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ABSTRACT In epithelial tumors, oncoprotein E6 binds with the ubiquitin ligase E6AP to form E6/E6AP heterodimer; then this
heterodimer recruits p53 to form E6/E6AP/p53 heterotrimer and induces p53 degradation. Recent experiments demonstrated
that three E6 single-site mutants (F47R, R102A, and L50E) can inhibit the E6/E6AP/p53 heterotrimer formation and rescue
p53 from the degradation pathway. However, the molecular mechanism underlying mutation-induced heterotrimer inhibition re-
mains largely elusive. Herein, we performed extensive molecular dynamics simulations (totally ~13 ps) on both heterodimer and
heterotrimer to elucidate at an atomic level how each p53-degradation-defective HPV16 E6 mutant reduces the structural sta-
bilities of the two complexes. Our simulations reveal that the three E6 mutations destabilize the structure of E6/E6AP/p53 com-
plex through distinct mechanisms. Although F47RE® mutation has no effect on the structure of E6/E6AP heterodimer, it results in
an electrostatic repulsion between R475¢ and R290P%%, which is unfavorable for E6-p53 binding. R102AF® mutation destabilizes
the structure of E6/EBAP heterodimer and significantly disrupts hydrophobic and cation-m interactions between F475% and
E286P%3/L298P%3/R290P%3. L50EF® mutation impairs both E6 interdomain interactions (especially F47-K108 cation-r interaction)
and E6-EBAP intermolecular interactions important for the stabilization of E6/E6AP heterodimer. This study identifies the intra-
and intermolecular interactions crucial for the complex stability, which may provide mechanistic insights into the inhibition of
complex formation by the three HPV16 E6 mutations.

SIGNIFICANCE The most studied function of high-risk HPV E6 is the E6-ubiquitin-mediated degradation of tumor
suppressor p53 by forming E6/E6AP/p53 heterotrimer. Recent experiments demonstrated that three E6 single-site
mutants (F47R, R102A, and L50E) can inhibit the E6/E6AP/p53 heterotrimer formation and rescue p53 from the
degradation pathway. The underlying molecular mechanism is yet poorly understood. Using all-atom molecular dynamics
simulations, we investigate the mechanism of the three HPV16 E6 mutants (F47R, R102A, and L50E) in the destabilization
of E6/E6AP and E6/E6AP/p53 complex and identify the molecular interactions (E6 interdomain interactions, E6-E6AP and
E6-p53 intermolecular interactions) crucial for the formation of heterodimer/heterotrimer. Our results may provide possible
target sites for disrupting the HPV16 E6-mediated p53 degradation.

INTRODUCTION p53 is stable via a negative feedback loop with oncoprotein
MDM2 that degrades p53 by the ubiquitin-mediated protein
degradation pathway (4). In response to cell stress, the
MDM2-ubiquitin-mediated degradation of p53 is inhibited,
and then the level of p53 increases in normal cells (5). How-
ever, the level of p53 in cervical carcinoma cells infected by
high-risk human papillomaviruses (HPVs) is lower than that
in normal cells because the product oncoprotein E6 of high-
risk HPVs can degrade p53 via the ubiquitin-mediated
degradation and decrease the level of p53 (6). More specif-
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Tumor suppressor pS3, as a “guardian of the genome” (1),
regulates a series of gene expression patterns involved in
cell cycle arrest, damaged DNA repair, and cell apoptosis
in response to the cell stress (2). According to the Interna-
tional Agency for Research on Cancer (IARC) TP53 Data-
base, more than 50% of human cancers are linked to the
inactivation of p53 (3). In the normal cells, the level of
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E6/E6AP/p53 heterotrimer in the x-ray crystal structure (PDB: 4XR8). (A) The cartoon representation of E6/E6AP/pS53 heterotrimer. EON and

E6C: N- and C-terminal zinc-binding domains; E6HL: E6 helix linker. (B) The sequence of E6, where four C-to-S mutation sites and three p53-degradation-
defective mutation sites (F47, L50, and R102) are labeled. (C) The surface representation of E6 with different views. E6 in the left panel of (C) is shown in the
same view as that in (A). In (A)—(C), wheat: p53; green: E6N; cyan: E6HL; blue: E6C; gray: LxxLL motif of E6AP. To see figure in color, go online.

High-risk HPVs cause more than 90% of cervical carci-
nomas and 20% of head-neck squamous carcinomas
(9,10), whereas low-risk HPVs are associated with benign
cellular proliferations (11). HPV-16 and -18 are the most
prevalent high-risk HPVs and they cause over 50% and
20% of cervical carcinomas respectively (12,13).

Earlier experimental studies reported the high-risk HPV
E6-mediated p53 degradation pathway: E6 firstly binds to
the acidic leucine-rich LxxLL motif of E6-association pro-
tein (E6AP) to form E6/E6AP heterodimer (14); subse-
quently, E6/E6AP heterodimer recruits p53 to form E6/
E6AP/p53 heterotrimer, and then p53 is degraded through
the ubiquitin-mediated protein degradation pathway (15).
E6AP is an E3 ubiquitin ligase and is unable to degrade
p53 when E6 is absent (16). E6 also targets other cellular
proteins (17), such as interferon regulatory factor-3 (18),
co-activators p300 and CREB binding protein (19), the hu-
man homolog of the Drosophila discs-large tumor suppres-
sor protein (20), and the membrane-associated guanylate
kinases (21,22). Therefore, oncoprotein E6 is a critical fac-
tor responsible for the cellular transformation and tumori-
genesis (23).

The x-ray crystal structure of E6/E6AP/p53 heterotrimer
(PDB: 4XRS8) (Fig. 1 A) encoded by high-risk HPV-16 was
resolved in 2016 (24) by Travé, Zanier, and their co-
workers. This complex consists of full-length E6 (residues
1-151), the LxxLL motif (37,ELTLQELLGEER;g3) of
E6AP, and p53 core domain (p53C, residues 94-292). The
full-length E6 contains two zinc-binding domains E6N (res-
idues 1-61) and E6C (residues 79-151) that are linked by
E6 helix linker (abbreviated E6HL, residues 62-78) (Figs.
1 A and B). In the crystal structure, the four cysteines (4C:

C80, C97, C111, and C140) of E6 are mutated to four
serines (4S) to prevent disulfide-mediated aggregation
(Fig. 2 B) (24). It was reported that the efficiency of E6
4C/4S mutant to degrade p53 is almost equal to wild-type
(WT) E6 (24). The LxxLL motif of E6AP is embedded in
the hydrophobic cavity (also called LxxLL pocket) that is
formed by E6N, E6C, and E6HL (Figs. 1 A and C).
Fig. S1 A shows the dominant interactions between the
LxxLL motif of E6AP and E6 (25). p53C binds to the E6
cleft that is formed by E6N and E6C (Figs. | A and C).
This cleft is called the p53 binding cleft. The E6-p53C inter-
face is divided into three subinterfaces (right panel of Fig. 1
(), and the E6-p53C interactions at the three interfaces are
shown in Fig. S1 B (24).

Neither E6 nor E6AP is separately able to recruit p53
(14,26), revealing that the formation of E6/E6AP hetero-
dimer is a prerequisite for p53 binding. Formation of E6/
E6AP/p53 heterotrimer is required for high-risk HPV-medi-
ated degradation of p53 (24). Therefore, the inhibition of
formation of E6/E6AP/p53 complex is a potential strategy
to impair the p53 degradation activity of E6. The LxxLL
pocket and the p53 binding cleft of E6 are used as ideal tar-
gets for the screening of some peptides and small molecules
(27-31). In addition, some E6 mutations at the p53 binding
cleft of E6 (F47R) or the LxxLL pocket of E6 (R102A and
L50E) exhibit the ability to impede the formation of E6/
E6AP/p53 heterotrimer and to destroy the p53 degradation
activity of E6 (24,25,32,33). F47RF® mutation does not
impair the binding of E6 with E6AP (33), and the x-ray crys-
tal structure of E6™’® in complex with the LxxLL motif of
E6AP has been resolved (25). This mutation hinders the
binding between E6™*"®/E6AP heterodimer and p53, blocks

Biophysical Journal 121, 1704-1714, May 3, 2022 1705



Li et al.

A E6/E6AP E6 EBAP B  E6/EBAP complex C  =E6N ~E6HL mE6C

04 % 300

= —WT —F47R —WT —F47R —WT —F47R £

£ g 200

2 0.2 . 1 1 o

= I 100

x > ul

0.0+ " ' - - . | © 0
0 250 500 0 250 500 0 250 500 WT mF47R @’\ o

. . " ™
Time (ns) Time (ns) Time (ns) <

FIGURE 2 Analysis of structural stability of E6/E6AP and E6"7R/E6AP heterodimers. (A) The time evolution of backbone RMSD values of E6/E6AP, E6,
and E6AP relative to their initial conformations in WT and F47R mutant heterodimers. The RMSD values are averaged over three individual MD simulations.
(B) The final structure of E6"*"%/E6AP heterodimer (pink) superposed with the final structure of WT E6/E6AP heterodimer (cyan). (C) Number of native
contacts between E6 and E6GAP in WT and F47R mutant heterodimers, residues 1-8 of E6 and 381-383 of E6AP. This result demonstrates that FA7R®® mu-
tation has no effect on the structure of E6/E6AP heterodimer. To see figure in color, go online.

the formation of E6/E6AP/pS53 heterotrimer, and then res-
cues p53 from degradation pathway (24,32-34). R102AF®
mutation located in the LxxLL pocket significantly reduces
the binding affinity of E6 with E6AP and almost completely
abolishes p53 degradation activity of E6 (25). Unlike
F47RE® and R102AE® mutations, L50EF® mutation
completely blocks the binding of E6AP-E6 and abolishes
p53 degradation activity of E6 (25). Those experimental re-
sults demonstrate that the three single-site E6 mutations
(F47R, R102A, and L50E) display different inhibitory ef-
fects on the formation of E6/E6AP heterodimer, but suggest
that they all abolish the formation of E6/E6AP/p53 hetero-
trimer. In spite of extensive experimental studies and the
emergence of computational studies on conformational dy-
namics of E6/E6AP heterodimer (29), the atomic-level
mechanisms underlying the different inhibitory effects of
the three E6 mutations on the bindings of E6-E6AP and
E6/E6AP-p53 are poorly understood.

Molecular dynamics (MD) simulation is an effective
technique in simulating biomolecule systems (35-37),
and it has been widely used to investigate the conforma-
tional dynamics of pS3C (38-41) and pS3 isoforms (42),
p53-DNA interaction (43), p53-MDM2 interaction
(44,45), p53 peptide aggregation (46,47), and small mole-
cule-p53C interaction (48). In this study, we utilized MD
simulations to explore at the atomic level how the three in-
dividual mutations (F47R, R102A, and L50E) of E6
impede the stability of E6/E6AP/p53 complex. We per-
formed three independent 500-ns MD simulations for
each of the four heterodimers (WT E6/E6AP and the three
E6/E6AP mutants) and three independent 800-ns MD sim-
ulations for each of the three heterotrimers (WT E6/E6AP/
p53, E6"™®/E6AP/p53, and E6R'*A/E6AP/p53). Here,
E6AP refers to the LxxLL motif of E6AP. Our multiple
MD simulations for the first time to our knowledge show
how the three E6 mutations reduce the structural stabilities
of the two complexes through different atomic-level mech-
anisms. This study may provide insights into the physical
interactions crucial for the binding of E6-E6AP and
E6-p53.
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MATERIALS AND METHODS

Four E6/E6AP heterodimer systems: WT E6/EGAP,
E6™4"R/E6AP, E6F'°?A/E6AP, and E6-°°E/E6AP

The heterodimers of E6AP with WT E6 and three single-site E6 mutants
(F47R, R102A, or L50E) are studied, and they are labeled as WT E6/
E6AP, E6"7/E6AP, E6®'**/E6AP, and E6-*"/EGAP heterodimers. The
initial coordinate of WT E6/E6AP heterodimer is taken from the x-ray crys-
tal structure (PDB: 4XR8 (24), the LxxLL motif of EGAP (chain A): resi-
dues 372-383, E6 (chain F): residues 1-143). The three heterodimers
with E6 mutants are generated by mutating the residues at the correspond-
ing sites of WT E6 in E6/E6AP heterodimer using Pymol (49).

Three E6/E6AP/p53 heterotrimer systems: WT E6/
E6AP/p53, E6F*"F/E6AP/p53, and E671°2A/E6AP/
p53

Three heterodimer systems are studied, including WT E6/E6AP/p53, E677%/
E6AP/p53, and E6R'"*A/E6AP/p53 heterotrimers. The initial coordinate of
WT E6/E6AP/pS53 heterotrimer is taken from the x-ray crystal structure
(PDB: 4XR8 (24), the LxxLL motif of E6AP (chain A): residues 372-383,
p53C (chain C): residues 94-292, E6 (chain F): residues 1-143). E6™"®/
E6AP/p53 and E6R'*A/E6AP/p53 heterotrimers are obtained using the
same strategy as that for the heterodimers with E6 mutants.

To mimic the neutral experimental pH condition (24) (~pH 7.0), in both het-
erodimers and heterotrimers, the side chains of Lys and Arg are protonated
(Arg" and Lys™), and the side chains of Glu and Asp are deprotonated
(Glu™ and Asp™). We predicted the residue pKa values of WT heterotrimer us-
ing Propka web server. The predicted result shows that all pKa values of His
resides are less than pH 7.0, indicating that the total net charge of His residues
is zero (i.e., in HID or HIE state). As ND atom of His179P>* is coordinated to
Zn“, this His179”>* was modeled as the HIE tautomer. For simplicity, we
modeled all His residues as the HIE tautomer. Using this His tautomeric state,
our simulations show that both WT dimer and trimer remain stable during the
full period of three replicate MD runs, in good agreement with experimental
results (25). The agreement between our simulations and the experiments es-
tablished the suitability of the HIE tautomeric state of HIS modeling in our sim-
ulations, so we modeled all His residues as HIE tautomer for all three mutants.

Simulation details

We carried out three independent 500-ns MD simulations for each E6/E6AP
heterodimer system and three independent 800-ns MD simulations for each
E6/E6AP/p53 heterotrimer system at 310 K using GROMACS 5.1.4 software
package (50) in combination with CHARMM36m force field (51). Each



system is placed in a cubic box filled with TIP3P water, with a minimum dis-
tance of 1.2 nm between protein atoms and the box edges. Counterions (Cl ™~
ions) were added to neutralize the charge of each system. As done in our recent
study (41), the distances of Zn*" ion with the four coordinated atoms are
restrained using the piecewise harmonic/linear potential energy, where a flat
bottom potential is used when the distances between Zn>" ion and four coor-
dinated atoms are within a reference distance of 0.2 nm. The force constants are
adopted from the work by Luo et al. (52), and the partial charges of atoms in the
four coordinated residues are taken from CHARMM?36m force field (51). In
each system, solvent molecules were energy-minimized by steepest descent
method for 10,000 steps with position restraints on the proteins. The solvent
minimization was followed by another energy-minimization for 20,000 steps
without position restraints on the proteins. Subsequently, each system was
equilibrated under a canonical ensemble (T = 310 K) and followed by an
isothermal-isobaric ensemble (T = 310 K, p = 1 bar), both for 0.1 ns. During
canonical ensemble and isothermal-isobaric ensemble equilibrations, all-
bonds of proteins were constrained using LINCS method, and no restraints
were applied for protein heavy atoms. After that, 500-ns and 800-ns production
MD simulations were performed under an isothermal-isobaric ensemble. The
pressure was kept at 1 bar using Parrinello-Rahman method (53). The temper-
ature was maintained at 310 K by separately coupling the protein and nonpro-
tein groups to an external heat bath with velocity rescaling method (54).
Electrostatic interactions were calculated using the particle mesh Ewald
method with a real space cutoff of 1.4 nm (55). The van der Waals interactions
were treated using a cutoff of 1.4 nm.

RESULTS AND DISCUSSION

F47R"® mutation leads to an electrostatic repulsion between
R47%° and R290P° 3, which disfavors the residue-residue in-
teractions crucial for the stabilization of E6-p53 subinter-
face II and III.

The x-ray crystal structure of E6"*"®/E6AP heterodimer
(PDB: 4DIZ) was resolved by Zanier et al. (25), and it is super-
imposable with the x-ray crystal structure of WT E6/E6AP
heterodimer in E6/E6AP/p53 heterotrimer (PDB: 4XR8)
(with a backbone RMSD of 0.12 nm), except for residues
1-8 of E6 and 381-383 of E6AP (24). This result demon-
strates that F47RE® mutation has no effect on the structure
of E6/E6AP heterodimer. In order to check whether
CHARMM36m force field is suitable for our simulated sys-
tems, we first calculate the backbone RMSD values of E6/
E6AP, E6, and E6AP averaged over the three MD runs for
WT E6/E6AP or E6"*'R/E6AP heterodimer relative to their
initial conformations. The average RMSD values of E6/
EGAP, E6, and E6AP in E6™*/E6AP and WT E6/E6AP het-
erodimers are quite small (~0.2 nm) (Fig. 2 A). Quantitatively
similar results are observed in each simulation (Fig. S2).
These data indicate that the structure of E6"*"®/E6AP hetero-
dimer is stable and highly similar to that of WT E6/E6AP het-
erodimer, which can also be clearly seen from the all-atom
superposition of their final conformations (Fig. 2 B). The
agreement between our simulations and the experiments es-
tablished the suitability of CHARMM36m force field for
E6/E6AP heterodimers. Moreover, we calculated the number
of native contacts between E6 and EOAP in WT E6/E6AP and
E6™7R/E6AP heterodimers (Fig. 2 C), and the number of E6-
EGAP in E6"*"®/E6AP heterodimer (234 + 1) is almost the
same as that in WT E6/E6AP heterodimer (236 + 4). The

Mechanism of E6-p53 complex inhibition

average E6-E6AP binding energy over the three MD runs
for FA7RE® heterodimer (—55.55 kcal mol™") is similar to
that for WT heterodimer (—55.81 kcal mol™') (Table S1),
which further supports the results of E6-E6AP contact number
analyses. Taken together, the contact number and binding free
energy analyses are in good agreement with previous biophys-
ical experiments, showing that F47R®® mutation has a negli-
gible effect on the binding of E6 with E6AP (32).

Having now established the suitability of CHARMM36m
force field for E6/E6AP heterodimer and p53 (41), we turn
to the exploration of the effects of F47R®® mutation on inter-
actions between E6/E6AP and p53, using the same protein
force field. The RMSD values of E6/E6AP (Fig. S3 A) and
native contact number of E6-E6AP (Fig. S3 B) in WT E6/
E6AP/p53 heterotrimer are also similar to those in E6™7F/
E6AP/pS3 heterotrimer, indicating that E6/E6AP in both
WT and F47RE® heterotrimers is stable, and F47R®® mutation
does not affect the structural stability of E6/E6AP in hetero-
trimer. However, the number of native contacts between p53
and E6™R/E6AP heterodimer is significantly decreased
(Fig. 3 A), implying that FA7R®® mutation disrupts the interac-
tions between p53 and the heterodimer. Our simulation result
is in a way consistent with recent experiments showing that
F47R"® mutation can inhibit the association of p53 with E6/
E6AP heterodimer (24,32,33). By calculating the number of
native contacts of intermolecular residue pairs at E6-p53 sub-
interface, we find that F47RE® mutation weakens the residue-
residue interactions crucial for the stabilization of E6-p53 sub-
interface IT and III (Fig. 3 B). Almost all E6-p53 residue pairs
at subinterface II display reduced interactions, including
Y43"0-L289P*/R290P>°, D44"°-R290P>, F47"0-E286">/
L289P33/R290P¥/A 12973, and D49"°-P128P>*. Specifically,
F47%¢ in WT heterotrimer interacts with R290P* by a
cation-Tt interaction (Figs. 3 C and S4), whereas this cation-
T interaction in the mutant heterotrimer is destroyed. More-
over, F47R®° mutation results in an electrostatic repulsion
between R4756 and R290P3 (Fig. S4), which reduces the inter-
actions of several residue pairs around R47%° and R290P%,
including hydrophobic interactions of F47°-E286P%/
L289P7/A129P,  Y43"°.1.289°> and D49"°-P128>>
(Fig. S4), Y43F®-R290P% cation-7v interaction (Figs. 3 D
and S4), and D44F5_R290P>3 galt bridge interaction (Figs. 3
E and S4). It is conceivable that these weakened intermolec-
ular residue-residue interactions are crucial for the stability
of the complex. Thus, we can reasonably infer that these inter-
actions may be also important for the dimer/trimer formation.
Our inference is supported by a recent study showing that a
small-molecule inhibitor of E6-p53 interaction, identified by
a structure-based virtual screening method using a druggable
pseudocavity around F47%° and D49%°, can reactivate p53
functions.

As residues at subinterface II are mostly located within a2-
helix of E6 (residues 39—48) and «2-helix of p53 (residues
278-290) (Fig. S4). F47R®® mutation causes markedly
increased distance between the two helixes (Figs. 3 F and
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FIGURE 3 The effect of FA7R™® mutation on the interactions between E6 and p53 in E6/E6AP/pS3 heterotrimer. (A) Native contact number of E6-p53 in
WT E6/E6AP/p53 and E6¥*"’/E6AP/p53 heterotrimers. (B) Native contact number of residue pairs at E6-p53 subinterface. Probability density function
(PDF) of the minimum centroid distance between the ring of aromatic residues and e-amino group (NH;") in the side chain of Arg: (C) for F47%6-
R290P°% and (D) for Y43%¢-R290°3, (E) PDF of the distance between the side chain charge center of D446 and R290P°3. (F and G) The time evolution

of centroid distance (F) between a2-helixP>* and «2-helix®¢

S4), indicating that a2-helix?™ tends to dissociate from
E6"R/E6AP heterodimer. Due to the positive correlation
between residues 278-282 within a2-helix?>® and residues
122124 within loop1P>? (Fig. S5) in E6™"®/E6AP/p53 heter-
otrimer, loop1P> also tends to dissociate from E6"*"*/E6AP
heterodimer (Figs. 3 G and S4), leading to reduced interactions
at E6-p53 subinterface III (Fig. S4). Those decreased interac-
tions include P109%%/P1125°-H115P> hydrophobic interac-
tions and E113%6-T118P% H-bonding interaction (Fig. S4).
The H-bond occupancy between E113%® and T118P is
21% in WT heterotrimer, and it is 11% in mutant heterotrimer
(an average of three MD runs). As shown in Table S2, the MM/
GBSA binding energy between E6 and p53 in F47RF®
(—29.31 kcal mol™ ") (Table S2) heterotrimer is higher than
that in WT heterotrimer (—43.13 kcal mol '), which further
supports the results of E6-p53 contact number analyses. These
data indicate that when F47 is mutated into positively charged
residue (R), the electrostatic repulsion between R47%¢ and
R290”* would block the residue-residue interactions at
E6-p53 subinterfaces and the formation of the heterotrimer.

R102AF® mutation disrupts the hydrophobic and
cation-t interactions between F47 of E6 and E286/
L298/R290 of p53, crucial for the stabilization of
heterotrimer

A pull-down experiment showed that R102A E6 mutant has
areduced binding ability with E6AP relative to WT E6 (25),
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indicating that E6®'"**/E6AP heterodimer is less stable
than WT E6/E6AP heterodimer. To elucidate at an atomic
level how R102A®® mutation decreases the E6AP-binding
ability of E6 or the structural stability of the heterodimer,
we first calculated the time evolution of backbone RMSD
values of WT E6/E6AP and E6R'“*A/E6AP heterodimers
(left panel in Fig. 4 A). It can be seen that R102A mutant
heterodimer has a larger RMSD value than WT heterodimer
(Figs. 4 A and S6), indicating that R102A®® mutation de-
creases the structural stability of E6/E6AP heterodimer, in
accordance with the pull-down experiments (25). In addi-
tion, R102AF® mutation also destabilizes the structures of
both E6 and E6AP (middle and right panels in Figs. 4 A
and S6). We then analyzed the influence of R102A"° muta-
tion on the intramolecular residue-residue interactions
crucial for the stabilization of E6. In WT E6, the side chain
of R1025°¢ forms H-bonds with the main chains of two res-
idues R485°N/D49"N (22% and 32% H-bond occupancy,
respectively) (Figs. 4 B and S7), thus holding E6C and
E6N together and stabilizing the structure of E6. However,
R102A®® mutation abolishes the H-bonding interactions
(Fig. S7) and destabilizes E6.

The number of native contacts between E6 and E6AP in
E6R'A/E6AP heterodimer (225 + 3) is also smaller than
that in WT E6/E6AP heterodimer (236 + 4) (Fig. 4 C).
Although the average EG6-E6AP binding energy for
R102AF® dimer (—56.95 kcal mol ') is slightly lower than
that for WT heterodimer (—55.81 kcal molfl) (Table S3),



Mechanism of E6-p53 complex inhibition

A E6/EGAP E6 E6AP B R1025°(SC)-R485NMC)  R102¢(SC)-D49EY(MC)
- 2 wWT 3 WT
€ ’ WT —R102A WT —R102A WT —R102A MP-1 jm ” | WM
c ﬁ 0 \ 0
— ] | c 3] mp-2| 3 MD-2
8 0.2 ‘ ‘ _8 01 LWl mm LI 0 I
= ‘ W %3 T
o 00l . | . ‘ . O THLEmI |y 0
0 250 500 0 250 500 0 250 500 0 250 500 O 250 500
Time (ns) Time (ns) Time (ns) Time (ns) Time (ns)
C _Eeen ~EeHL P = WT E R10286¢(SC)-L379564°(MC) 3 R131E6¢(SC)-Q37654*(SC)
I+ =E6C 3+ = R102A WT WT R102A
-og 300 -og 18' 3 MD-1 3 ] D-
- - 4 B +H*
= = 0 i ojM{M“ Oi WI
S 200 S 12_ g 3 MD-2 -g 31 o L ﬁﬁi 34 i
o o & 01l i 20 0
o < 6] T 3 WMD-3 €T 3 MD3| 3]
L L
o 0 o 0 0 OMMHMW‘ 0]
w Nﬁ?\m‘ﬁ‘ w ey ’5;,\ 0'5'}56 \,?:19 0 250 500 0 250 500 O 250 500
At R TR Time (ns) Time (ns) Time (ns)

FIGURE 4 The influences of R102A mutation on E6/E6AP heterodimer structure and crucial interactions stabilizing the heterodimer. (A) The time evo-
lution of backbone RMSD values of E6/E6AP, E6, and E6AP relative to their initial conformations. The RMSD value is averaged over three individual MD
simulations. (B) The time evolution of H-bond number between the side chain (SC) of R102E° and the main chain (MC) of R48E%/D495 in WT heterodimer.
(C) Number of native contacts between E6 and EGAP. (D) Contact number of R(A)1025-L379%AP R13156.Q37655AF and R13156-L3795%AF (E) The time
evolution of H-bond number between the SC of R1025° and the MC of L3795%A? in WT heterodimer. (F) The time evolution of H-bond number between the

SCs of R131%¢ and Q376"°*. To see figure in color, go online.

the E6-E6AP binding energy for R102AF® dimer in two out of
the three MD runs (—54.01 and —53.69 kcal mol ") is higher
than that for WT dimer (—55.81 kcal mol ') (Table S4). The
result is somehow consistent with the pull-down experiment
showing that R102A® mutation led to an E6-E6AP binding
probability of ~25% relative to 100% of WT (inferred from
Fig. 3 Binref. 25). The decrease of E6-E6AP contact number
is mostly contributed by two residue pairs between E6C and
E6AP: R1025“-L37954" and R1315°€-Q376%°AF (Fig. 4
D). An H-bond is formed between the side chain of R102E¢
and the main chain of L37956AF (with an 8% H-bond occu-
pancy) (Figs. 4 D, E and S7), whereas R102A"° mutation
eliminates the H-bond formation. R131¢ that is close to
R102%¢ (Fig. S7) has hydrophobic interaction with
L3795 (25). R102A mutation provides more space for
the side chain of R131 (Fig. S7), thus facilitates the hydropho-
bic interaction between R131% and L379%%*P (Figs. 4 D and
S7), but it abolishes R1315°-Q3765°*" H-bonding interaction
(Figs. 4 D, F and S7). The H-bond occupancies of R1315°-
Q376" in WT and R102AF® heterotrimers are 35% and
0, respectively. These results suggest that R102A° mutation
has minor influence on the interactions between E6N/E6HL
and E6AP, and it eliminates the H-bond formation of E6C-
E6AP residue pairs (R(A)102F0C-L37956AF  R131F6C
Q376"°*P) thus destabilizing the structure of E6/E6AP
heterodimer.

The p53 degradation assay experiments demonstrated
that R102A" mutation abolishes p53 degradation (25),
implying that R102A"® mutation impedes the formation of

E6/E6AP/pS3 heterotrimer. In order to get some insights
into the molecular mechanism by which R102AF® mutation
inhibits the formation of stable E6/E6AP/p53 heterotrimer,
we first calculated the number of native contacts between
E6 and p53 in WT and mutant heterotrimers. Fig. 5 A shows
that R102AF® mutation causes a decrease in the native con-
tact number of E6-p53, revealing a disruptive effect of
R102A® mutation on the interactions between E6 and
p53. Further residue-based E6-p53 interaction analysis
shows that R102A®® mutation reduces the contact number
of F475N_E286P°/1.289P°3/R290P> residue pairs (Fig. 5
B). FA7TN interacts with E286P°*/L.289P3 by hydrophobic
interaction and with R290P>® by cation-Tt interaction in
WT heterotrimer (24), whereas these interactions are greatly
reduced in R102A® mutant heterotrimer (Figs. 5 B, C and
D). The E6-p53 binding energy in R102A" heterotrimer
(—40.17 keal mol ™) is higher than that in WT heterotrimer
(—43.13 kecal mol "), which is consistent with the results of
the contact number analysis.

To elucidate how R102A%%C mutation results in a reduc-
tion in the interactions of those E6-p53 residue pairs, we
calculated the side chain contact number of residue pairs
within E6 in the two heterotrimers and find that R102A%°
mutation destroys R1025°“-P109°C hydrophobic interac-
tion (Figs. 5 D and E), which facilitates P1095°°-K108F°¢
H-bonding interaction (Figs. 5 D, E and F). The occupancies
of P109"°°-K108"°C H-bond in WT and R102A"® hetero-
trimers are 3% and 14%, respectively. This enhanced
H-bonding interaction restrains the flexibility of the side
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chain of K108, which facilitates the K108"°C-F47"N
cation-Tt interaction (Figs. 5 D, E and G), and in turn leads
to a decrease in the aforementioned interactions (F475°N-
E286P°%/L298P°*/R290P>*) between E6 and p53. Taken
together, R102A"® mutation markedly disrupts the hydro-
phobic and cation-7v interactions between F47 of E6 and
E286/L298/R290 of p53, which may disfavor the binding
of p53 with E6/E6AP heterodimer.

L50E®® mutation disrupts E6 interdomain
hydrophobic, salt bridge, and cation-w
interactions and E6-E6AP intermolecular
hydrophobic interactions, thus destabilizes the
structure of E6/E6AP heterodimer

In the pull-down experiments, L50EE® mutation completely
suppresses the assembly of E6/E6AP complex and thus
abolishes the p53 degradation activity of E6 (25). To under-
stand how L50E"® mutation impedes the formation of E6/
E6AP heterodimer, we first examined the effect of L50EE®
mutation on the structural stability of E6*>"*/E6AP hetero-
dimer by calculating the backbone RMSD values of E6/
E6AP. It can be seen from Figs. 6 A and S8 that E6™F/
E6AP heterodimer has a much larger RMSD value than
WT E6/E6AP heterodimer, indicating that L50E®® muta-
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tion significantly disrupts the structure of E6/E6AP hetero-
dimer. Both E6 and E6AP also display increased RMSD
values (Figs. 6 A and S8), especially E6. We then explore
how L50E™ mutation damages the structure of E6 by
calculating the native contact number within E6 in WT
E6/E6AP and E6"°°%/E6AP heterodimers (Fig. 6 B). The
residue pairs stabilizing the EON-E6HL and E6N-E6C in-
terdomain interactions display distinctly decreased contact
number (Fig. 6 B). At E6ON-E6HL interface, the residue
pairs with decreased interactions include F455N-
V625 L50%N-L675M, and R485N-D64"H, LSOER®
mutation almost completely disrupts L505N-L675¢HE hy-
drophobic interaction and simultaneously leads to an elec-
trostatic repulsion between E5S05°N and D64 which in
turn results in the disappearance of R485°N-D64"HL galt
bridge and the reduction of F45FN-V625HL hydrophobic
interaction (Figs. 6 C and E). At E6N-E6C interface, three
residue pairs exhibit decreased interactions. Specifically,
F475N_K1085°C cation-t interaction (Figs. 6 D and E)
is abolished, and hydrophobic interactions between the
aliphatic groups of R485°N and C106%°“/K108F°C (Fig. 6
E) are significantly reduced. The marked decrease of
E6N-E6HL and E6N-E6C interdomain interactions desta-
bilize the structure of E6, especially E6C and E6HL re-
gions (Fig. S9). The structural disruption of E6C and
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E6HL can also be seen from the time evolution of the angle
between 025N and a3%"™ (Figs. 6 F and S10 A), showing
a drastic increase of the angle in E6"°*/E6AP heterodimer
(Fig. S10 B).

In addition, we find that the E6-E6AP binding energy in
L50E®® heterodimer (—45.63 kcal mol ') is significantly
higher than that in WT heterodimer (—55.81 kcal mol ™)
(Table S6), consistent with the significant reduction of the
native contact number of E6-E6AP in L50E™ heterodimer
(Fig. 6 G). These data suggest that L50E®® mutation reduces
the E6-E6AP binding. In more detail, LS0E™® mutation
abolishes the hydrophobic interactions between L50% and
L378FAF/L379E6AP (Fj gs. 6 H and J), which further results
in significantly decreased C51%°-1L378%%*F H-bonding
interaction. The occupancies of C515°-L378%°4F H-bond
in WT and L50E"® heterodimer are 99% and 2%, respec-

tively (Figs. 6 I and J). Taken together, L50EF® mutation
disrupts E6 interdomain interactions (F45E6N-V62E6HL,
L50EN_L675HE R4QEN_DE4ESHL  and F475N-K108E6C)
and intermolecular EO6N-E6AP interactions (LSOE6—
L3785AP/L37950AP) " and thus notably destabilizes E6/
E6AP heterodimer. These results suggest that the aforemen-
tioned hydrophobic, salt bridge, and cation-7t interactions
are crucial for the heterodimer formation, and their disrup-
tion by L50E®® mutation would block the binding of E6
with E6AP, thus impeding p53 recruitment.

We also explore the effect of L50E™° mutation on the dy-
namic network of E6/E6AP heterodimer by calculating the
cross correlation matrix of WT E6/E6AP and E6-°F/
E6AP heterodimers (Figs.7 A and B). To assess the conver-
gence of the cross correlation values, we calculated the ma-
trix of Ca-Co cross correlation RMSDs using the data from
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the three replicate MD simulations of WT and L50E®® het-
erodimers (Fig. S11) (56). Small differences are observed
between the raw matrices of the systems (Fig. S11), suggest-
ing the high convergence of the cross correlation values in
our simulations. L50E®® mutation has almost no effect on
all the correlation values within E6N or within E6C,
whereas it reduces the correlation values between F47/
R48/D49/L50 in E6N and C106/Q107/K108 in E6C
(marked by red rectangle in Figs. 7 A and B). In E6 of
WT heterodimer, residue R48 of E6N belongs to the red
community of E6C (Figs. 7 C and D), whereas in E6 of
mutant heterodimer, it belongs to the light blue community
of E6N (Figs. 7 E and F). Moreover, L50E®® mutation re-
sults in the disappearance of the edge of E6N-E6C (Figs.
7 D and F), indicative of the significant disruption of
E6N-E6C cross talk. For the cross-correlations between
E6 and E6AP, two regions in the correlation matrix show
significantly decreased correlation values (marked by white
and blue rectangles in Figs. 7 A and B). The white rectangle
denotes the correlation between C106/Q107/K108 in E6C
and L378/L379/G380 in E6AP. The blue rectangle denotes
the correlation between L50/C51 in E6N and 1.378/L.379/
G380 in E6AP. The community network in Figs. 7C and
D shows that in WT heterodimer, L505®N and C515N in
the «2-32 loop belong to the community containing E6GHL
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mutant heterodimers. Schematic diagrams of the community networks of (D) WT
community. The size of the circle and the width of the edges correspond respec-
communities. To see figure in color, go online.

and E6AP (yellow), whereas in L50E mutant heterodimer
(Figs. 7 E and F), they belong to the community containing
al, a2, 82, and B3 of E6N (light blue). These results demon-
strate that LSOEF® mutation disrupts the interdomain
communication between E6N and E6C, the intermolecular
communication between E6 and E6AP, and the global com-
munity network of E6/E6AP heterodimer.

The dissociation of the different complexes is not observed
in our all-atom MD simulations. In order to explore the disso-
ciation process, we also carried out 10-ps coarse-grained (CG)
MD simulations using MARTINI force field. The CG model of
E6/E6AP heterodimer, which is mapped from all-atom struc-
ture, is given in Fig. S12 A. It can be seen that the structure of
the heterodimer collapses at the end of simulation (Figs. S12 B
and C), and the dissociation of the E6/E6AP heterodimer is not
observed in this MARTINI-based CG MD simulation. There-
fore, a complete study of the mechanism of complex formation
and how this is affected by the mutations remains to be per-
formed using other CG models or enhanced MD simulations
(such as replica exchange MD methods).

CONCLUSIONS

In summary, we have explored at an atomic-level the mecha-
nisms of three single-site E6 mutations (F47R, R102A, and



L50E) in destabilizing the structure of E6/E6AP heterodimer
and E6/E6AP/p53 heterotrimer by performing multiple MD
simulations on both WT and mutant heterodimer/heterotrimer
with a total simulation time of ~13 ps. We find that in hetero-
trimer, F47R®® mutation leads to an electrostatic repulsion
between R475° and R290P3 , and in turn it disrupts the interre-
sidue interactions important for the stabilization of E6-p53
subinterface II and III. Specifically, E6-p53 subinterface II is
mostly stabilized by hydrophobic interactions (F47%-
E286P°°/L289P%/A 1287,  Y43"0-L289P% and D49"-
P128p53), salt bridge interaction (D44E6—R290p53 ), and
cation-7t interactions (Y43E6/F47E6-R290p5 3 ). E6-p53 subin-
terface I1I is mostly stabilized by P109%%/P1125°-H115">° hy-
drophobic interactions and E113%°-T118P>* H-bonding
interaction. R102AF® mutation abolishes the formation of in-
terdomain H-bond between E6C and E6N (R102(SC)"*“-
R48(MC)EN/D49(MC)EN) and intermolecular H-bond be-
tween E6C and E6AP (R102(SC)FC-L379(MC)E0AF,
R131(SC)FC-Q376(SC)E%P), which destabilizes the struc-
ture of E6/E6AP heterodimer and thus may disfavor hetero-
trimer formation. Moreover, R102AF® mutation damages
hydrophobic and cation-7t interactions between F47 of E6
and E286/L298/R290 of p53, which is unfavorable for the
binding of p53 with E6/E6AP heterodimer. LSOE®® mutation
severely destabilizes the structural stability of E6 by impairing
interdomain interactions of E6N-E6HL (F45E6N—V62E6HL,
L50"N-L67°"" and R48"°N-D64""") and E6N-E6C
(F47°°N.K108"°C and R48"°™-C106"°“/K108"°C), which
may disfavor stable heterodimer formation. In addition,
L50E® mutation abolishes L5056-L378F6AF/1.37950AP py-
drophobic interactions and weakens C51F6-L37856AP
H-bonding interaction, thus significantly disrupts the E6/
E6AP heterodimer, suggesting their key roles in the hetero-
dimer formation. A summary of our simulation results is illus-
trated in a schematic diagram (Fig. S13). This study reveals the
molecular interactions crucial for the binding of E6-E6AP and
E6/E6AP-p53, which may provide some insights into the
disruption of E6/E6AP heterodimer and E6/E6AP/pS53 heter-
otrimer formation by the three HPV16 E6 mutations.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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