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Papillomavirus E2 protein that performs essential functions such as viral oncogene expression and
replication represents specific target for therapeutic intervention. DNA-binding activity is associated
with its C-terminal DNA-binding domain (DBD), while the N-terminal transactivation domain (TAD) is
responsible for replication and transactivation functions. Although both demonstrate large dependence
on dimerization for mediating their functions, Kp for N-terminal dimerization is significantly high sug-

Keywords: gesting more dynamic role of this domain. However, unlike DBD, very little information is available on
gzp v TAD dimerization, its folding and stability. Therefore, with an aim at delineating the regulatory switch of
Dimer its dimerization, we have characterized high-risk HPV18 E2 TAD. Our studies demonstrate that E2 TAD is
Equilibrium a weak but thermodynamically stable dimer (Kp ~ 1.8 pM, AGH:0 — 18.8 kcal mol~!) with a2—a3 helices
Thermodynamic forming the interface. It follows a three-state folding pathway, in which unfolding involves dissociation
Unfolding of a dimeric intermediate. Interestingly, 90% of the conformational free energy is associated with dimer

dissociation (16.9 of 18.8 kcal mol~!) suggesting dimerization significantly contributes to its overall
thermodynamic stability. These revelations might be important toward designing inhibitors for targeting

dimerization or folding intermediates and hence multiple functions that E2 performs.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Human papillomaviruses (HPVs) are double-stranded DNA vi-
ruses that have been strongly implicated in development of lesions
ranging from skin or genital warts to cancer [1]. Based upon
oncogenicity, they are divided into two subclasses, high-risk (HR)
types including HPV16 or 18 that are associated with 70% cases of
cervical cancer, and benign wart-causing low risk (LR) types such as
HPV6 and 11. Tremendous divergence in pathogenesis of HPVs has
evolved due to complex system of regulation mediated by protein-
DNA and protein—protein interactions between viral and host fac-
tors [2]. Particularly, the early protein E2 acts as a master regulator
of the viral life-cycle. While considered to be the principal tran-
scription factor, the E2 protein is equally important for viral DNA
replication as well as mitotic partitioning of the viral genome [3]. In
addition, several groups have demonstrated myriads of other
functions such as NFkB activation [4], induction of apoptosis [5] or
regulation of host cell cycle [6]. The correlation of E2 with
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mechanisms linked with cellular transformation hypothesizes its
direct involvement in early steps of carcinogenesis, and thus ex-
emplifies it as a potent target for therapeutic intervention.

E2 proteins characterized from numerous human and animal
serotypes have three distinct modules; an amino-terminal trans-
activation domain (TAD) followed by a flexible, proline-rich hinge
region and a carboxyl-terminal DNA-binding domain (DBD). TAD is
a protein—protein interaction domain that binds to the viral heli-
case E1 [7] and to various host proteins such as topoisomerase-I [2],
Brd4 [8] and procaspase-8 [5]. Crystal structures of TAD reveal that
it comprises two sub-domains, N1 and N2, packed antiparallel to
one another and separated by two consecutive single helical turns
[7,9,10]. Although the main dimerization interface is located within
DBD, which strongly dimerizes (nanomolar Kp) and tightly binds to
viral DNA sites [11], available structures suggest that TAD also
homodimerizes, however, with a higher Kp [9,12]. Dimerization of
TAD has been proposed to serve as a molecular switch between
early gene expression and viral genome replication during HPV
infection [9,13]. Studies have also shown that induction of apoptosis
by HPV16 E2 requires formation of functional TAD dimers, thereby
further emphasizing the requisite for dimerization [14]. For HPV16
E2, the dimerization of TAD involves residues from helices a2/a3 of
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N1 and 142—144 from N2 domains [9]. Nonetheless, with respect to
HR-HPV18 E2, the possibility of TAD dimerization is still obscure.
The available crystal structure has 65 N-terminal residues (two-
thirds of N1 domain) missing and therefore lacks key amino acids
reported for dimerization [15]. Furthermore, despite numerous
reports on the biophysical properties of DBD, till date, no infor-
mation is available on TAD folding and stability. A precise under-
standing of folding as well as determination of the overall
conformational stability will help delineate the regulatory switch
for E2 TAD dimerization which is crucial to understand its biolog-
ical functions.

Here, using molecular modeling, mutagenesis and bio-
physicochemical approaches, we distinctly show that HR-HPV18
E2 TAD dimerizes at micromolar concentration. The dimerization
is mediated by R41 and W42 as opposed to a single key residue R37
reported for HPV16 E2 [13]. In addition, we provide the first evi-
dence on unfolding and conformational stability of E2 TAD.

2. Materials and methods
2.1. Molecular modeling, docking and simulation

Using Modeller-9v11 [16], the missing region of HPV18 E2 TAD
(PDB: 1QQH) was homology modeled using HPV16 E2 TAD (PDB:
1DTO) as a template [9]. To obtain TAD dimer, the modeled
monomeric HPV18 E2 TAD was superimposed on dimeric HPV16 E2
TAD, having C2 biological symmetry, using PyMol (Schrodinger,
LLC). To verify correct assembly of dimeric interface, molecular
docking of the monomer was performed with ClusPro-2.0 [17]. The
final structure was energy minimized with PRIME Minimization
module (Schrodinger, LLC) and further subjected to molecular dy-
namic simulation for 20 ns as described previously [18]. The
simulated models were verified and validated using PROCHECK
[19], ProSA-web [20], and ERRAT algorithms [21].

2.2. Sub-cloning, protein expression and purification

pEGFPc1-HPV18 E2 vector was a kind gift from Dr. F. Thierry
(Institute of Medical Biology, Singapore). E2 TAD (residues 1-201)
was sub-cloned in pACYC-vector (Clontech), and a C-terminal hisg-
tag was introduced to facilitate protein purification. Mutants were
generated using site-directed mutagenesis kit (Stratagene) and
verified by DNA sequencing. Escherichia coli BL21(DE3) cells
transformed with TAD constructs were grown at 37 °C till the
0.Dggg reached 0.5, further induced with 2 ug/ml of arabinose and
cultured at 18 °C for 20 h. The Ni*2-affinity purification was per-
formed in buffer-A (10 mM Na;HPO4/NaH,PO4, pH 7.5, 100 mM
NaCl, 20 mM B-mercaptoethanol) as described previously [22]. The
proteins were further purified and characterized by size exclusion
chromatography using Superdex200-10/30 column (GE Health-
care). Protein identity was confirmed with Western blotting using
anti-E2 antibody (sc-26939).

2.3. Glutaraldehyde cross-linking

20 pg of purified protein was treated with freshly prepared
glutaraldehyde solution (final concentration 0.1%) for 2 min at
37 °C. The reaction was terminated by adding 5 pul of 2 M Tris—HCl,
pH 8.0. Cross-linked product was mixed with Laemmli sample
buffer and analyzed on 12% SDS-PAGE.

2.4. Dynamic light scattering (DLS)

1 mg/ml protein was loaded into a 45 pl quartz cuvette. Mea-
surements were performed at 25 °C and at least 10 scans each of

12 s duration were collected (DynaPro NanoStar, Wyatt Technol-
ogy). Histogram analyses were carried out using DYNAMICS v.6.0
software.

2.5. Fluorescence and circular dichroism (CD) spectroscopy

Protein sample preparations for equilibrium unfolding studies
were done as described previously [23]. Fluorescence measure-
ments were recorded on Fluorolog-3 spectrofluorometer (Horiba
Scientific) with 280 and 295 nm excitation followed by emission
between 310 and 400 nm. Far UV CD spectra were acquired using
JASCO ]-815 spectropolarimeter between 250 and 200 nm, at
20 nm/min scan speed.

2.6. Analysis of the equilibrium unfolding profile

E2 TAD wild-type and single mutants followed a three-state
folding pathway with the formation of a dimeric intermediate,
N, =1, =2U. The data was normalized and fitted to the equations
described earlier [23], for obtaining the thermodynamic parame-
ters using Igor Pro 6.03A (WaveMetrics). The data for E2 TAD
double mutant was fitted to a two-state monomeric model, N=U
[23].

3. Results
3.1. In silico analysis of E2 TAD dimerization

To assess homodimerization of HPV18 E2 TAD, a structural
model was generated and its overall quality factor was assessed by
ERRAT, which was found to be 82% implying good accuracy of the
predicted structure. The stereochemical analysis revealed 100% of
residues were in the most favorable and additional allowed regions
of the Ramachandran plot (Fig. S1A). ProSA-web evaluation pro-
vided a compatible Z score value of —7.9 (Fig. S1B), which is well
within the range of native conformations of crystal structures. The
overall residue energies of the 3D model were largely found to be
negative (Fig. S1C). These observations indicated that the model
quality was reliable and could be considered for further analysis.

Superposition of HPV16 and 18 E2 TAD dimers showed an RMSD
of less than 0.8 A, suggesting similar conformation for the com-
plexes (Fig. 1A). HPV18 E2 TAD dimer had 1806 A2 of buried surface
area, comparable to the 2026 A? reported for HPV16 E2 [9]. At the
dimer interface, each subunit primarily contributed residues R41,
W42, F48, 177, M81, Q84, Q88 from helices a2 and a3 (Table S1).
Notably, residues R41, W42 (helix a2) and Q84, Q88 (helix a3) seem
to play central roles in stabilizing the dimer interface (Fig. 1B).
Dimerization studies on HPV16 E2 TAD demonstrated that substi-
tution of R37 (equivalent to R41 of HPV18) abolished dimer for-
mation [2]. The residue R41 is preserved while W42 is conserved in
terms of its hydrophobicity across different papillomavirus types
(Fig. S2). Thus, based on these observations, R41 and W42 of HPV18
E2 TAD were targeted for mutagenesis and further characterization.

3.2. In vitro characterization of wild-type and mutant E2 TAD

To determine whether HPV18 E2 TAD forms dimer in solution,
we tested the wild-type and a2 helix mutants (R41A, W42A, and
R41A/W42A) for their ability to homodimerize in vitro. As the first
step, the purity of the proteins was checked on SDS-PAGE and the
identity was confirmed with Western blotting using anti-E2 anti-
body (Fig. S3). The gel filtration profile for E2 TAD variants is pre-
sented in Fig. 1C. It shows that the wild-type and mutant proteins
exist predominantly as monomers, however, except for the double
mutant, a peak corresponding to the dimer is also observed (at a



498 N. Singh et al. / Biochemical and Biophysical Research Communications 463 (2015) 496—503

A B
Homodimeric
= E2TAD

C 20 _, l D

Chain A

a'2

5‘ —R41A
—W42A
E 2001 R41A, W42A
E kDa ==
w 1901 120
b5 80 -
8 1001 58 4~
‘E 46
5 § 30
2 % 25
< 174

Cross-linked
-1 > dimer (48 kDa)

B-Monomer (24 kDa)

" hat  dud i
- agmaad P Intra molecular

0_
8 10 12 14 16 18
Elution volume (ml)

ciL ciL er, on esslnkage

Fig. 1. Insilico and in vitro characterization of HPV18 E2 TAD. A) Superposition of HPV18 and 16 E2 TAD shown in cyan and blue respectively. B) A close-up view of the interface with
selected side chains from chain A and B in red and blue respectively. C) Size exclusion chromatography for E2 TAD variants at protein concentrations <10 uM. A major peak (blue
arrow) corresponding to the calculated molecular weight of a monomer (24.5 kDa) and a minor peak (black arrow), except for the double mutant, related to the dimeric species
(49 kDa) are observed. D) Glutaraldehyde cross-linking reaction product resolved on SDS-PAGE. A band corresponding to size lower than 24 kDa in the cross-linked lane is due to
intra-molecular protein cross-linking resulting in increased mobility. C/L represents cross-linked.

final eluant concentration of ~1 uM) suggesting TAD forms a weak
dimer. To confirm the presence of the dimeric species, 20 pg of
wild-type and mutant proteins were cross-linked with glutaral-
dehyde and run on SDS-PAGE. The wild-type and single mutants
show mixture of monomeric and dimeric species, however, the
double mutant was found to exist only in the monomeric form
(Fig. 1D). These results demonstrate that at low protein concen-
trations, TAD wild-type and single mutants are present in mono-
mer—dimer equilibrium.

To substantiate these findings, we determined the heterogene-
ity of the proteins at higher concentrations (1 mg/ml) using DLS.
We observed that the average hydrodynamic radii of TAD wild-type
and single mutants were larger compared to the double mutant
(Fig. S4). Based upon the radii, the calculated molecular weight of
the proteins is given in Table 1. For wild-type and single mutants,
the calculated molecular weight closely resembled the theoretical
molecular weight of a dimeric E2 TAD, whereas the double mutant
showed a homogenous monomeric population.

3.3. Urea-dependent unfolding of E2 TAD

Equilibrium unfolding studies provide an excellent tool to
delineate protein stability and determine whether dimerization is a
folding event [24]. We therefore studied unfolding of E2 TAD as a
function of urea concentration using different spectroscopic probes.
In case of wild-type TAD, the data show a first step of unfolding

which occurs between 0 and ~2.5 M urea, followed by a second
transition between ~3 and 8 M urea. All the three spectroscopic
signals showed similar trends in the unfolding (Fig. 2A). To examine
reversibility, the protein unfolded in buffer containing 8 M urea was
diluted to final urea concentrations shown in Fig. 2A. The data
suggest that the folding transitions are completely reversible.
Similar experiments were performed with TAD single and double
mutant proteins. For both R41A and W42A single mutants, a clear
biphasic denaturation curve with reversible folding was observed
(Fig. 2B and C). Interestingly, in case of TAD double mutant (R41A/
W42A), the data showed only a single reversible transition. A pre-
transition occurs between 0 and ~1 M urea which is followed by a
cooperative decrease in signal with a post transition baseline be-
tween ~5 and 8 M urea (Fig. 2D).

Overall, these results demonstrate that E2 TAD wild-type and
single mutants, follow a three-state pathway in which a folding
intermediate is in equilibrium with the native and unfolded states.
However, strikingly, the double mutant (R41A/W42A) seems to
undergo a two-state folding process.

3.4. Protein concentration dependence of unfolding

The mechanism by which oligomeric proteins unfold can be
delineated by monitoring the profile of each equilibrium denatur-
ation and its protein concentration dependence. Since E2 TAD
homodimerizes, we determined the concentration dependence of
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Table 1
Dynamic light scattering analysis of E2 TAD variants.
E2 TAD Hydrodynamic % Calculated Theoretical
radius® Polydispersity” mean residual molecular
molecular weight (expasy
weight (kDa) protparam) (kDa)
Monomer Dimer
Wild-type 2.98 349 55.4 242 484
R41A 293 313 52.7 24.1 48.2
W42A 2.90 184 51.1 241 48.2
R41A, 242 4.5 26.2 240 48.0
W42A

2 Mean hydrodynamic radius derived from the measured translational diffusion
coefficient using the Stokes—Einstein equation.
b Ppolydispersity divided by the hydrodynamic radius.

the unfolding process. As shown in Fig. 3A—C, there is a shift in the
midpoint of the second transition with the increase in protein
concentration. However, the first transition is concentration inde-
pendent and the Uy, value (concentration of urea at which 50% of
the protein is unfolded) remains constant. This pattern is consistent
with a scheme where a native dimer (N;) partially unfolds to a
dimeric intermediate (I;), which then unfolds to denatured
monomer (2U), N =, =2U. Thus, fitting of the data to a three-
state folding model with a dimeric intermediate was carried out

Fraction folded

to obtain the conformational free energies (AGH:9) and the co-
operativity indices, or m-values (Table 2). The data show that the
initial unfolding step (N =1, ) has a AG2° of <3 kcal mol . Thus,
the majority of E2 TAD stability resides in its dimerization (I, = 2U),
which requires an additional ~17 kcal mol~! to unfold.

By using AG™20 and m-values, we calculated equilibrium dis-
tribution of the species for all the protein concentrations. As shown
in Fig. 4A, between O and 3.5 M urea, there is decrease in the
population of native dimer with concomitant increase in the pop-
ulation of the dimeric intermediate. The mid-point of the transition
is 1.8 M urea that is consistent with the experimental results shown
in Fig. 3A. The relative concentration of the dimeric species is
dependent on the protein concentration and reaches a maximum at
~3.1 M urea. The second transition, I, to U, has midpoint values of
4.3,4.7 and 4.9 M for the concentration of the proteins indicated in
the figure legend. By observing this second-order transition, both as
a function of denaturant and protein concentration, we calculated
an apparent Kp (KiPP) for the dissociation using equation,
AGH20 — _RTIn K3PP. The calculated K3PP at 4.5 M urea was found
to be ~1.8 uM which is in close agreement with the dissociation
constant Kp, 8.1 + 4.2 x 1078 M reported for HPV16 E2 TAD dimer
[9]. Similar pattern for distribution of three species (native, inter-
mediate, and unfolded) is observed for dimeric R41A and W42A
single mutants as shown in Fig. 4B and C.

B

7 8
[Urea] M

Fig. 2. Equilibrium unfolding of E2 TAD variants. Unfolding measured by fluorescence emission with excitation at 280 ( A ), or 295 nm (4 ), CD at 228 nm (@) and refolding
measured by fluorescence emission with excitation at 280 nm (M ). For fluorescence and CD measurements, the protein concentrations were 2.5 uM and 5 uM respectively. For
clarity, error bars and refolding data are not shown for all the three data sets. The solid lines represent fit using a three-state (A—C) or two-state folding model (D).
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Fig. 3. Protein concentration dependence of unfolding. Equilibrium unfolding monitored by fluorescence emission with excitation at 280 and 295 nm for TAD wild-type (A), R41A
(B), W42A (C), and R41A/W42A (D) proteins. The protein concentrations are 1.5, 2.5, and 3.5 uM, each represented by symbols ll, @, @ respectively. The solid lines represent global
fits of the data using Igor Pro. For clarity, error bars are not shown for all the data sets.
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Table 2
Thermodynamic parameters for E2 TAD wild-type and single mutants.
E2 TAD my (Na=k) (kcal mol ' M~1) my (I, =2U) (kcal mol ' M) AGH9 (Ny =1y) (keal mol ™) AGH0 (I, =2U) (kcal mol 1)
WT 0.98 +0.1 1.97 + 0.06 1.98 + 0.1 169 + 0.1
R41A 1.81 +£0.1 239+ 0.1 2.62 + 0.6 182 £ 0.7
W42A 132 +£0.1 2.18 £ 0.2 21102 17.3 £ 0.9

Each entry corresponds to the mean + S.E. (standard error) of three independent experiments at three different concentrations of the protein: 1.5, 2.5, and 3.5 pM.

We also performed equilibrium denaturation experiments with
several protein concentrations of R41A/W42A double mutant.
Interestingly, a single sharp transition with no protein concentra-
tion dependence is observed between native and denatured states
demonstrating that the protein exists as a monomer (Fig. 3D). The
total free energy was therefore calculated by fitting the data to a
two-state equilibrium model for monomeric proteins. The Uy and
m-value of the transition are 25 + 01 M urea and
1.4 + 0.08 kcal mol~! M, respectively. The AGH20 (N=U) of this
monomeric variant is thus barely 3.3 + 0.3 kcal mol~! (AGH20 = m
[U1/2])- This stability is similar to the initial unfolding of the dimeric
E2 TAD (Table 2). The fraction of species at different urea concen-
trations is shown in Fig. 4D. Overall, these results suggest that the
stability of the dimer contributes significantly to the conforma-
tional free energy of E2 TAD protein.

4. Discussion

The results presented here highlight four key properties of
HPV18 E2 TAD. Firstly, it is a weak dimer (Kp ~1.8 uM) that readily
isomerizes with a lesser cooperativity compared to the second

A

1

0.8

0.6

0.4

0.2

transition, to a partially unfolded dimeric intermediate. Second,
presence of a dimeric intermediate suggests dimerization is a
folding event. Third, dimerization contributes significantly towards
stability of the protein (>89%). Lastly, monomeric TAD variant is
substantially destabilized compared to the dimeric protein and
unfolds via a two-state pathway without any significantly popu-
lated intermediate at the given concentrations.

The biphasic nature of HPV18 E2 TAD denaturation curve and
protein concentration-dependent second transition is consistent
with the existence of a dimeric intermediate. The overall free en-
ergy change involved in the transition from native dimer to the
intermediate corresponds to only ~10% of the total stabilization
energy (Table 2). However, the second part of the transition is
characterized by 8—9 times larger values of AG'z'lzo. Moreover, based
on the m-values (m; << my), the first transition (N, =1, ) shows lack
of co-operative unfolding highlighting that the structure is partic-
ularly flexible and can easily adopt partially unfolded conforma-
tions. Several regions of E2 TAD modular structure, in particular,
unstructured key joints and exposed loops at the surface might
provide such flexibility [9,15,25]. Preferential interactions of the
denaturant with these external regions can be the principal reason
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Fig. 4. Fraction of species in the unfolding process. The fraction of native, intermediate and unfolded protein calculated as a function of urea concentration for wild-type (A), R41A
(B), W42A (C), and R41A/W42A (D). The protein concentrations are 1.5, 2.5 and 3.5 uM, and N, and N refers to the native protein, I, is the dimeric intermediate and U refers to the

unfolded species.
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for local unfolding of the E2 TAD structure far from the dimeric
interface.

Denaturant m-values can be related to the global changes in
accessible surface area (AASA) of the protein exposed to solvent
during unfolding [26]. Scholtz and co-workers [27] have described
empirical relationships that correlate AASA with experimental m-
values, given as, y = 368 + 0.11(AASA). Using this equation and the
m-values for E2 TAD wild-type (Table 2), the calculated AASAs for
the first and second transitions are 5500 A% and 14,500 A?,
respectively. This is in agreement with our finding that subunit
dissociation and conversion of the intermediate to unfolded E2 TAD
monomers occur in second transition, where maximum surface
exposure would be expected.

Our data show that HPV18 E2 TAD is reasonably stable with a
total free energy change of 18.8 kcal mol~! that is comparable
with other dimeric proteins of similar size [28]. Studies on the
stability of dimeric and monomeric proteins highlight that the
former are, on an average, 4—15 kcal mol~! more stable than the
later [24]. Increased stability in case of dimers seems to occur due
to burial of additional surfaces upon subunit association [29].
Consistent to this, the monomeric E2 TAD shows a dramatic
decrease in the conformational stability. These results demon-
strate that the interfacial residues are critically involved in
structural stability. Furthermore, both the residues R41 and W42
seem to be crucial for homodimerization, unlike HPV16 E2, where
R37A mutation alone resulted in dimer destabilization. Based
upon HPV16 E2 TAD dimer structure (PDB ID: 1DTO) and our
model for HPV18 E2 TAD, we understand that the possible dif-
ference could be due to the type of interactions at the interface
(Tables S1 and S2). In HPV16 E2, R37 makes extensive hydrogen
bonding and ionic interactions with E80 to stabilize the sym-
metrical dimer interface. However, in HPV18 E2, E80 is replaced
with Q84 which although makes hydrogen contact with R41, does
not participate in forming a stabilizing salt-bridge. The additional
hydrogen bonds between side chains of W42 and Q88 might be
required to provide stability to the dimer interface. Thus, although
E2 TAD shares homologous native conformation, the residues and
interactions at dimer interface might not be conserved. In support
of this observation, recently, studies on BPV1 E2 TAD demon-
strated that the dimerization is mediated through redox in-
teractions involving different residues [12,30]. Therefore, while
the native structures of E2 are highly conserved, the folding
pathways and the intermediates may differ.

In HPV E2 proteins, the extended (~80 amino acids) linker
between DBD and TAD provides flexibility to both the domains so
as to enable them to function independently [31]. Based on our
results, we hypothesize that at lower concentrations, the
monomeric TAD species will be populated, which would
dimerize only beyond a threshold micromolar concentration.
Although E2 is present in a dimeric form even at lower concen-
trations (mediated by DBD), the more dynamic N-terminal TAD
might exist in a monomer—dimer equilibrium. Post viral repli-
cation, when the concentration of this protein considerably in-
creases within the host cell, TAD dimerizes through its critical
residues which might be a prerequisite for transactivating E6 and
E7 oncogenes, and hence viral propagation [32]. Therefore,
identifying this regulatory switch might be important towards
devising specific targets for regulating TAD dimerization and
pathogenesis.
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