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Abstract

E6 viral oncoproteins are key players in epithelial tumors induced by Papillomaviruses in
vertebrates, including cervical cancer in humans. E6 proteins target many host proteins by
specifically interacting with acidic LxxLL maotifs. Here, we solved the crystal structures of Bovine
(BPV1) and Human (HPV16) Papillomavirus E6 proteins bound to LxxLL peptides from the focal
adhesion protein paxillin and the ubiquitin ligase E6AP, respectively. In both E6 proteins, two
zinc domains and a linker helix form a basic-hydrophobic pocket, which captures helical LxxLL
motifs in a way compatible with other interaction modes. Mutational inactivation of the LxxLL
binding pocket disrupts the oncogenic activities of both E6 proteins. This work reveals the
structural basis of both the multifunctionality and the oncogenicity of E6 proteins.

Papillomaviruses (PV) infect the epithelia of vertebrates. More than 200 PV types have been
identified (1), among which a subset is tumorigenic. Cervical cancers are caused by “high-
risk” mucosal Human PVs (hrm-HPVs), of which HPV16 is the most prevalent and best
studied type (2), whereas some skin cancers have been associated with “high-risk”
cutaneous HPVs (3). Bovine Papillomavirus 1 (BPV1) also induces tumors in its natural
host (cattle) and in horses (4).

PV carcinogenesis is primarily linked to two PV oncoproteins, E6 and E7. Hrm-HPV E6
recruits the ubiquitin ligase E6AP (5) and tumor suppressor p53, leading to ubiquitin—
mediated degradation of p53 (6). E6 also interacts with many other cellular proteins related
to cancer pathways (7, 8). Mucosal and cutaneous HPV E6 oncoproteins recognize some of
their target proteins, including E6AP, the Interferon Regulatory Factor IRF-3 (9) and the
Notch co-activator MAMLL1 (8, 10, 11) through acidic leucine-rich motifs containing the
LxxLL consensus sequence (12, 13). BPV1 E6 recognizes a particular sub-class of acidic
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LxxLL sequences, termed LD motifs, which mediate protein-protein interactions regulating
cell motility, cell adhesion and gene expression (14). BPV1 EG6 recognizes several LD motifs
of the focal adhesion protein paxillin, and this interaction is required for cellular
transformation (15, 16, 17). Despite their small size (about 150 residues), E6 proteins
combine multiple interaction sites. For instance, hrm-HPV E6 interacts not only with LxxLL
motifs but also with PDZ domains involved in cell polarity and adhesion (18), and also
possesses a self-association interface required for the p53 degradation activity (19).

Mammalian PV EG6 proteins are cysteine-rich proteins consisting of two zinc-binding
domains named E6N and E6C. Whereas structures of isolated E6N and E6C domains have
been determined (19, 20), full-length E6 proteins undergo self-oligomerization (21), which
has precluded structural analysis.

To circumvent this problem, we applied two solubilizing strategies to the BPV1 and the
HPV16 E6 proteins (22). For BPV1 E6, we fused a crystallization-prone mutant of the
bacterial Maltose Binding Protein (MBP) to an E6-binding LxXLL sequence present in the
paxillin LD1 motif that is known to solubilize E6 (23), and then to the BPV1 E6 protein
(Supplemental Fig. 1A). The resulting MBP-LxXLL-E6 triple fusion protein purified as a
soluble monomer and yielded crystals that diffracted at a resolution better than 2.3 A
(Supplemental Table 1). For HPV16 E6, we purified the monomeric E6 F47R 4C/4S mutant
that combines the F47R mutation disrupting E6N dimerization, and four mutations at non-
conserved cysteines preventing disulfide-mediated aggregation (19). Purified E6 F47R 4C/
4S was mixed with equimolar amounts of an MBP-LxXLL fusion containing the E6-binding
LxxLL sequence of E6AP (Supplemental Fig. 1B). The complex yielded crystals that
diffracted at a resolution better than 2.6 A (Supplemental Table 1). Both structures were
solved by molecular replacement using the known structure of MBP as a template (Fig. 1
and Supplemental Fig. 2).

The overall structures of the two E6/LxxLL complexes are very similar (Supplemental Fig.
3A) despite low sequence identity (30%), suggesting that crystallization-promoting
strategies did not introduce artifacts. Indeed, MBP is differently positioned relative to E6 in
the two crystals (Supplemental Fig. 2) and the five solubilizing mutations of E6 FA7R 4C/4S
are distal from the E6/peptide interface (Supplemental Fig. 3C).

In both LxxLL-bound E6 proteins, the two zinc-binding domains are joined by a linker helix
(Fig. 1 and Supplemental Fig. 4). While the BPV1 and HPV16 E6C domains have a similar
fold, the two E6N domains have structurally resolved regions that are essentially
superposable but differ in their N-terminal regions (Supplemental Fig. 3B and 4). Indeed,
the sequence of HPV16 E6N includes an N-terminal extension that is absent in BPV1 E6N
(Supplemental Fig. 9). In addition, the first 10 residues of BPVV1 E6N are not visible in the
electron density map.

The E6-bound LxxLL motifs of both paxillin (M1D2D3L4DsAgL7LgAgD1g) and E6AP
(E1L>T3L4QsE6L7LgGoE1gE11R12) adopt a a-helical conformation from residues 1 to 8
(Fig. 1 and 2). Both motifs are inserted within a deep pocket formed by the two zinc-binding
domains and the linker helix of E6 (Fig. LA-B). By contrast, previously solved complexes
of cellular FAT, CH and LBD domains bound to LxxLL maotifs (24-26) all showed the
helical motif interacting with a shallow surface of the domain (Fig. 1C).

The three leucine residues (L4, L7 and Lg) of the motif are accommodated within a
hydrophobic cavity mostly contributed by the E6N domain and linker helix (Fig. 1B, 2B, 2D
and Supplemental Fig. 9). Point mutations altering hydrophobic residues of the cavity (i.e.
F37S, L58S in BPV1 E6 and L50E in HPV16 E6) decrease both LxXLL peptide binding and
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E6 transformation (BPV1 E6/paxillin) or p53 degradation (HPV16 E6/E6AP) activities (Fig.
3 and Supplemental Fig. 8A).

Surrounding the hydrophobic cavity, a positively charged surface (Supplemental Fig. 5),
favorable to the acidic moieties of the peptide, includes a number of arginine residues that
play specific roles in the architecture of the complex. The side-chain of a strictly conserved
arginine (R89 in BPV1 and R102 in HPV16) holds together, like a keystone, the E6C
domain, the E6N domain and the peptide by interacting with Lg of the peptide and with
main chain atoms at the C-termini of both E6N al helix and the peptide’s helix. (Fig. 2).

Adjacent to R89/R102, BPV1 R121 and HPV16 R131 provide structurally equivalent
contacts to backbone and side chains moieties of the peptide (Fig. 2). Free energy
decomposition analysis (27) coupled to prior molecular dynamics (MD) simulations of the
complexes revealed favorable van der Waals terms for arginine residues of BPV1 E6 R89
and R121 and of HPV16 E6 R102 and R131 (Supplemental Fig. 6) that are consistent with
their multiple interactions at the complex interface. Mutagenesis of all these arginine
residues markedly decreased peptide binding and biological activities of the two E6 proteins
(Fig. 3 and Supplemental Fig. 8).

A number of peripheral E6 arginine side-chains selectively clamp acidic and/or polar side-
chains of the LxxLL peptide (Fig. 2). In BPV1 E6, R42 and R116 interact with D3 and Dg
respectively (Fig. 2A). In HPV16 E6, R55 (equivalent to BPV1 R42) interacts with T3 and
Eg. R129 (equivalent to BPV1 R116) displays conformational disorder in the crystal
(Supplemental Fig. 6A), where it is oriented away from the peptide towards MBP (Fig. 2C
and Supplemental Fig. 7A). However, upon MD simulation of the E6/E6AP complex devoid
of MBP, the side-chain of R129 readily reorients to form a direct interaction with residue E;
of the E6GAP peptide (Supplemental Fig. 7B-C). In HPVV16 E6, R10 at the N-terminus of
E6N forms an additional ion bridge with E;4 of the C-terminus of the target peptide (Fig.
2C). Alanine mutagenesis of these peripheral arginine residues had little or no influence on
peptide binding or the tested biological activities with the exception of BPVV1 R116, whose
mutation markedly decreased paxillin binding and cellular transformation (Fig. 3 and
Supplemental Fig. 8). Indeed, the side-chain of R116 is involved in a network of direct or-
water mediated polar interactions at the E6C/peptide interface and in cation—m stacking with
the aromatic side-chain of W65 (Fig. 2A and Supplemental Fig. 7C). This environment
appears to strongly stabilize the R116-Dg salt bridge, as confirmed by the high electrostatic
free energy term displayed by both R116 and D5 (Supplemental Fig. 6A).

A salient difference between the two structures concerns the mode of recognition of the N-
terminus of the bound peptide, which is exclusively hydrophaobic for paxillin and purely
electrostatic for EGAP (Supplemental Fig. 6). Indeed, in the BPV1 E6/paxillin complex, My
of paxillin interacts with a hydrophobic patch at the C-terminus of the linker helix
constituted by W65 and L64 (Fig. 2A and Supplemental Fig. 7C). In HPV16 E6, E6 residues
L64 and W65 are substituted by basic residues R77 and H78, which together with R129
form a favorable electrostatic environment for the interaction with E; of the EGAP peptide
(Fig. 2C and Supplemental Fig. 7C).

Many cellular functions are mediated by short linear interaction motifs (SLIMs), whose
simple and redundant sequences constitute an Achille’s heel for viral attack (28). Whereas
viral proteins very often contain mimics of cellular SLIMs (28), E6 has an original fold that
captures cellular acidic LxxLL matifs. In contrast to cellular proteins, which recruit LxxLL
motifs on shallow surfaces of globular helical domains (24, 25), E6 captures these motifs
within a binding pocket composed of three structural modules (Fig. 1). LxxLL-contacting
residues are located at equivalent positions in HPVV16 and BPV1 E6 sequences, and these
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positions are generally conserved (Supplemental Fig. 9) suggesting that all mammalian E6
proteins contain a LxxLL-binding pocket. Furthermore, BPV1 and HPV16 E6 mutants
disrupted for LxxLL-motif binding systematically lost transformation and degradation
activities (Fig. 3), indicating that the conserved LxxLL-binding pocket is essential to the
tumorigenic phenotype of E6 proteins. This pocket thus represents a promising target for
therapeutic drugs.

E6 peptide-contacting residues play distinct roles. Hydrophobic pocket residues as well as
the “keystone” arginine R89/R102 only establish contacts with the invariable leucine side
chains of the motif and/or sequence-independent contacts with the peptide backbone. Other
E6 residues function as “readers”, which discriminate variations of the LxxLL motif through
sequence-dependent contacts to variable side chains of the peptide. In particular the nature
of residues located at the C-terminus of the E6 linker helix or at the N-terminus of E6N
domain may influence the selection of residues at the N- or C-terminus of the peptide,
respectively. Conversely, some reader residues may tolerate variations in the position of key
acidic residues in the LxxLL motif sequence, as equivalent arginine residues in BPV1 E6
and HPV16 E6 can interact with acidic side chains belonging to different turns of the
peptide helix (Fig. 2). Such combinations of discriminative and tolerant reading mechanisms
should allow different E6 proteins to capture different panels of host proteins bearing
variations of the LxxLL motif.

In the absence of target peptide, E6 is likely to adopt a different overall structure, since the
few interactions connecting the E6N, linker helix and E6C modules (Supplemental Fig. 10)
are likely insufficient to maintain the E6 architecture observed in the complex structures.
The propensity for self-association (21) and the strong affinity for target motifs (23, 29, 30)
suggest that most E6 molecules preferentially exist as target-bound complexes in infected
cells.

The data suggest that different modes of interaction can co-exist on one single molecule of
E6. The LxxLL binding region, the PDZ domain binding motif at the extreme C-terminus of
E6 (31, 32) and the E6N self-association interface required for p53 degradation (19) do not
overlap when they are mapped onto the structure of HPV16 E6 (Fig. 4). Solvent accessible
surfaces not involved in these three interactions represent candidate E6 regions for p53
binding. Structural studies of E6 in complex with multiple partners are now required, to
decipher the mechanisms of E6 oncogenic activities such as the degradation of host target
proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BPV1 E6/paxillin HPV16 E6/E6AP

Fig. 1.

X-ray structures of E6/LxxLL complexes. (A) The structures of BPV1 E6 bound to residues
1-10 of paxillin (Ieft panel) and of HPV16 E6 bound to residues 403-414 of E6AP (right
panel). violet: E6N; grey: linker helix; gold: E6C; cyan/green: LxxLL peptides. (B) The
hydrophobic pocket (pink) responsible for LxxLL motif recognition in BPV1 E6 (left panel)
and HPV16 EB6 (right panel). These structures show helical LxxLL peptides inserted in a
deep pocket formed by the two domains, unlike other cellular domains (FAT, CH and LBD)
interacting through shallow surfaces with the cognate LxxLL peptides. See also
Supplementary Fig. 5.
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Networks of E6/LxxLL peptide interactions. (A) Polar interactions between BPV1 E6 and
paxillin. Red spheres: water molecules; black dashed lines: interactions mediated by
“keystone” arginine R89; violet/orange dashed lines: intermolecular interactions mediated
by E6N/E6C arginines; dotted lines: other polar interactions. (B) All contacts between BPV1
E6 and paxillin. Pink dashed lines: hydrophobic contacts; black lines: polar contacts
mediated by side chain (continuous lines) or main chain (dotted lines); pink/blue boxed
residues: E6 hydrophobic/polar contributors; E6 polar residues displaying favorable van der
Waals terms (AE V&< -1 kcal/mol, Supplemental Fig. 6A) are included as hydrophobic
contributors. (C) Polar interactions between HPV16 E6 and E6AP. Black dashed lines:
interactions mediated by “keystone” arginine R102; violet/orange dashed lines:
intermolecular interactions mediated by E6N/E6C arginines. (D) All contacts between
HPV16 E6 and E6AP. R129-E4 (dashed gray line) is deduced from MD simulations
(Supplemental Fig. 7).
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Fig. 3.

LxxLL binding and functional activities of E6 mutants. (A) Yeast two-hybrid analysis of
BPV1 EG6 (left panel) and HPV16 EG6 (right panel) mutants binding to paxillin (full-length or
LD1 peptide) and E6AP peptide respectively. PTPN3 (targeting the PDZ binding motif) is
included as control of HPV16 E6 expression. (B) Pull-down assays of BPV1 E6 (left panel)
and HPV16 E6 (right panel) mutants binding to GST-fused LxxLL peptides. The data (mean
+ sd) were normalized to 100% for the reference protein. “*”: previously investigated
mutants (15, 33, 34). HPV16 E6 mutations were introduced in the E6 4C/4S construct. (C)
Oncogenic activities of E6 mutants. The data (mean + sd) were normalized to 100% for the
reference protein. (Left panel) Transformation phenotypes of BPV1 E6 mutants, quantified
using numbers of anchorage-independent colonies. (Right panel) p53 degradation activities
of HPV16 E6 mutants measured by incubating constant amounts of p53 with either 2.5 or 5
pl of E6 translation product. Iy and | correspond to, respectively, the p53 signal before and
after incubation with E6. See also Supplemental Fig. 8.
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Fig. 4.

Mapping HPV16 EG6 functional regions. The different binding sites of HPV16 E6 map to
distinct regions of the protein’s solvent accessible surface. LxxLL binding and E6 self-
association residues are colored green and blue respectively. The position of the second E6
molecule shown in the ribbon representation was modeled based on the geometry of the
E6N homodimer interface (2LJY.pdb). The C-terminal PDZ binding motif (pink) is
disordered in the NMR structure of the isolated HPV16 E6C domain and adopts a -strand
conformation upon binding to the PDZ1 of Magi | (red) (2KPL.pdb). The relative
orientation of E6 and the PDZ domain shown is arbitrary. Surfaces colored white are
potentially available for binding to p53. See also Supplemental Fig. 9.
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