition between the docked conformation and the crystal structure is shown in
Figure 1B. The computed RMSD value between the docked conformation and the crystal
structure was 1.47 Å, indicating that ClusPro could predict the binding conformation of the
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HPV18 E1-E2 complex with reasonable accuracy. Therefore, ClusPro was further used to
dock small peptides to HPV16 E2.

Figure 1: (A) Superimposition of HPV16 E2 (blue) and HPV18 E2 (pink). (B)
Superimposition of the docked conformation (red) and the crystal structure (yellow) of
HPV18 E1-E2 complex.
Construction of the peptides structures using I-TASSER.
Table 2 shows the best structures and the C-scores of the nine peptides constructed by ITASSER. The constructed structures had reasonable topological accuracies because their Cscores were more than -1.5 (Roy et al., 2010). Therefore, these structures were employed in
the docking calculations to HPV16 E2.
Table 2: The best structures and the C-scores of the nine peptides constructed by I-TASSER.
peptide

amino acid sequence

Peptide1

TFWWHPNYYVDW

C-score
-0.66

Peptide2

TLWPWAWRHNWQ

-0.66

Peptide3

TWFNPFGYYSWA

-0.97

Peptide4

TWFWPYPYPHLP

-0.77

Peptide5

TWWTGTYPWYPR

-1.14

Peptide6

ENGLHNRSLNPR

-1.38

Peptide7

GQPSHDPVPPTT

-1.02

Peptide8

SSTSTVTPAHST

-1.21

Peptide9

SSPLAHYLNAPT

0.15

structure
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Docking of small peptides to HPV16 E2
To predict possible binding conformations and interactions between the nine peptides and
HPV16 E2, ClusPro was used to dock the peptides to HPV16 E2. The results from the
docking calculations were shown in Table 3. The values of the lowest binding energies of the
largest clusters (the best binding conformations) of each peptide were correlated with the
experimental A values, which indicated binding affinity of the peptides to E2. The four
peptides with high experimental A value (peptide 4, 3, 5, 2) were predicted to bind within the
E1-E2 binding interface. In contrast, peptide 7 and 8 with low A value were suggested to bind
outside E1-E2 binding interface.
Table 3: The lowest binding energies of the largest clusters (the best binding conformations)
of the peptides to HPV16 E2 and their experimental A values.
Peptide

Amino acid sequence

Peptide1
Peptide2
Peptide3
Peptide4
Peptide5
Peptide6
Peptide7
Peptide8
Peptide9

TFWWHPNYYVDW
TLWPWAWRHNWQ
TWFNPFGYYSWA
TWFWPYPYPHLP
TWWTGTYPWYPR
ENGLHNRSLNPR
GQPSHDPVPPTT
SSTSTVTPAHST
SSPLAHYLNAPT

Lowest Energy
(kcal/mol)
-875.5
-831.1
-913.4
-961.9
-806.1
-524.4
-584
-564.1
-581.4

A value*
0.15
0.43
0.49
0.53
0.48
0.05
0.05
0.06
0.08

Within the E1-E2 binding
interface
YES
YES
YES
YES
YES
YES
NO
NO
YES

* A value is the absorbance value of the binding of isolated phage clones containing random peptides to the
HPV 16 E2 protein by ELISA (Fujii et al., 2003), High A-value indicates high binding affinity to E2.

Figure 2 and Table 4 show the binding conformation and interaction of peptide4 (the best E2
binder) to E2, respectively. TYR6 and TYR8 of peptide4 were predicted to have strong
binding interactions with E2. TYR6 form a pi-cation interaction with LYS68 of E2, a pi-pi
interaction with TYR43 and a H-bond with SER65 as well as van der Waals interactions with
nearby residues. TYR8 form H-bond with ASN9 and ASN55 as well as van der Waals
interactions with nearby residues. THR1, PHE3, PRO9, HIS10 of peptide4 probably do not
interact with E2 while TRP2, TRP4, PRO5, PRO7, LEU11, PRO12
may form van der Waals interactions with E2.

Figure 2: The centroid structure of the docked conformations with
the largest cluster (best binding conformation) of peptide4 (yellow)
binding to E2 (pink).
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Table 4: The predicted interactions of HPV16 E2 and residues of peptide4. E2, backbone of
peptide4 and residues of peptide four are shown in red, blue and yellow, respectively.
residue

THR1

residues of E2 that
are within 5 Å of the
specified residue of
peptide4
TYR19

predicted
H-bond, pi pi
interactions with E2
-

TRP2

TYP19, TYR32,
TRP33, MET36,
LEU94, GLN95
VAL97, SER98,
LEU99,

-

PHE3

-

-

TRP4

ILE15, TYR19
TYR32, MET36
GLU39, LYS68

-

PRO5

VAL58, PRO60,
LYS68

-

TYR6

GLN12, GLU39
CYS40, TYR43,
TYR44, GYN57,
VAL58 ,PRO60,
VAL64,SER65,
LYS68,

-pi-cation interaction
with LYS68
-pi-pi interaction TYR43
-H-bond with SER65
(side chain)

PRO7

GLN12, GLU39
TYR43, GLN57

-

TYR8

ASN9, GLN12,
ASN55, GLN57,

-H bond with ASN9,
ASN55 (side chain)

binding conformation of a
residues
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PRO9

-

-

HIS10

-

-

LEU11

LEU16, TYR19

-

PRO12

LEU16

-

Discussion

In previous study, small peptide inhibitors that could bind to HPV16 E2 were selected from
phage display library (Fujii et al, 2003). The goal of this computational study was to predict
the binding conformations and interactions between these peptides and HPV16 E2 as well as
to determine key amino acid residues of peptide4 that are crucial for E2 binding. Since the
crystal structure of HPV16 E1-E2 complex was not available, we circumvented this problem
using the crystal structure of HPV18 E1-E2 complex to validate the docking calculations by
ClusPro. The structures of HPV16 E2 and HPV18 E2 were similar because their RMSD
values, after superimpositions, were quite low (1.31 Å). To test whether the software ClusPro
can be used to predict the binding interactions between E1 and E2, E1 and E2 of the crystal
structure of HPV18 E1-E2 complex were redocked. The RMSD value of the docked
conformation and the crystal structure was reasonably low (1.47 Å), indicating that ClusPro
could predict the binding conformations and interactions between E1 and E2. Therefore,
ClusPro was further used to dock small peptides to HPV16 E2. The nine peptides structures
were constructed using I-TASSER, and they were docked to E2 using ClusPro. The values of
the lowest binding energies of the largest clusters (the best binding conformations) of each
peptide were reasonably correlated with the binding affinities to E2. For peptide4 (the best E2
binder), TYR6 and TYR8 were predicted to strongly interact with E2. TYR6 of peptide4
formed a pi-cation interaction with LYS68 of E2, a pi-pi interaction with TYR43 and a Hbond with SER65 as well as van der Waals interactions with nearby residues. TYR8 form Hbond with ASN9 and ASN55 of E2 as well as van der Waals interactions with nearby
residues. In addition, several amino acid residues of peptide 4 were in close proximity to
amino acid residues of E2 at the E1-E2 binding interface (Table 1). For example, THR1 and
TRP2 of peptide4 were closed to TYR19 of E2. TRP2 and TRP4 of peptide4 were closed to
TYR32 of E2. This TRP2 of peptide4 was also closed to LEU94 of E2. In addition, TRP4,
TYR6 and PRO7 of peptide4 located within 5 Å to GLU39 of E2; PRO5 and TYR6 of
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peptide4 were near VAL58 of E2. TYR6, PRO7 and TRY8 of peptide4 presented near
GLN12 and GLN57 of E2. This indicated that peptide4 might be able to disrupt the binding
of E2 to E1 at several positions and lead to inhibition of HPV replication.
Conclusion
In this study, we analyzed the binding conformations and interactions between the small
peptides and HPV16 E2 by protein docking (ClusPro). The ranking of the predicted binding
affinities is reasonably in agreement with the experimental results (Fujii et al., 2003). For
peptide4 that showed the best binding affinity to E2, TYR6 and TYR8 were predicted to have
strong binding interactions with E2.
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