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Abstract

The intrinsically disordered N-terminal region of the E7 protein from high-risk human
papillomavirus (HPV) strains is responsible for oncogenic transformation of host cells through

its interaction with a number of cellular factors, including the TAZ2 domain of the transcriptional
coactivator CREB-binding protein (CBP). Using a variety of spectroscopic and biochemical tools
we find that, despite its nanomolar affinity, the HPVV16 E7 complex with TAZ?2 is disordered

and highly dynamic. The HPV16 E7 protein does not adopt a single conformation on the surface
of TAZ2 but engages promiscuously with its target through multiple interactions involving two
conserved motifs, termed CR1 and CR2, that occupy an extensive binding surface on TAZ2. The
fuzzy nature of the complex is a reflection of the promiscuous binding repertoire of viral proteins,
which must efficiently dysregulate host cell processes by binding to a variety of host factors in the
cellular environment.
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INTRODUCTION

Intrinsic disorder in proteins is critical for a wide variety of cellular processes.1®
Intrinsically disordered proteins (IDPs) consist mainly, if not entirely, of polypeptide chains
that do not have stable 3D structures, while intrinsically disordered regions (IDRs) constitute
the disordered segments of proteins that might otherwise contain structured regions. The
dynamic nature of disordered proteins allows for a range of options for complex formation:
they may fold into an ordered structure upon binding, or a complex may be formed that
retains various levels of disorder.5-2 This versatility is particularly useful to viruses, which
generally utilize IDPs and IDRs to a greater extent than their host systems, owing to their
need to maximize functional diversity with minimal genetic information.10-13

Human papillomavirus (HPV) is a family of DNA viruses with more than 200 subtypes
with varying propensities for causing cancer.1* Infection with most subtypes, classified as
“low-risk”, results in the formation of benign skin lesions, but infection with “high-risk”
HPV leads to oncogenic transformation of host cells.1>-17 High-risk HPV serotypes are
responsible for virtually all instances of cervical, anal, rectal, and penile cancers as well

as an increasingly high amount of oropharyngeal cancers.16 Of the high-risk serotypes,
HPV16 is particularly oncogenic and responsible for more than 50% of all invasive cervical
cancers.18 Tumor growth is induced through the activity of the two major oncoproteins

E6 and E7, which act synergistically to transform and immortalize epithelial cells.1?:20 E7
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dysregulates the cell cycle to advance cellular and viral replication while E6 simultaneously
inhibits host cell apoptosis.21~23 Both E6 and E7 employ IDRs to achieve their various
functions and for E7 this feature is essential for its transforming activity. The E7 protein
is a relatively small (98 amino acids for HPV16), highly acidic protein consisting of

three conserved regions denoted CR1, CR2 and CR3 (Figure 1A). CR1 and CR2 are
intrinsically disordered and represent about half of the protein;10:24-26 CR3 s a structured
zinc-binding domain responsible for E7 homodimer formation.24:27-29 Additionally, this
protein shows almost complete sequence conservation in highly invasive cancer isolates
across the globe.30 Despite its small size and sequence conservation, E7 has a highly
promiscuous target binding activity2:31 and interacts with a myriad of host cell factors to
target cellular processes such as transcriptional and immune regulation, cell signaling, and
protein homeostasis.31-3°

The best-characterized target of E7 is the retinoblastoma tumor suppressor protein (pRb),20
which regulates cell-cycle progression. The acetylation and degradation of pRb is mediated
by HPV16 E7 through the recruitment of the cyclic-AMP response element binding protein
(CBP) into a ternary complex.3” CBP and its paralog p300 (Figure 1B) are multi-domain
transcriptional coactivators responsible for the activation of numerous pathways and are key
regulators of cell growth and differentiation.38:3% Because of their central role in cellular
regulation, these proteins are frequently targeted by viral oncoproteins.*0 The HPV E7
protein interacts with the TAZ2 domain of CBP through its CR1 and CR2 motifs (Figure
1C).37 The TAZ2 domain also acts as the binding site for the adenoviral ELA protein! as
well as numerous cellular IDRs.38

In the present work, we undertook detailed characterization of the complex between a 51-
residue peptide encompassing the intrinsically disordered N-terminal region of E7 (Figure
1A) and the TAZ2 domain of CBP/p300. The intent was to solve the high-resolution
structure for this complex. Crystals were never obtained for the complex, so structure
determination was pursued by solution NMR spectroscopy. Intriguingly, the interaction
between E7 and TAZ2 is highly dynamic despite a dissociation constant in the nanomolar
range, and the NMR data indicate the presence of multiple co-existing conformations.
Truncated and mutated versions of E7 were employed to decipher the contributions from the
CR1 and CR2 domains individually. It appears that while CR2 has a slightly higher affinity
for TAZ2, the fuzzy complex formed by the disordered N-terminal region of E7 samples
conformations where CR1 and CR2 both bind to the same general surface of TAZ2, which
is large enough to accommodate both motifs simultaneously. This detailed insight allows us
to present a thorough characterization of the structural properties of this highly complicated
system.

MATERIALS AND METHODS

Protein expression and synthetic peptides

TAZ2 (residues 1764-1855) domains of wild-type mouse CBP were expressed as previously
described.3642 The E7 sequences correspond to the human papilloma virus strain HPV/16.
All of the TAZ2 interacting partners were expressed as Hisg-GB1 fusions, including
E7(1-51), E7(17-51), the N-terminal fusions E7(1-51)-TAZ2, E7(1-51)-GS3-TAZ2, and
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E7(1-40)-TAZ2, the C-terminal fusions TAZ2-E7(1-51) and TAZ2-GS,-E7(1-51), as
well as E7(1-51) C24A/A50C for labeling with Alexa 594 for fluorescence anisotropy
measurements, and E7(1-51)H9C/C24A for incorporation of a nitroxide spin label. All
constructs were expressed for 16—20 hours at 16°C in BL21DE3 (+DNAY) cells. After
growth at 37°C to OD ~ 0.8 cells were induced by addition of 0.5 MM IPTG. Non-labeled
samples were prepared by growth in LB or M9 medium, and uniformly isotope labeled
samples were prepared by growth in M9 medium supplemented with 1 g/L 1>NH,CI and

2 g/L 13C-D-glucose. The growth medium was supplemented with 150 pM ZnSOy for all
constructs containing TAZ2. E7 CR1 (residues 1-18; NH,-MHGDTPTLHEYMLDLQPE-
NH5) and CR2 (residues 18-37; NH,-ETTDLYCYEQLNDSSEEEDE) peptides were
ordered as TFA salts from Biomatik with a purity above 95%. The peptides were
resuspended in 50 mM Tris buffer, pH 8.0 and buffer-exchanged into assay buffer or NMR
buffer.

Protein Purification

TAZ2 and E7(1-51) constructs were purified as previously described.36:37:42 Final purity
and label incorporation were confirmed by mass spectrometry. All other bacterial pellets
from E7 peptides and fusions were lysed in pH 7.2 buffer containing 20 mM Tris, 200 mM
NaCl, and 1 mM DTT, and purified by application of the lysate to a Complete Ni-resin.
After washing and elution by 250 mM imidazole, the samples were dialyzed into low-salt
buffer with overnight TEV cleavage at a 1:400 molar ratio; cleavage was confirmed by
analytical HPLC. For E7(1-51) and E7(17-51), the low salt buffer was 20 mM Tris, 50 mM
NaCl, pH 7.2, and further purification was carried out on a Hitrap Q column with NaCl
gradient elution. Purified peptides were dialyzed into either NMR buffer (20 mM Tris, 50
mM NaCl, 1 mM DTT, pH 6.8) or assay buffer (20 mM Tris, 50 mM NaCl, 1 mM DTT,
pH 7.0). For E7-TAZ fusions, the low salt buffer was 20 mM MES, 50 mM NacCl, pH 6.3,
and further purification was carried out on a Hitrap SP column with NaCl gradient elution.
Purified fusions were dialyzed into NMR buffer and concentrated.

Phosphorylation and D,O samples

E7(1-51) was phosphorylated as previously described3’ and confirmed by mass
spectrometry. E7(17-51) was phosphorylated at ~ 400 pM with home-made CKII for three
hours at 30°C at a protein to kinase molar ratio of 400:1 in a pH 7.2 buffer containing 20
mM Tris, 100 mM NaCl, 10 mM MgCl,, and 2.5 mM ATP. The reactions were followed by
analytical HPLC to ensure completion of the phosphorylation reaction. The phosphorylated
peptides were loaded onto a Hitrap Q column and eluted with a NaCl gradient. The peptides
were dialyzed into NMR buffer and concentrated. D,O NMR samples for ppE7(1-51) with
TAZ?2 were obtained by dialyzing the mixed complex into D,O buffer with 20 mM d-Tris,
50 mM NaCl, 2 mM d-DTT at pD 6.4 (pH 6.8). D,O NMR samples for ppE7(17-51) and
TAZ2 were obtained by exchanging individual components into D,O NMR buffer by a
NAP-5 column before mixing. Formation of the TAZ2:ppE7(17-51) complex was subject to
extensive aggregation, and the TAZ:E7 ratio in the final soluble sample was estimated from
analytical HPLC peak integrals.
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Fluorescence anisotropy

E7(1-51) C24A/A50C was labeled with Alexa fluor 594 dye using a 2.5 molar excess of the
reactive dye in a pH 7.2 buffer for two hours at room temperature. The labeled protein was
separated from the dye and exchanged into assay buffer by a NAP-5 desalting column.
Ensemble fluorescence anisotropy measurements were carried out on a Fluorolog®-3
instrument using extinction and emission wavelengths of 590 and 617 nm, respectively,
with a concentration of 20 nM of A594-E7(1-51). Direct TAZ2 titrations were carried to
complete saturation of binding (1.4 pM). For competition experiments with E7 peptides,

a sample of A594-E7(1-51) with 0.8 uM TAZ2 was prepared (> 90% saturation), and

the decreasing fluorescence anisotropy was measured as a function of the competing
peptide concentration. The direct titration series was fitted using a standard 1-site binding
equilibrium#3:

(L1y+ Kg+ Ry) - \/(LIT— Kg— Ry)> —4L17Ry
AT = Afree+ (4 bound — Afree) : 5

Where At is the measured fluorescence anisotropy, Age is the anisotropy without TAZ2,
and Apoung IS the saturated signal upon full TAZ2 binding, L1y is the cuvette concentration
of A594-E7(1-51), and R is the TAZ2 concentration. The competition experiments were
fitted as previously described*4:

Ar = (VAbound + Afree)/(l + 7)
where y is the fraction of L1 peptide bound, y = [RL1])/([L17] — [RL1]). Because y

decreases as a function of the titrant concentration of the competing peptide we can derive
the apparent Kj for the competing peptide. For the full expression, see previous work.44

Spin label incorporation

4-maleimido-TEMPO (Sigma-Aldrich) was added in 3 molar excess to ppE7(1-
51)HI9C,C24A in 25 mM Tris buffer at pH 7 and allowed to incubate for four hours. The
protein was purified by HPLC.

NMR spectroscopy

NMR experiments were conducted at 30°C on various Bruker spectrometers (Avance600,
Avance700 and Avance800 equipped with cryoprobes, and Avance900). Backbone and side
chain assignments for 15N,13C-labeled E7 constructs alone and in complex with TAZ2

were obtained using 1H-1N-HSQC, 1H-13C-HSQC, 3D-HNCA, 3D-HNCACB, 3D-HNCO,
HCCH-TOCSY, and HCCH-COSY spectra. TAZ2 methyl assignments could be made
through the recorded 3D experiments, but several CH, groups and Ha protons could not

be unambiguously assigned. For titrations of E7 peptides with 1°N-TAZ2 or titrations of
TAZ2 with 1°N-E7 peptides, we carried out standard 1H-1°N HSQC experiments on the
unbound forms and on the samples after addition of either TAZ2 or E7 peptides to the
specified concentration ratios. Experiments were conducted at 30°C and 2 mM fresh DTT
was added to each sample before transfer to the NMR tube. The concentration of the labeled
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components was between 50 and 100 uM. The (*°N,13C)-TAZ2:E7(1-51), (15N,13C)-
TAZ2:E7(17-51), (*3N,13C)-E7(1-51): TAZ2, and (}°N,13C)-E7(17-51):TAZ2 complexes in
D,0 were used to record edit-filter and filter-edit NOESY-HSQC experiments?® to detect
intermolecular NOE signals; mixing times were 200ms. Regular 13C-NOESY-HSQC spectra
were also recorded, with mixing times of 80 ms. A 1°N-NOESY-HSQC spectrum was also
recorded for the (1°N,13C)-E7(17-51): TAZ2 complex in H,O NMR buffer.

Data processing

NMR spectra were processed and analyzed using NMRPipe, CCPN, and SPARKY, and
referenced to DSS at 0 ppm. Chemical shift perturbations were calculated as A8,e =
[(A8)2 + (ASN/5 )2]Y2. Dihedral angles were calculated using the TALOS+N server,*6 and
secondary structural propensities were calculated using the POTENCI prediction method.4”
Dissociation constants from 1°N-TAZ2 NMR titrations were derived by global fitting to a
1-site binding model using the in-house program nmrKd.*8

Small Angle X-ray scattering of E7(1-51) and generation of peptide models

Samples for SAXS were prepared at 4.5 mg/mL, 2.25 mg/mL, and 1.13 mg/mL for
E7(1-51) in 20 mM Tris-HCI, 100 mM NacCl, pH 7.0, and 2 mM fresh DTT. Data were
collected on the Bio-SAXS beam line BL4-2 at Stanford Synchrotron Radiation Light-
source (SSRL) using a Pilatus 300K detector and a beam energy of 11 keV. All data were
collected up to a maximum g of 0.74 A~1 (1.1 m sample-to-detector distance). Scattering
images were recorded with 1 s exposures using the data acquisition program Blu-1CE. 4
The data processing program SasTool was used for scaling and azimuthal integration. A
buffer scattering profile with 30 frames was collected before each sample and averaged
and subtracted from subsequent images to produce the scattering curve for each sample
frame. Further data analysis was performed using tools in the ATSAS package®C or online
programs mentioned below. Sample data frames unaffected by radiation damage were
averaged in PRIMUS to produce the final sample scattering curves. Data were processed
and scaled for all concentrations of E7(1-51). The experimental data were analyzed by the
online EOM service®! to compute the Rg distribution of the E7(1-51) conformer ensemble.
Conformations of the E7(1-51) peptide in best agreement with the experimental SAXS data
were computed with the Allosmod-FOXS online server,52:53

Structural models generated by Haddock

We used the online version of Haddock2.2%4 for docking of E7 peptides onto the surface
of TAZ2. The TAZ2 starting structure was adopted from the solution structure of E1A

in complex with TAZ2 (PDB ID 2KJE,*! where helix 1 is slightly more open compared

to the non-complexed TAZ2 structure (PDB ID 1F81,36). The E7(17-40) peptide starting
structures were generated from the 20 best models of E7(1-51) based on the computed
output from the Allosmod-FOXS server using the experimental SAXS data on E7(1-51) as
input. The Haddock docking was run in Guru mode, and the resulting Haddock models are
the result of three iterations: rigid body energy minimization (it0), semi-flexible refinement
in torsion angle space (it1), and final refinement in explicit solvent (water). Full flexibility
(torsion angles and side chain dynamics) was allowed for all E7 peptide variants through
all iterations to account for their dynamic nature and the TAZ?2 structure was allowed to
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be semi-flexible (side chain reorientation). Several different simulations were initiated with
different sets of constraints, mostly intermolecular.

RESULTS

NMR analysis of the HPV16 E7-TAZ2 complex

Previous NMR studies of the HPV E7-TAZ2 complex3” have revealed behavior that differs
from that of other complexes of structured CBP domains with intrinsically disordered
partners.? The intrinsically disordered residues 1-51 of the E7 protein comprise the CR1
and CR2 domains (Figure 1A). CR2 includes the LXCXE motif, the primary binding site
for pRb,20 as well as the two serine residues, S31 and S32, that are phosphorylated in

cells by casein kinase 2 (CK2). The primary binding domain for TAZ2 includes residues
in both the CR1 and CR2 domains (Figure 1A),37 and the binding affinity for the doubly-
phosphorylated peptide HPV16 ppE7(1-51) for TAZ2 is in the low nanomolar range, as
measured by both fluorescence anisotropy and NMR spectroscopy.3’

1H-15N heteronuclear single-quantum coherence (HSQC) spectra of 1°N-labeled ppE7(1-
51) titrated with unlabeled TAZ2 show stepwise chemical shift perturbations as a function
of increasing molar amounts of TAZ2 (Figure 2A), an indication that the complex and its
components are in fast exchange on the NMR chemical shift timescale. This observation is
unexpected in view of the high affinity of the complex, for which slow exchange might be
expected. However, other systems have been documented where high affinity interactions
exhibit fast exchange on the NMR time scale.>®

Although the TH-1°N HSQC spectrum of ppE7(1-51) bound to TAZ2 is reasonably well
dispersed, the 1H-13C HSQC spectrum is highly overlapped (Figure 2B). Of the methyl-
containing residues in E7(1-51), only the 5 leucines and 2 of the 4 threonines form part

of the TAZ2 binding site.3” The three alanines and the single isoleucine are outside the
binding site and experience little change in amide chemical shift in the presence of TAZ2;
the alanine methyls would therefore be expected to have similar, if not identical, chemical
shifts in the complex, as they do (Figure 2B). However, if ppE7(1-51) bound tightly to
TAZ2 in a single conformation, we would expect the methyl resonances of the leucines and
two of the threonines to be well-dispersed, as they would presumably be present in different
chemical environments. Figure 2B shows that the methyl cross peaks of Thr and Leu are
tightly clustered in the 1H-13C spectrum of the complex.

In an attempt to resolve some of the ambiguities in the methyl resonance assignments

of ppE7(1-51) in the complex with TAZ2, we prepared a truncated form of the peptide,
residues 17-51 (Figure 1A), removing the CR1 region and 3 of the 5 leucines. NMR
analysis of the truncated E7(17-51) shows reduced spectral overlap and provides further
information on the role of individual E7 sequence motifs in binding TAZ2. A comparison of
the IH-1°N HSQC spectra of free ppE7(1-51) and ppE7(17-51) (Figure S1A) shows close
correspondence between the cross peaks of residues 18-51 in the two peptides, indicating
that the truncation does not alter the conformational ensemble of the free peptide. Addition
of TAZ2 to 15N-labeled ppE7(17-51) (Figure S1B) results in chemical shift changes for
residues 20-29 that are very similar to those of the corresponding residues in ppE7(1-51)

Biochemistry. Author manuscript; available in PMC 2022 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Risgr et al.

Page 8

(Figure 2A). The methyl resonances of ppE7(17-51) remain overlapped even in the presence
of TAZ2 (Figure 3A). A further attempt to resolve the leucine methyls in ppE7(1-51) was
made by substituting L15 with valine; the leucine methyls remain overlapped in this mutant
(Figure 3B). NOESY spectra of the L15V mutant-TAZ2 complex were too poor to provide
information on the local environment of L15 by comparison with the unchanged ppE7(1-
51) complex. For both of these mutant forms [ppE7(17-51) and ppE7(1-51)(L15V)], the
addition of TAZ2 results in only small chemical shift perturbations (e.g., ~0.1ppm in the 1H
dimension) and no increase in dispersion of the methyl cross peaks (Figure 3).

Comparison of the chemical shift changes (A8) observed for 15N, 13C-labeled ppE7(17-51)
in the presence and absence of TAZ2 is shown in Figure S2. Very little change in the

13Ca and 13CO chemical shift is observed, indicating that there is no increase in secondary
structure in the E7 peptide in the complex.

A comparison of the chemical shift perturbation (CSPg5) for binding of TAZ2 to ppE7(1-
51) and ppE7(17-51) is shown in Figure 4. The CSP values for the CR2 region that

is common to the two peptides are quite similar, although those for ppE7(1-51) are
consistently higher than those for ppE7(17-51). This observation confirms that both CR1
and CR2 and the intervening residues interact with TAZ2 when ppE7(1-51) binds, and
suggests that the CR2 interaction is strengthened when CR1 is present.

Affinity of E7 motifs for TAZ2

To obtain insights into the regions of the E7 sequence that mediate binding to TAZ2

and the relative strength of their interactions, we performed fluorescence anisotropy
competition experiments. A complex was formed between TAZ2 and unphosphorylated
E7(1-51)(C24A,A50C) labeled with the Alexa594 dye at position 50. The change in
fluorescence anisotropy was measured upon addition of competing unlabeled E7 peptides;
E7(1-51), E7(17-51), CR1(1-18), and CR2(18-37) (Figure 1A). The peptides were not
phosphorylated at S31 and S32 because the primary focus in this experiment was on

CR1 and CR2 binding rather than the secondary electrostatic affinity enhancement that
occurs upon phosphorylation,37 and also for the practical reason that competing off the
phosphorylated version would have necessitated even higher concentrations of competing
peptides. The anisotropy change was fitted to competition models®® which provided affinity
estimates for the individual competing peptides (Figure 5). The results clearly demonstrate
that cooperativity between the CR1 and CR2 binding motifs enhances E7 affinity towards
TAZ2. The primary CR2 interaction motif has a Kp of 4.6 uM, which is seven-fold stronger
than that of the preceding CR1 motif (Table 1). The binding of CR2 is further enhanced
2.5-fold by the presence of residues 42-51 in the peptide E7(17-51), although these residues
are unlikely to confer any specificity to the TAZ2 binding. Only when CR1 and CR2 are
both present in the peptide is E7 able to reach its characteristic nM binding affinity (Kp 22
nM,37 compared to 100 nM under the current conditions).

Binding interfaces probed by isotope-filtered NOESY and PRE analysis

Insights into the structure of ppE7(1-51) in complex with TAZ2 were obtained by analyzing
the interatomic contacts at the interface. NOE spectra for 15N/13C-TAZ2 in complex with
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unlabeled ppE7(1-51) and for 15N/13C-ppE7(1-51) in complex with unlabeled TAZ2 were
acquired with 13C-filters (either filter-edit or edit-filter ) to identify either intermolecular
(*2CH-13CH) or intramolecular (:3CH-13CH) NOEs. Representative intermolecular NOEs
are listed in Table S1. The NOEs reveal extensive heterogeneity in the complex: 11773

in TAZ2 appears to be close (within ~5 A) to residues 8, 11, 13, 19, 22, 23, and 25 of
ppE7(1-51). The same experiment shows that V1802 is in close proximity to residues 8,
11, 13, 15, 22, 23, 24, and 25. These contacts are not consistent with a single structure. In
addition, the leucine methyl and tyrosine aromatic resonances of CR1 and CR2 are heavily
overlapped, which not only complicates the structural analysis, but provides further evidence
that these residues do not participate in distinct single structures, for which distinctive
chemical environments and hence distinctive chemical shifts would be expected. These side
chain resonances are only slightly shifted from their chemical shifts in the free peptide
spectra, consistent with a high degree of conformational averaging in the TAZ2 complex.

In order to determine whether there was a preferred orientation of the E7 peptide in

the complex, we used paramagnetic relaxation enhancement (PRE). Spin-labeled samples
of ppE7(1-51) were prepared by first mutating the native cysteine 24 to alanine, and
engineering a cysteine in place of the histidine at position 9, within the TAZ2 binding
motif in CR1 (Figure 1A). A paramagnetic nitroxide, [2,2,6,6-tetramethylpiperidin-1-ylJoxyl
(TEMPO), was coupled via maleimide chemistry to residue 9 (in CR1) of ppE7(1-51)
carrying the mutations H9C and C24A. If the unpaired electron in the nitroxide is close

to a proton in 1°N-TAZ2, the corresponding cross peak in the 1H-1°N-HSQC spectrum
should broaden to an extent that depends on the interatomic distance,®® thus locating
interactions between TAZ2 and CR1. Figure 6 shows the 1H-15N HSQC spectrum for
I5N-TAZ2:ppE7(1-51)(HIC,C24A)-TEMPO in a 1:1 complex. If the spin-labeled E7 took
up a preferred orientation within the TAZ2 complex, we would expect broadening of only
a subset of peaks within the TAZ2 HSQC spectrum. Instead, as seen in Figure 6 (red),
almost every cross peak in the TAZ?2 spectrum is broadened by the paramagnetic spin label
in the 1:1 complex. The intensity of these resonance signals returns upon the addition of
ascorbic acid, which reduces the spin label and removes its relaxation effects (Figure 6,
black). Such extensive broadening could not occur unless CR1 interacts with multiple sites
on TAZ2. The weak cross peaks remaining in the spectrum of TAZ2 in complex with the
spin-labeled peptide belong mostly to residues in the al-a2 and a3-a4 loops (Figure 6,
inset); these sites must be the most distant from the interaction sites of the CR1 motif.

The widespread broadening caused by the paramagnetic spin label in the CR1 binding
motif shows clearly that the complex is highly disordered and dynamic. Consistent with the
results of the filter-edit NOE analysis, the PREs confirm that the CR1 domain of E7(1-51)
interacts with multiple regions of the TAZ2 surface, rather than making specific contacts

in a localized binding site. Taken together, these results strongly suggest a high degree of
disorder in the interactions between the disordered 51-residue N-terminus of E7 and TAZ2.

Contributions of conserved motifs of E7(1-51) to TAZ2 binding

The interaction surface on TAZ2 was identified by following changes in the 1H-1°N HSQC
spectrum of 15N-labeled TAZ2 (Figure S3) upon addition of CR1, CR2, and E7(1-51) to
saturating peptide: TAZ2 ratios. All of the peptides bind to TAZ2 in fast exchange on the
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chemical shift timescale, and the titration data were used to determine the NMR-derived Kgy
values (Table 1) and the saturating peptide concentrations. The fitted NMR titration data for
CR1 and CR2 are shown in Figure S4.

The extent to which the cross peak of a given TAZ2 residue moves upon addition of peptide
is termed the chemical shift perturbation of TAZ2 (CSPtaz) and is calculated as ASgye =
[(A81)? + (ASN/5 )2]V2. The CSP1az as a function of TAZ2 residue number (Figure 7)
revealed surprising similarities in the binding of the three peptide constructs to TAZ2.

Figure 7 shows that the overall pattern of TAZ2 chemical shift changes upon binding the
CR1 or CR2 peptides is very similar. Some resonances (e.g. L1780 and L1826) experience
the same CSP1az in the presence of the CR1, CR2, or E7(1-51) peptide constructs while
others (e.g. V1819, Y1829) shift to a similar extent in the presence of CR1 and CR2

but are shifted further by binding of E7(1-51). The chemical shift changes are broadly
distributed across the al-a2-a3 and a.3-a4 interfaces, and no region of TAZ2 seems
affected preferentially by CR1 or CR2. The few differences point to a CR2-dominated
change at residues 1800-1802, and a CR1-specific change at L1823. Interestingly, all major
CSPtaz for both CR1 and CR2 are located at the same central binding surface as is
contacted by E7(1-51) (Figure 1C), suggesting that CR1 and CR2 can both bind at the same
extensive interaction site. This is supported by the observation that addition of CR1 to a
CR2:TAZ2 complex does not lead to additional changes outside the binding region. Small
shifts are seen in the cross peaks that were affected by CR1 in its binary interaction with
TAZ2 (Figure S5). Based on the binary Kps of the complexes TAZ2-CR1 (69 £ 7 uM by
NMR titration, 31+ 2 uM by fluorescence anisotropy competition) and TAZ2-CR2 (3.4 £
0.5 uM by NMR titration, 4.6 £ 0.5 pM by fluorescence anisotropy competition) (Figure S4,
Table 1), we would expect the competition to favor binding of CR2 over CR1. However, the
contribution of both CR1 and CR2 together fails to account for all CSPtaz observed in the
E7(1-51) complex. The predominant difference between the binding of CR1/CR2 and that
of E7(1-51) is observed for residues 1845-1851 in helix 4 of TAZ2, which undergo larger
CSPtaz upon binding E7(1-51). This could reflect additional interactions when both CR1
and CR2 are present or possibly changes in the length and/or stability of helix 4 of TAZ2
upon binding of the longer peptide.

An attempt was made to stabilize a discrete complex by fusing E7(1-51) to either the
N-terminus [E7(1-51)gysTAZ2] or C-terminus [TAZ2gsE7(1-51)] of the TAZ2 domain
(Figure 8A), using linkers of various lengths (either no additional residues, a GS linker

or a GSGSGS linker). Because these termini are relatively close in space and allow for
intramolecular E7 binding within the fusion protein, we wanted to explore if the positioning
of E7 could affect the equilibrium between CR1 and CR2 binding. There is a slight
preference for the resonances of the resulting complex between the disordered N-terminal
51 residues of E7 and TAZ2 to be affected by whichever domain (CR1 or CR2) is in

closest proximity (Figure 8B), but in general we observe that both fusions affect the TAZ2
spectrum very similarly. The cross peaks corresponding to the fused E7 peptide (which is
also isotopically labeled when the fusion is expressed for NMR spectroscopy) are also all
rather similar to those of the complex of labeled E7(1-51) with unlabeled TAZ2 (Figure 8C).
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Structural heterogeneity of E7 in complex with TAZ2

The results described above, including the Kps for the CR1 and CR2 complexes shown in
Table 1, indicate that TAZ2 has a small preference for binding to CR2 compared to CR1.
We therefore proceeded with a structural investigation of the E7(17-51): TAZ2 interaction
to elucidate how the CR2 domain contacted the TAZ surface. The free E7(17-51) peptide
is disordered in solution, and the small differences in the 13CO and 13Ca chemical shifts
between free and bound peptide (Figure S2) indicate that no stable secondary structure is
formed by the peptide in the complex. Using a sample containing TAZ2 labeled with 13C
in complex with unlabeled ppE7(17-51), we recorded intra- and intermolecular NOESY
spectra, in order to obtain distance restraints for structural modeling. Conventionally,

such filtered spectra enable unambiguous assignment of contacts between the two binding
partners in question. Filtered NOE spectra of the TAZ2 complex of the full peptide ppE7(1-
51) showed a number of high-intensity intermolecular NOEs, but the severe overlap of

the E7 leucine and tyrosine side chain protons precluded unambiguous assignment to
individual residues. For the ppE7(17-51):TAZ2 complex, we expected that the absence

of the competing CR1 domain would simplify both the intermolecular contacts and the
interpretation of the spectroscopic data. However, as illustrated in Figure 9A and Figure
S6, we detected strong NOEs from the overlapped L22/28 methyls and Y23/Y25 aromatic
protons to a variety of residues that are widely separated on TAZ2. For example, the two
E7 tyrosines are only separated by one residue, yet they contact 11773, T1813, V1802

and 11847, which are located on different surfaces of TAZ2 and are as much as 20 A

apart (Figure 9B). A similar surface is contacted by L22 and/or L28 (Figure 9C). Such
heterogeneity of intermolecular contacts is inconsistent with the presence of a single binding
mode for ppE7(17-51) with TAZ2 but indicates averaging between multiple binding poses
over an extensive hydrophobic surface of TAZ2.

It is clear from all of the results shown in Figures 2, 3, 6 and 9 that no single E7 structure
will be able to satisfy all of the NOE constraints. To obtain insights into potential binding
modes, we used the Haddock molecular docking web server®* and the TAZ2 structure from
the ELIA:TAZ2 complex (PDB: 2KJE*1) as input. For E7 we used a SAXS-constrained
molecular ensemble of 20 models generated by the Allosmod-FOXS server52:53 ysing
experimental SAXS data collected on E7(1-51) (Figure S7). We specified a range of
distance constraints based on intermolecular NOEs observed for the CR2 region of the
E7(1-51):TAZ2 complex (examples in Figure S6). The E7 input models consisted only

of residues 17-40 because no interactions with TAZ2 were observed for residues 41-51.
Convergence of the Haddock models was problematic due to the contradictory nature

of much of the NOE data; no single structure could satisfy all of the NOE constraints.
Convergence could be achieved by using subsets of the NOEs in separate calculations,
giving rise to a wide variety of docked structures, with the peptide in multiple conformations
and poses. However, the heterogeneity of the interaction precludes a more quantitative
evaluation of the structural ensemble.
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DISCUSSION

The flexibility of IDPs and IDRs is an important factor in their universal employment in
cellular signaling, cellular regulation and molecular recognition.6=9 IDP interactions with
folded or unfolded partners frequently include binding-induced folding of the IDP.57:58
However, an increasing number of protein complexes involving IDPs have been found

to involve structural heterogeneity and flexibility; these complexes (often termed fuzzy
complexes829) cannot be described by a single conformational state, and such fuzzy
complexes may have exceptionally high affinities.%0 Viral proteins like E7 must interact
with a myriad of host-cell binding partners in order to achieve cellular hijacking with the
minimal genetic information of the virus. The ability of E7 to interact with a wide array of
cellular partners originates primarily from its intrinsically disordered N-terminal domain.62

Extensive analysis of the disordered N-terminal region of E7, both in isolation and in the
context of the full-length protein,37:62.63 indicates that it is conformationally heterogeneous
and samples both extended and compact states. Interactions between the dimeric full-length
E7 and the TAZ2 domain of CBP are in intermediate exchange on the NMR timescale and
result in severe resonance broadening,3” precluding structural analysis. We therefore focused
on the intrinsically disordered N-terminal region of E7, which binds TAZ2 with nanomolar
Kp via its CR1 and CR2 motifs,37 with the goal of characterization of the complex

between the 51-residue peptide encompassing the intrinsically disordered N-terminal region
of E7 (Figure 1A) and the TAZ2 domain of CBP/p300. While there are examples of high-
resolution structures for several IDPs in complex with TAZ2,41.64-69 the TAZ2-E7 system
has presented a more challenging case. NMR experiments of the complex of ppE7(1-51)
and TAZ2 revealed that the peptide binds in fast exchange on the chemical shift timescale
and remains highly dynamic in the complex, despite its nanomolar binding affinity for
TAZ2.37 Unlike E1A from adenovirus, which forms helical segments upon binding to
TAZ2,*! there is minimal difference in secondary structure between the bound and unbound
states of E7(1-51).

Synergy between CR1 and CR2 in complex with TAZ2

The significant chemical shift differences seen in the 1H-15N HSQC spectra between free
and bound E7(1-51) and the observation of intermolecular NOEs between TAZ2 and
residues in both the CR1 and CR2 motifs clearly demonstrate that both domains are

in contact with TAZ2 in the complex. Many of the intermolecular NOEs are mutually
incompatible; this implies that residues within the helix a1-ay-a3 interface of TAZ2, such
as 11773, M1799 and V1802, contact both CR1 and CR2 of E7 in different binding modes.
Introduction of a spin label in CR1 resulted in broadening of virtually all TAZ2 cross peaks,
also consistent with multiple binding modes. NMR titrations with the isolated CR1 and
CR2 peptides show that these motifs bind promiscuously at multiple sites on TAZ2. This is
perhaps unsurprising in view of the strong similarities in their amino acid sequences, with
the residues 2IDLYCYEQL?28, which contains the LXCXE motif in CR2 almost mirrored in
the reversed CR1 sequence, 1°LDLMYEHLS.

In the context of E7(1-51), the CR1 and CR2 motifs interact synergistically with TAZ2.
Once one motif binds, say CR2 which has higher intrinsic affinity as an isolated motif, then
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the high effective local concentration of CR1 will facilitate its interaction with a neighboring
site on TAZ2. Chemical shift perturbations (Figure 4) show that residues 18-21, which form
the linker between CR1 and CR2, contact TAZ?2 in the E7(1-51) complex whereas they do
not contribute to binding by the isolated CR2 peptide or E7(17-51). Simultaneous binding of
the CR1 and CR2 motifs, albeit through dynamically disordered interactions, would explain
the observed increase in the overall binding affinity of E7(1-51) relative to the isolated

CR1 and CR2 peptides (Table 1). We may compare the behavior of E7(1-51) with that of
the p53 transactivation domain. The p53 TAD contains interaction sites, termed AD1 and
AD2, which both bind preferentially to the TAZ2 a1-a2-a3 site as isolated peptides. Both
peptides have a secondary binding site in the a3-a4 groove. However, when both are present
in the full-length TAD, AD2 binds in the preferred al-a2-a3 site while AD1 binds to the
a3-a4 groove.?® For p53, there is a large difference in the Kq for binding to the primary
al-a2-a3 site: 32 nM for AD2 vs 24 UM for ADL1, consistent with the binding preference
for AD2 when both are present. For E7, the Kys for the isolated CR1 and CR2 domains

are more similar than for p53 and both forward and reverse binding poses, with both CR1
and CR2 occupying all possible TAZ2 binding sites, will be populated. This is confirmed by
the intermolecular NOEs observed for the complex with E7(1-51); CR1 and CR2 residues
both exhibit NOEs to a cluster of residues in the a1-a2-a.3 site (Table S1) showing that
each of the motifs contacts this region of TAZ2 in different structures in the conformational
ensemble.

Conformational heterogeneity as an effective binding strategy

The interaction between the disordered region of E7 and the TAZ2 domain of CBP operates
through a multiplicity of intermolecular contacts, centered around key hydrophobic residues.
Although the affinity between the two molecules is high, binding is in fast exchange on

the NMR timescale (Figure 2). This may be rationalized by two general circumstances:
firstly, there is a general overall electrostatic attraction at pH 7 between the TAZ2 domain
(net charge +12.6) and E7(1-51) (net charge —13.4). Secondly, binding of both CR1 and
CR2 to the extensive interaction surface on TAZ2 will enhance the overall binding affinity
of E7(1-51) relative to the isolated domains. The complex is heterogeneous and highly
dynamic: either CR1 or CR2 can occupy the al-a2-a.3 site, with the other motif interacting
elsewhere on the surface of TAZ2 and contributing to the binding free energy. Despite the
high overall affinity, the interactions of the individual CR1 and CR2 motifs with TAZ2 are
relatively weak and they exchange rapidly between bound and free states. Mechanistically,
E7 association and dissociation is expected to occur via an intermediate state in which only
the CR1 or CR2 motif is bound to TAZ2 and since binding of each is in fast exchange

on the chemical shift time scale, the overall exchange process for E7 binding is also

fast. High affinity is accomplished through multivalent interactions, with binding of the
individual motifs being relatively weak and with no requirement for specificity. The lack of
specific interactions, and the promiscuity of the binding (many binding sites, many binding
poses) acts to strengthen the overall affinity of the disordered ligand for its partner. The
validity of the model is attested by the observation that there is very little chemical shift
dispersion in the 1H-13C HSQC spectrum of E7 in complex with TAZ2 (Figure 3): the
dynamic heterogeneity of the complex, and the fast exchange between free and bound states
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averages the chemical shifts of side chains such as L22, L28, Y23 and Y25, which would be
well-dispersed in a complex with a defined structure.

Under the experimental conditions, unphosphorylated E7 has a net negative charge (-13.4),
while TAZ2 has a net positive charge (+12.6). The overall electrostatic attraction between
the two molecules keeps them in close proximity, allowing alternative regions of the peptide
to bind promiscuously throughout the TAZ2 binding surface. The effect of phosphorylation
of the two serine residues in E7(1-51) provides corroboration for this picture. Chemical

shift differences between the free and bound E7 peptide3’ (Figure 4) indicate that E7 binds
to TAZ2 in the region between residues Y11 and D30. The phosphorylated serines do not
appear to make direct contact with TAZ2, yet phosphorylation increases the affinity of E7(1-
51) for TAZ2,37 thus confirming the role of the overall charge difference in the mechanism
of E7-TAZ2 binding.

Significance of fuzzy complexes for viruses

The employment of intrinsic disorder and formation of fuzzy complexes emerges as a
suitable strategy for E7 and other similar viral proteins that target a myriad of cellular
processes to reprogram the host cell to favor viral replication. Given their limited genomes,
viruses such as HPV need to utilize highly versatile proteins to maximize their functional
impact. In high-risk HPV, one of the primary roles of E7 is to interfere with transcription
and dysregulate the cell cycle,16:19.23 which it does by interacting with approximately
thirty different host cell proteins, including the retinoblastoma protein pRb and CBP/p300.
Almost half of the known partners bind primarily to the LXCXE motif.61 Very few of these
interactions have been structurally characterized.3462 The E7-pRb interaction results in a
well-defined complex,3* whereas we show that the interaction of the same peptide with
TAZ2 is highly dynamic and conformationally heterogeneous. Interestingly, the affinities
of E7(1-51) for pRb and for TAZ2 are comparable, resulting in the formation of a

mixture of complexes between the disordered 51-residue N-terminus of E7 and either

pRb or TAZ2 when all three components are mixed.3” The formation of dynamic and
heterogeneous complexes is likely advantageous for the virus. By utilizing promiscuous
hydrophobic interactions and perhaps charge complementarity, E7 can dysregulate host cell
processes through high affinity, fuzzy interactions with numerous cellular proteins. Specific
interactions, mediated through defined structure, are unnecessary. In this way, the virus can
utilize a single protein, encoded by its limited genome, to bind promiscuously to numerous
host cell proteins, without a requirement for evolution of highly specific interaction motifs
that mimic cellular recognition processes.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
E7 and CBP TAZ2. A. Schematic diagram of full-length E7 from HPV16 and the amino acid

sequence of HPV16(1-51). Conserved regions CR1 (purple), CR2 (green) and CR3 (gray)
are shown, with secondary structure elements from the solution structure of the HPV1a
CR3 dimer,24 indicating B-strands (yellow arrows) and a-helix (yellow rectangle). Residues
1-51 are outlined in the black box and expanded to show the amino acid sequence of
HPV16(1-51). The TAZ2 binding region is shown in blue and includes the LXCXE motif
in red. The sites of serine phosphorylation in CR2 are shown in green. Constructs and their
nomenclature designed for the present work are outlined below as colored rectangles. B.
domain structure of CBP/p300 showing the TAZ2 domain highlighted in the red box. C.
Structure of the TAZ2 domain38 indicating the binding interface of the disordered region of
E7.37
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Figure 2.

NMR analysis of ppE7(1-51) in complex with TAZ2. A. H-15N-HSQC titration of
uniformly labeled 1°N-ppE7(1-51) (red) with increasing amounts of TAZ2 up to 1:1 molar
ratio (purple). B. Portion of the 1H-13C HSQC spectrum of 13C-labeled ppE7(1-51) in

complex with unlabeled TAZ2.
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Figure 3.

Page 21

NMR analysis of ppE7(17-51) and mutant ppE7(1-51) in complex with TAZ2. A. Overlay

of the methyl region of the 1H-13C HSQC spectrum of 13C-labeled ppE7(17-51) free

(black) and in complex with unlabeled TAZ2 (red). B. Overlay of the methyl region of the
1H-13C HSQC spectrum of 13C-labeled ppE7(1-51)(L15V) free (black) and in complex with

unlabeled TAZ2 (cyan).
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Figure 4.
Plot of weighted average 1H, 1°N chemical shift differences (AS,e) between E7 free and

bound to TAZ2. red: ppE7(1-51), (data from ref.37); black: ppE7(17-51). Weighted average
shifts were calculated using the formula A8,e = [(A8H)2 + (ASN/5 )2]Y/2. Note that different
weighting was used in.3’
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Fluorescence anisotropy analysis of E7 sequence element binding to TAZ2. The affinity of
the E7 peptide constructs towards TAZ2 was calculated from the ability of each construct
to compete with Alexa594-labeled E7(1-51) bound to TAZ2. The initial anisotropy value
represents the bound Alexa594-E7(1-51) and the decrease in anisotropy as a function of
titrant represents an increase in free Alexa594-E7(1-51) caused by a gradual displacement
from TAZ2. In this setup, the starting complex Alexa594-E7(1-51):TAZ2 was measured to
have a Kp of 79 nM by direct titration. Each competition titration series was performed

in triplicate; error bars represent the standard deviation between the three data sets. Curve

fitting was performed according to previously published methods.44:5
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Figure 6.

Paramagnetic relaxation enhancement analysis. 1H-15N HSQC of a 1:1 complex of 15N-
TAZ2:ppE7(1-51)(HIC,C24A)-TEMPO (red) and with ascorbic acid added to reduce the
nitroxide spin label (black). Cross peaks that are observed in the presence of the active spin
label are labeled in red. (Inset) TAZ2 structure showing as red spheres the position of the
amide nitrogen of the residues labeled in red in the figure. Zinc atoms are shown as blue
spheres.
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Figure 7.
The isolated CR1 and CR2 domains of E7 share contact interfaces on TAZ2. (A) Chemical

shift perturbations CSP1az A8aye = [(ASH)? + (A8N/5 )2]Y2 calculated from 1H-15N TAZ2
HSQC spectra recorded in the absence and presence of saturating amounts of E7(1-51),
CR1, and CR2 peptides (ratios of 1:1, 1:4.5 and 1:2, respectively). The three E7 peptides
display clear similarities in their interaction sites on TAZ2, but differences are observed

in the amplitude of the CSPyaz. Selected residues are highlighted in grey to illustrate
differential effects for CR1 and CR2 compared to E7(1-51). Vertical arrows show the
positions of residues 1780 and 1826, which are highlighted in the text. (B) Region of the
1H-15N HSQC spectrum of TAZ2 showing perturbations due to binding of CR1, CR2, and
E7(1-51).
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TAZ2-E7 fusions. (A) Schematic diagram showing the fusion proteins generated to study
CR1/CR2 binding to TAZ2. (B) Portion of the 1H-15N TAZ2 HSQC spectrum showing the
superposition of the cross peak of the Q1822 side chain for the fusions and free TAZ2

and other TAZ2:peptide complexes. (C) Portion of the 1H-15N E7(1-51) HSQC spectrum
showing the superpositions of the cross peaks of the L8 and L13 backbone amides for the
fusions and free E7(1-51) and its TAZ2 complex. Arrows show that in E7(1-51)rysTAZ2,
the L8 and L13 resonances experience smaller perturbations from the free peptide positions,
since the C-terminal linkage places CR1 further away from TAZ2 than CR2.
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Figure 9.

Intermolecular contacts between TAZ2 and ppE7(17-51). (A) Intermolecular NOE cross
peaks (recorded with a 13C-filter-12C-edited NOESY) between 13C-TAZ2 in complex with
ppE7(17-51) at a ratio of 1:1.2 and a mixing time of 200 ms. Red numbers in each panel
refer to the 13C chemical shift. A comprehensive version of this figure appears in Figure

S6. (B) Illustration of the position on TAZ2 of residues with NOEs to one or both E7 CR2
tyrosines (red surface color). (C) Illustration of the position on TAZ2 of residues with NOEs
to one or both E7 CR2 leucines (magenta surface color).
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Table 1

Dissociation constants for E7 peptides from competition and NMR experiments

Kp (M) Kp (M)

Fluorescence anisotropy  NMR Spectroscopy

E7(1-51) 0.10 £0.01 ND
E7(17-51)  1.8%0.1 ND
CR2(18-37) 4.6+0.2 34+05
CR1(1-18)  31%2 69+7

The Kp values for each peptide are the average of four independent fluorescence anisotropy titrations. Errors were estimated by taking into account
the uncertainty in the Kp of E7(1-51) determined by direct titration (Kp(direct) = 70 + 14 nM).

Uncertainties in the NMR Kp are from uncertainties in fitting the titration data.
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