
High-risk genotypes of human papillomaviruses (HPVs) are 
directly implicated in various abnormalities associated with 
cellular hyperproliferation, including cervical cancer. E6 is one 
of two oncoproteins encoded in the HPV genome, which re-
cruits diverse PSD-95/Dlg/ZO-1 (PDZ) domain-containing 
human proteins through its C-terminal PDZ-binding motif 
(PBM) to be degraded by means of the proteasome pathway. 
Among the three PDZ domain-containing protein tyrosine 
phosphatases, protein tyrosine phosphatase non-receptor type 
3 (PTPN3) and PTPN13 were identified to be recognized by 
HPV E6 in a PBM-dependent manner. However, whether 
HPV E6 associates with PTPN4, which also has a PDZ domain 
and functions as an apoptosis regulator, remains undeter-
mined. Herein, we present structural and biochemical evi-
dence demonstrating the direct interaction between the PBM 
of HPV16 E6 and the PDZ domain of human PTPN4 for the 
first time. X-ray crystallographic structure determination and 
binding measurements using isothermal titration calorimetry 
demonstrated that hydrophobic interactions in which Leu158 
of HPV16 E6 plays a key role and a network of intermole-
cular hydrogen bonds sustain the complex formation between 
PTPN4 PDZ and the PBM of HPV16 E6. In addition, it was 
verified that the corresponding motifs from several other high- 
risk HPV genotypes, including HPV18, HPV31, HPV33, and 
HPV45, bind to PTPN4 PDZ with comparable affinities, sug-
gesting that PTPN4 is a common target of various patho-
genic HPV genotypes.
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Introduction

Viral infection is one of the key factors leading to carcino-
genesis and is implicated in approximately 12% of all human 
cancers (Mesri et al., 2014; Mui et al., 2017). Human papil-
lomaviruses (HPVs) comprising more than 200 genotypes 
includes at least 14 “high-risk” genotypes, which are the criti-
cal causative agents of 98% of cervical and 7% of head and 
neck cancers and are thus known as representative oncovi-
ruses (Serrano et al., 2018). Especially, HPV16 is most com-
mon genotype detected in tumors that is responsible for about 
60% of HPV-associated cervical cancers (Hildesheim et al., 
2001). The tumorigenic potential of high-risk HPVs depends 
on their ability to infect mucosal or cutaneous epithelia and 
induce cellular hyperproliferation (Tommasino, 2014; Door-
bar et al., 2015; Harden and Munger, 2017). The HPV genome 
consists of double-stranded DNA and encodes nine proteins. 
Among them, E6 and E7 are usually defined as oncoproteins 
that are crucial for malignant cellular transformation and im-
mortalization (Mittal and Banks, 2017). Structural analysis 
revealed how various host proteins are targeted by the two 
HPV oncoproteins through direct interaction, such as p53 
and E6AP recognized by the two Zinc finger domains-con-
taining region of E6 (Supplementary data Fig. S1; Martinez- 
Zapien et al., 2016), retinoblastoma protein recruited by the 
N-terminal L–X−C−X−E motif of E7 (Lee et al., 1998), and 
protein tyrosine phosphatase non-receptor type 14 (PTPN14) 
and type 21 (PTPN21) bound to the C-terminal domain of 
E7 (Yun et al., 2019; Lee et al., 2021). In addition, a series of 
PSD-95/Dlg/ZO-1 (PDZ) domain-containing proteins, in-
cluding hDlg/SAP97 (Liu et al., 2007; Mischo et al., 2013), 
GOPC/CAL (Amacher et al., 2014), MAGI-1 (Zhang et al., 
2007; Charbonnier et al., 2011), PTPN3 (Jing et al., 2007; 
Töpffer et al., 2007; Genera et al., 2019), and PTPN13 (Spanos 
et al., 2008), were found to interact with the C-terminal PDZ- 
binding motif (PBM) of HPV E6 to be degraded through 
the proteasome pathway (Supplementary data Fig. S1; Ganti 
et al., 2015).
  PTPN3 (or PTPH1), PTPN13 (or PTP-Bas), PTPN14, and 
PTPN21 are members of the PTP family that coordinate pro-
tein tyrosine kinases to control protein tyrosine phosphory-
lation, a key regulatory mechanism in a variety of cellular sig-
naling pathways (Tonks, 2006). From more than a hundred 
human PTPs, three members contain the PDZ domain(s) in 
front of their catalytic phosphatase domain: PTPN3, PTPN4 
(or PTP-MEG), and PTPN13 (Alonso et al., 2004). These 
three PDZ domain-containing PTP proteins are also impor-
tant tumor regulators (Hou et al., 2010, 2012; Babault et al., 
2011; Freiss and Chalbos, 2011; Li et al., 2015, 2019; Zhang 
et al., 2019). Thus far, the interaction of the PBM of HPV16 
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or HPV18 E6 with the PDZ domain of PTPN3, which leads 
to the proteasomal degradation of the PTP protein, has been 
identified (Jing et al., 2007; Töpffer et al., 2007) and structur-
ally elucidated (Genera et al., 2019). Similarly, HPV16 E6 was 
reported to interact with PTPN13 in an E6 PBM-dependent 
manner and induce remarkable downregulation of PTPN13 
protein levels (Spanos et al., 2008). However, whether the 
PBM of HPV E6 interacts with the PDZ domain of PTPN4, 
which shows a high sequence homology with that of PTPN3 
(Fig. 1A) and plays a key role in PTPN4-mediated apoptosis 
regulation (Préhaud et al., 2010; Babault et al., 2011), has not 
yet been elucidated. In this study, we identified a novel inter-
action between the PBM of HPV16 E6 and the PDZ domain 
of PTPN4 and determined the complex crystal structure us-
ing X-ray crystallography. Characterization of this complex 
formation was followed by structural analysis and binding 
measurements using isothermal titration calorimetry (ITC), 
which includes identification of the PTPN4 PDZ interaction 
of E6 PBM from several other high-risk HPV genotypes, in-
cluding HPV18, HPV31, HPV33, and HPV45.

Materials and Methods

Preparation, crystallization, and structural determination
The DNA fragment coding for the PDZ domain of human 
PTPN4 (residues 500−604) was cloned into the pPROEX HTa 
plasmid (Invitrogen) that was modified to tag the protein 
with N-terminal (His)10-linked glutathione S-transferase. The 
recombinant protein was produced using the Escherichia coli 
BL21(DE3) RIL strain (Novagen) cultured in Luria-Bertani 
medium at 18°C for 16 h after 0.3 mM isopropyl β-D-thio-
galactopyranoside treatment to induce protein expression. 
Protein purification was conducted using a Ni-NTA affinity 
chromatography column (QIAGEN) and a HiLoad 26/600 
Superdex 75 prep grade size-exclusion chromatography co-
lumn (GE Healthcare). The (His)10−glutathione S-transferase 
tag was digested using the TEV protease following Ni-NTA 
affinity chromatography and removed from the samples dur-
ing the purification process. The protein samples were equi-
librated using a buffer consisting of 50 mM Tris-HCl; pH 7.5, 

(A)

(B)

(C)

Fig. 1. Interaction of the PTPN4 PDZ domain 
with the HPV16 E6 PBM peptide. (A) Sequence 
alignment of the PTPN4 and PTPN3 PDZ do-
mains. Conserved residues are shaded in cyan. 
The secondary structure of the PTPN4 PDZ do-
main is also shown. (B) ITC analysis. The in-
dicated peptide (0.2 mM) was titrated into 10 
μM recombinant PTPN4 PDZ protein. The KD
and Ka values were deduced from curve fittings 
of the integrated heat per mole of added ligand.
(C) Binding affinities. The peptides interacting
with the PTPN4 PDZ domain are listed together
with amino acid sequence, KD values, methods,
and references.



Crystal structure of PTPN4 PDZ bound to HPV16 E6 397

200 mM NaCl, and 1 mM dithiothreitol. The final PTPN4 
PDZ sample was mixed with the HPV16 E6 PBM peptide 
(residues 152−158) at a 1:2 molar ratio and incubated for 8 h. 
Crystals were obtained using the sitting-drop vapor diffusion 
method at 18°C by mixing and equilibrating 1 μl protein so-
lution (9 mg/ml) and 1 μl precipitant solution containing 
0.15 M calcium acetate hydrate, 24% (w/v) polyethylene gly-
col 3350, and 4.5% (w/v) trimethylamine N-oxide dihydrate. 
Diffraction data were collected using the beamline 11C at the 
Pohang Accelerator Laboratory, and processed with the pro-
gram HKL2000 (Otwinowski and Minor, 1997). The com-
plex structure was determined using the molecular replace-
ment method with the program Phaser (McCoy et al., 2007), 
in which the apo structure of the PTPN4 PDZ domain with 
the Protein Data Bank (PDB) code 2VPH as the search model. 
The programs Coot (Emsley and Cowtan, 2004) and PHENIX 
(Adams et al., 2010) were used for model building and re-
finement, respectively. The crystallographic data are sum-
marized in Table 1. The final model does not include resi-
dues 500–514 and 604 of PTPN4 with poor electron density. 
The coordinates of the structure together with the structure 
factors were deposited in the PDB with the accession code 
7VZE.

Peptides preparation and ITC measurements
Synthetic 7-mer peptides of HPV16 E6 (residues 152−158; 
wild-type, phospho-T156, L158A, and L158-amidated), HPV-
18/45 E6 (residues 152−158), HPV31 E6 (residues 143−149), 
HPV33 E6 (residues 143−149), and 11-mer peptides of HPV16 
E6 (residues 148−158) were purchased from Peptron, and 
dialyzed against a solution containing 50 mM Tris-HCl; pH 
7.5, 200 mM NaCl, and 10 mM β-mercaptoethanol. ITC mea-
surements were performed using the recombinant PTPN4 
PDZ protein and the synthetic peptides as previously de-
scribed in detail (Lim et al., 2021).

Results and Discussion

Verification of the direct interaction between the human 
PTPN4 and HPV16 E6
To verify the direct interaction between human PTPN4 and 
HPV E6, we prepared the recombinant PTPN4 PDZ domain 
(residues 500−604) expressed in E. coli and the synthetic 
7-mer (T152RRETQL158) and 11-mer (R148SSRTRRETQL158) 
peptides comprising the C-terminal tail of HPV16 E6. The 
purified PTPN4 PDZ domain and the 7-mer and 11-mer 
HPV16 E6 PBM peptides were subjected to ITC to measure 
the dissociation constant (KD) of the interaction; KD were 
determined to be 18.8 μM and 19.4 μM, respectively, which 
demonstrated the direct interaction between the protein 
and the peptide (Fig. 1B). It is notable that the HPV16 E6 
PBM peptides exhibited higher PTPN4 PDZ-binding affini-
ties compared to peptides derived from glycoprotein G of a 
variety of rabies virus strains that are known to target PTPN4 
PDZ (Fig. 1C), except for the peptide known as “cyto8-RETEV” 
which was artificially optimized for the binding (Babault et 
al., 2011).

Crystal structure of the PTPN4 PDZ domain bound to the 
HPV16 E6 PBM peptide
Subsequently, to elucidate the association between PTPN4 
and HPV16 E6 at the molecular level, the recombinant PTPN4 
PDZ domain was incubated with the 7-mer or 11-mer HPV16 
E6 PBM peptide at a 1:2 molar ratio and then subjected to 
crystallization. Crystals with the space group P212121 were 
obtained using the 7-mer peptide, which led to the determi-
nation of the complex structure to a resolution of 2.9 Å (Table 
1). Four molecules of the PTPN4 PDZ−HPV16 E6 PBM pep-
tide complex were contained in a single asymmetric unit and 
superimposed on each other with root mean square devia-
tions (RMSDs) in the range of 0.41–0.78 Å over 84–91 aligned 
residues. The PDZ domain of PTPN4 adopts a canonical 
PDZ fold composed of a five-stranded β-sandwich and two 
α-helices (Fig. 2A). It does not undergo a noticeable confor-
mational change upon interacting with the HPV16 E6 pep-
tide, as the apo PTPN4 PDZ domain structure (PDB code 
2VPH) was superimposed reasonably well with our peptide- 
bound form with an RMSD value of 0.48 Å over 89 aligned 
residues (Supplementary data Fig. S2). The HPV16 E6 PBM 
peptide is secured in the ligand-binding cleft of the PTPN4 
PDZ domain in a typical manner (Fig. 2A and B). The E6 
peptide constitutes an extension of the β-sandwich fold of 

Table 1. Data collection and structure refinement statistics
Data collection PDB 7VZE

Space group P212121

Unit cell dimensions
a, b, c (Å) 51.97, 51.92, 190.97
a, β, γ (o) 90, 90, 90

Resolution (Å) 50.0−2.9 (2.95−2.90)a

Rsym
b (%) 11.5 (28.0)

I/σ (I) 21.6 (3.8)
Completeness (%) 99.2 (99.3)
Redundancy 5.2

Refinement
Resolution (Å) 50.0−2.9
Number of reflections 12140
Rwork

c/Rfree (%) 19.5/23.4
Number of atoms

Protein 2736
Peptide 194
Water 14

RMSD
Bond lengths (Å) 0.011
Bond angles (o) 1.058

Ramachandran plot (%)
Most favored region 91.1
Additionally allowed region 8.9

Average B-values (Å2)
Protein 52.2
Peptide 54.2
Water 37.3

aThe numbers in parentheses are statistics from the shell with the highest resolution.
bRsym = Σ |Iobs - Iavg| / Iobs, where Iobs is the observed intensity of individual reflection 
and Iavg is the average across symmetry equivalents.
cRwork = Σ ||Fo| - |Fc|| / Σ |Fo|, where |Fo| and |Fc| are the observed and calculated 
structure factor amplitudes, respectively. Rfree was calculated with 10.1% of the data.
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PTPN4 through antiparallel association with the β2 strand 
and is also associated with residues from the PTPN4 α2 helix 
(Fig. 2A). In detail, the complex formation is maintained by 
several hydrogen bonds between the main chain amide nitro-
gen (N) and carbonyl oxygen (O) atoms from both proteins, 
including Phe530 (O), Val532 (N and O) from PTPN4, and 
Thr156 (N and O) and Leu158 (N) from the 7-mer E6 peptide 
(Fig. 2C, left). The C-terminal carboxylate of Leu158 from 
HPV16 E6 reinforces this interaction by associating with 
the main chain amide nitrogen atoms of Phe528, Gly529, and 
Phe530 residues (corresponding to the “GLGF” motif widely 
found in the PDZ domains) from PTPN4 (Fig. 2C, left). In 
addition, nitrogen atoms from the side chains of Gln538 and 
His579 from PTPN4 form hydrogen bonds with the main 
chain carbonyl oxygen atom of Arg154 from HPV16 E6 (Fig. 
2C, left). Hydrophobic interactions mediated by Leu158 from 
HPV16 E6 and Phe528, Phe530, Val532, Val583, Ile586, and 
Lys587 from PTPN4 and electrostatic interaction between 

Arg154 from HPV16 E6 and Asp580 from PTPN4 also seem 
to contribute to complex formation (Fig. 2C, left). We noted 
that the binding between PTPN4 PDZ and HPV16 E6 is 
highly homologous to the previously determined intermo-
lecular interactions between the PTPN3 or PTPN4 PDZ and 
the S/T−X−ΦCOOH consensus motif-containing peptide (Fig. 
2C, middle and right).
  Based on the complex structure, we designed three muta-
tions in the HPV16 E6 PBM peptide that are expected to in-
terfere with complex formation: phosphorylation of Thr156 
(pT156), which was reported to modulate the HPV E6−PDZ 
domain interaction (Kühne et al., 2000; Boon and Banks, 
2013); alanine substitution of Leu158 (L158A), which is as-
sumed to abrogate the intermolecular hydrophobic interac-
tion; amidation of the peptide C-terminus (L158-NH2), which 
might perturb the C-terminal carboxylate-mediated hydro-
gen bond formation. ITC measurements using the mutant 
peptides revealed that the interaction between the PTPN4 

(A) (B)

(C)

(D)

Fig. 2. Crystal structure of PTPN4 PDZ bound 
to the HPV16 E6 PBM peptide. (A) Structure 
representation. (Left) PTPN4 (navy) and HPV16 
E6 (green) are presented as ribbon drawings with
the secondary structure labels. (Right) PTPN4 
is shown as electrostatic surface representation 
bound to the HPV16 E6 peptide presented by 
sticks. (B) The HPV16 PBM E6 peptide is pre-
sented by sticks together with the 2Fo-Fc elec-
tron density omit map contoured at 0.5 σ. (C) 
Intermolecular interactions between PTPN4 and
HPV16 E6 (left) are compared to those between
PTPN3 and HPV16 E6 (middle) or those be-
tween PTPN4 and CYTO8-RETEV (right). Re-
sidues critically involved in the complex forma-
tion are labeled. Dashed lines represent hydro-
gen bonds. (D) ITC analysis. Measurements were
conducted as noted in Fig. 1B. Introduction of 
structure-based mutations into the HPV E6 PBM
peptide abrogated its binding to PTPN4 PDZ.
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PDZ domain and the HPV16 E6 PBM peptide was severely 
abrogated (Fig. 2D), demonstrating the relevance of the in-
termolecular interaction between PTPN4 PDZ and HPV16 
E6 shown in our crystal structure.

E6 from diverse HPV genotypes interacts with PTPN4 PDZ
The C-terminal PBM of E6 is a molecular signature repre-
senting the oncogenic potential of HPVs, as the region exists 
in E6s from high-risk genotypes but not in those from low- 
risk genotypes (Fig. 3A). We investigated the PTPN4 PDZ- 
interacting profile of E6 from a variety of high-risk HPV 
genotypes at the molecular level. We selected five E6 PBMs 
from HPV16, HPV18, HPV31, HPV33, and HPV45. Sequence 
alignment showed that the C-terminal end tails of the five 
HPV E6s are highly conserved and generally contain the S/T− 
X−ΦCOOH PDZ binding-consensus motif, implying that they 
all interact with the PDZ domain of PTPN4 (Fig. 3A). As 
the C-terminal tail residues of E6 from HPV18 and HPV45 
are identical, we prepared three additional 7-mer peptides 
corresponding to HPV18/45 (residues 152−158), HPV31 (re-
sidues 143−149), and HPV33 (residues 143−149), and perfor-
med ITC measurements. As shown in Fig. 3B, all the pep-
tides that we tested interacted with PTPN4 PDZ in the KD 
range of 16.8−29.4 μM, which is comparable to the binding 
affinity (KD of 18.8 μM) between HPV16 E6 (152−158) and 
PTPN4 PDZ (Fig. 1B). These results demonstrate that E6s 
from high-risk HPV genotypes are regularly able to interact 
with PTPN4 PDZ. We note that relatively weak affinity and 
titration signal of HPV31 E6 (143−149) may reflect that it 
has threonine instead of arginine at the 5th position from the 

C-terminal end, corresponding to Arg154 of HPV16 E6 that 
forms an electrostatic interaction with Asp580 from PTPN4 
(Fig. 2C).

Conclusion

In this study, we identified a novel interaction between 
PTPN4, a regulator of cell death, and HPV16 E6, a key virus- 
originated oncogenic factor, and determined the crystal struc-
ture of PTPN4 PDZ in a complex with the PBM-containing 
HPV16 E6 (residues 152−158) peptide. A combination of hy-
drophobic interactions and a hydrogen bond network main-
tains complex formation, which was further verified by bind-
ing affinity measurements using mutant peptides. We also 
found that PTPN4 PDZ regularly interacts with E6 from di-
verse high-risk HPV genotypes with comparable affinities, 
implying that PTPN4 might be a general target of the high- 
risk HPV genotypes. We believe that our findings will serve 
as a rational basis for further investigation to discover the 
biological functionality and consequence of the complex for-
mation between these two cancer-associated proteins, which 
likely play a role during the carcinogenetic process triggered 
by HPV16 infection.
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