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Abstract

Protein aggregation is a main barrier hindering structural and functional studies of a number of interesting biological targets. The E6
oncoprotein of Human Papillomavirus strain 16 (E6;) is difficult to express under a native soluble form in bacteria. Produced as an
unfused sequence, it forms inclusion bodies. Fused to the C-terminus of MBP, it is mainly produced in the form of soluble high molecular
weight aggregates. Here, we produced as MBP-fusions seven E6 proteins from other HPV strains (5, 11, 18, 33, 45, 52, and 58) belonging
to four different species, and we compared their aggregation state to that of MBP-E6,¢. Using a fast mutagenesis method, we changed
most non-conserved cysteines to the isosteric residue serine to minimize disulfide bridge-mediated aggregation during purification. Static
and dynamic light scattering measurements, ultracentrifugation and electron microscopy demonstrated the presence in all MBP-E6 prep-
arations of soluble high-molecular weight aggregates with a well-defined spherical shape. These aggregated particles are relatively mono-
disperse but their amount and their size vary depending on the conditions of expression and the strain considered. For all strains,
minimal aggregate formation occurs when the expression is performed at 15°C. Such observations suggest that the assembly of
MBP-E6 aggregates takes place in vivo during protein biosynthesis, rather than occurring during purification. Finally, we show that
all MBP-E6 preparations contain two zinc ions per protein monomer, suggesting that E6 domains within the high molecular weight
aggregates possess a native-like fold, which enables correct coordination to the metal center.
© 2006 Published by Elsevier Inc.
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Human papillomaviruses (HPV)' are small DNA  mouth and genitalia) as well as distinct levels of pathoge-
viruses that infect epithelial tissues. 26 HPV species have nicity. Infections by ‘“low-risk” HPVs generate benign
been identified, comprising nearly 100 strains [1]. HPVs proliferative lesions whereas infections by ‘“high-risk™
display distinct tropisms for different body sites (skin, HPVs can progress into cancer. Cervical carcinomas

are one of the main causes of cancer-related death for
_ women and are caused by infection of high-risk genital
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binding protein; SLS, static light scattering; DLS, dynamic light by HPV 18 covering 14% of the cancers [3]. Other onco-
scattering; TEV, tobacco etch virus. genic genital types include HPV 45, 31, 33, 52, and 58.
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The high-risk cutaneous HPV types 5 and 8 have been
instead associated to the occurence of squamous cutane-
ous carcinoma (SCC) on sun-exposed areas of the skin
of patients suffering from the rare genetic disease epider-
modysplasia verruciformis (EV) [4].

HPV tumorogenesis is supported by the activities of
two oncoproteins, E6 and E7. E6 proteins from high-risk
genital HPVs form a trimeric complex with the tumor
suppressor p53 [5] and the ubiquitin ligase E6-associated
protein (E6AP) [6], which leads to ubiquitin-mediated
degradation of p53. High-risk genital HPV E6 also target
many other cellular proteins to degradation (reviewed in
[7]), including the MAGI family of proteins [8,9], which
recognise E6 via their multiple PDZ domains. In con-
trast, little is known about the targets of the high-risk
cutanecous HPV E6 proteins, which might carry out their
functions via alternative mechanisms. For instance, E6
from HPV 5 and 8 do not target p53 to degradation,
but they promote the degradation of the Bak pro-apop-
totic protein which is normally induced after UV irradi-
ation of the skin [10].

HPV E6 are cysteine-rich small proteins of about 150
amino acids, which consist of two zinc-binding domains,
E6-N and E6-C [11,12]. We recently solved the solution
structure of the E6-C domain and proposed a model
for the structure of the full-length protein [13]. Yet the
high-resolution structure of the entire E6 protein remains
to be solved. This is still hindered by difficulties in the
recombinant production of full-length E6 under a native
and soluble form. Attempts to produce the native full-
length protein in Escherichia coli have mainly focussed
on E6 from HPV 16 (E614) [11,14-16]. Most of these
studies report on the aggregative tendencies of E6. We
found that MBP-E6,¢ fusions self-assemble during bacte-
rial expression into high molecular weight particles (“‘sol-
uble inclusion bodies”) [15,17]. The resulting particles are
prevented from precipitation by the highly soluble MBP.
When the E6 protein is separated from the MBP moiety
via linker proteolysis, it immediately precipitates. We also
found that the aggregates, most probably formed in the
cells upon overexpression, further increased during puri-
fication due to disulfide bridging promoted by the
numerous cysteine residues found in E6;4 sequence. This
second cause of aggregation could be eliminated by
mutating six non-conserved cysteines of E6;¢ to the isos-
teric residue serine [15].

In the present work, we express as MBP fusions sev-
eral E6 proteins of other HPV types, including major
high-risk genital HPV 18, 33, 45, 52, 58, low-risk genital
HPV 11 and high-risk cutaneous HPV 5. A fast muta-
genesis approach is used to mutate non-conserved cyste-
ines to serines. The influence of E6 sequence and
expression temperature on the formation of soluble
MBP-fused aggregates are investigated. Finally, p53 deg-
radation and zinc binding by the MBP-E6 proteins are
also characterised.

Materials and methods
A strategy for rapid multiple mutagenesis of E6 proteins

To rapidly mutate several E6 proteins at multiple
positions, we applied an efficient PCR-based strategy,
which was first proposed by Tomic et al. [18]. This strat-
egy consists of performing PCR amplifications with
primers containing the desired mutations, together with
a site for a class II restriction enzyme placed at their
5’-ends (Fig. 1). Class II restriction enzymes recognize
non-palindromic sequences and cleave the DNA on a
single site situated at a short distance from their recogni-
tion sequence in the 3’-direction. We used here the
enzyme Bsal which cleaves at N+ 1 at the 3’-end and
N+ 5 at the 5'-end following the last base of its recog-
nition site. We also routinely use two other enzymes,
BsmBI and Bbsl, which respectively cleave at N+ 1
(3’-end) and N+ 5 (5’-end), and at N+ 2 (3’-end) and
N+ 6 (5-end), following the last base pair of their rec-
ognition sites. A PCR fragment generated using primers
containing at their 5’ end a restriction site for any of
these enzymes will present after cutting two sticky ends
with four-base 5’ overhangs. Since these enzymes do
not cut on their own restriction sites, these sticky ends
can adopt any sequence, which can be chosen upon
primer design. The restriction sites, situated at the
extreme ends of the PCR fragments, are eliminated dur-
ing purification of the cut PCR fragments. It is therefore
possible to engineer, on two distinct PCR fragments,
sticky ends which are self-compatible and will either per-
fectly retain the original sequence or introduce any
planned mutation. Alternatively, the primers can also
be designed so that the generated sticky ends will be
compatible with the sites of classical restriction enzymes
such as EcoRI, HindIll, BamHI, Ncol or Acc65I.

We generally apply the following rules:

(1) The engineered four-base cohesive site should ideally
contain three (G,C) to facilitate ligation.

(2) The engineered cohesive site should not be self-
complementary.

(3) The sequence of these four bases should be distinct
for each end of all fragments which are going to be
cloned together in the vector to avoid polymerisation
or improper arrangement of the fragments. By taking
this precaution we have successfully ligated together
up to six mutated fragments of the cDNA of
HPV16 E6 into the open expression vector.

(4) After design of the oligomers one should always
check that a new site for the classll enzyme has not
been introduced.

(5) The PCR amplification reactions should use a stan-
dard (therefore cheap) Taq polymerase with a large
amount of template (200 ng of plasmid per 50 pl reac-
tion) and a small number of amplification cycles (12
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Fig. 1. PCR-based multiple-point mutagenesis strategy using class II restriction enzymes. Here, we show as an example the procedure we have followed
for mutating into serines C17, C66, C112, and C144 of HPV 11 E6. Step (I): three PCR amplifications are performed using appropriate primers (see Fig. 2
for sequence details) bearing the planned mutations (indicated by asterisks) and Bsal restriction sites at their 5’ extremities. The “-dir” primers are
designed to match the coding strand whereas the “-rev’” primers are designed to match the reverse (complementary) strand. Step (II): after digestion by
Bsal, the fragments present the following characteristics: a Ncol-cohesive site and the (engineered) cohesive site 1 (fragment A); the cohesive site 1 and the
cohesive site 2 (fragment B); the cohesive site 2 and a Acc65I-cohesive site (fragment C). Step (I11): the three fragments are ligated together into the open
Ncol-Acc651 vector, reconstituting HPV 11 E6 cDNA bearing the four planned mutations.

cycles). Such conditions generate reproducibly large
amounts of product with very little chance of PCR-
induced mutations.

(6) After ligation, the selection of clones should be made
based on their capability to overexpress a protein at
the expected size. It is normally sufficient to check
three—four clones. However, more clones may have
to be screened if the multiple ligation step involves
many fragments. Once this initial screening is per-
formed, one or two clones expressing the protein at
the right size can be sent for DNA sequencing. So
far we did not have the case that a protein expressed
at the right size would not present the exact expected
sequence (we have already used this strategy for gen-
erating more than 100 point mutations in different
proteins).

To illustrate the details of primer design, we describe in
Fig. 2 the sequences of the primers which have been used
for mutating four non-conserved cysteines (C17, C66,
Cl112, and C144) of HPV 11 E6.

PCR, fragment processing and ligation into the expression
vector

cDNA templates coding for HPV sequences were
kindly provided by Prof. G. Orth (Institute Pasteur,
Paris). The PCRs were performed in 50 pl reaction mixes
using RedTaq DNA Polymerase (Sigma-Aldrich) (stan-
dard enzyme and buffer conditions) with concentrations
of 50 uM of each nucleotide, 2 uM of each primer and
200 ng of plasmid bearing the template cDNA. The
PCR program comprised a starting 2 min. denaturation
cycle at 95 °C followed by 12 cycles with the following
steps: denaturation 94 °C for 20s, annealing 60 °C for
30 s, elongation 72 °C for 50 s, followed by a single final
8-min step at 72 °C to complete elongation. The PCR
products were separated on 2% agarose gel, purified
and subsequently digested by Bsal (New England Bio-
labs, Ipswich, MA). Digests were separated on 2% aga-
rose gel and purified. Series of digests allowing to
reconstitute the entire cDNA of each mutant E6 were
ligated together into the expression vector PET-M 41
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Fig. 2. Sequence details of the primers used for multiple Cys/Ser mutagenesis of HPV11 E6. (A) The position of the six primers in the context of the
aminoacid sequence of HPV 11 E6. For clarity the matching DNA sequences of the primers (boxed regions) are represented by the sequence of the amino-
acids that they code for. The Cys/Ser point mutations introduced by the primers are indicated. The non-boxed extensions of the primers represent the
nature and the order of the restriction sites (Bsal, Ncol, and Acc651) that they present at their 5'-ends. The “buffer” regions stand for a six-base extension
at the 5’ extremity which is required for optimal binding of Bsal to its recognition site. (B) The DNA sequences of the six primers. Note that the “-rev”’
(reverse) primers are written in 3’5’ orientation to respect the N-terminal to C-terminal orientation of the protein sequences. The codons corresponding to
the mutated residues are underlined. The sequences of the cohesive four-base 5’-overhangs generated upon Bsal digestion are shaded. Note the perfect
complementarities of cohesive sites 1 of A-rev and B-dir and of cohesive sites 2 of B-rev and C-dir. Also note that the design implies that all the region

situated at the 5’-side of the shaded sequence will be lost after cutting of the PCR fragment.

(kindly provided by Gunter Stier, EMBL, Heidelberg).
This PET-derived vector allows to express the protein
of interest as a fusion to the C-terminus of his-tagged
maltose binding protein (MBP) with a linker sensitive
to TEV protease. Ligations were transfected in DH5a
bacteria. Four clones per construct were amplified, sub-
jected to DNA minipreparation, transfected into BL21
DE3 and subjected to an expression test to verify the
presence and correct size of the expected fusion protein.
For each construct, one clone expressing the protein at
the expected size was sent for DNA sequencing.

Expression and purification of E6 proteins

MBP-E6 samples were over-expressed using different
conditions of temperature and duration of induction. E.
coli BL21 DE3 cultures were induced, respectively, at
37°C for 3h, at 27°C for 5h, at 15°C for 17h, and
at 8 °C for 2 days. MBP-E6 samples used in light scatter-
ing experiments were purified from small-scale bacterial
cultures of 50 ml. For all other experiments, MBP-E6
samples were produced from cultures of 500 ml. Buffer
A (50mM Tris, pH 6.8, 400 mM NaCl, and 2mM
DTT) was used throughout the purification. Proteins
were purified using amylose affinity chromatography
according to already described protocols [19].

Static light scattering and fluorescence measurements

These experiments were performed using a SPEX Fluo-
rolog-2 spectrofluorometer (SPEX Industies, Inc. Edison,
NJ) whose characteristics have been previously described
[17]. Protein samples were maintained at 20 °C in a thermo-
stated cuvette holder during the measurements.

In our previous studies, we have described an ‘“‘aggrega-
tion ratio” parameter (Ragg), which allows to estimate the
degree of aggregation of MBP-fused protein samples. This
parameter is expressed as the ratio of the intensities of scat-
tered light at 280 nm (/>g9) and tryptophan fluorescence at
340 nm (1349). Here, we have modified the assay described
in [15,17] and measured tryptophan fluorescence in dena-
turing conditions (7 M urea). This enables standardization
of the fluorescence signal in a manner that it is not any
more influenced by aggregation and/or folding. In addi-
tion, we have normalized the fluorescence values of the dif-
ferent E6 proteins according to the number of tryptophan
residues. For static light scattering (SLS), protein samples
were instead diluted in buffer A to concentrations equiva-
lent to those employed in the fluorescence scans. Measure-
ments were performed by setting both excitation and
emission monochromators to 350 nm and allowing time-
based recordings to proceed for 100 s. Buffer contributions
were measured and subtracted from scattering values. In
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summary, the Ragg parameters presented in this work are
equal to the ratios of the intensities of scattered light at
350 nm and tryptophan fluorescence in denaturing condi-
tions (i.e. I350/I54).

Preliminary experiments have shown that Ragg ratios
are concentration-independent between 0.2 and 2.0 uM.
(data not shown). For this reason, all SLS measurements
in this work were conducted at protein concentrations
ranging between 0.3 and 1.5 uM.

Dynamic light scattering

Dynamic light scattering (DLS) was performed using a
DynaPro™ instrument (Protein Solutions™, Wyatt Tech-
nology Corporation). Protein preparations were adjusted
to 5 uM in buffer A. Sample temperature was maintained
at 20 °C. During the measurements, the total scattering sig-
nal was maintained between 200 and 900 dpi by adjusting
the instrument sensitivity to 10-20%. Scattering data were
analyzed using the Dynamics software (Protein Solu-
tions" ). The hydrodynamic radii reported in this work were
obtained using the regularisation algorithm in Dynamics,
which performs a multiple exponential fit of the raw data
and provides a size distribution analysis for samples con-
taining two or more populations. Interpretation using sin-
gle and double exponential mono- and bimodal models in
Dynamics were performed to further corroborate the find-
ings of the regularisation algorithm.

Ultracentrifugation

The sedimentation velocity v of a spherical particle of
radius r is proportional to the sedimentation constant s,
the distance x from the center of rotation and the angular
frequency w:

v = sw’x
s :M(l —72[))
Nof

where f'is described by the Stokes law [20] and is linearly
dependent with r; M is the molecular weight; 1 — 7»p is
the resulting buoyancy term; N, is the Avogadro’s number.

According to this relation, monomeric MBP-E6
(MW = 60 kDa) subject to a force of 110,000g has a sedi-
menentation velocity v of approximately 0.16 cm/h when
situated in the middle of the centrifuge tube (i.e. at a dis-
tance x = 8 cm from the centre of rotation). On the other
hand, a particle consisting of 10 MBP-E6 units
(Mw =600 kDa) in the same conditions will travel at
approximately 0.5 cm/h. However, the sedimentation
velocity is counterbalanced by the diffusion, which in the
case of a monomeric MBP-E6 particle at 4 °C in water is
around 0.1 cm/h.

Therefore, to separate the fraction of non-aggregated
MBP-E6 from soluble aggregates, we choose to subject
MBP-E6 preparations to a 14-h ultracentrifugation at

110,000g (i.e. 36,000 rpm) at 4 °C in a swing rotor SW-41
(Beckman Coulter, Fullerton, CA).

Electron microscopy

MBP-E6 preparations were expressed at 15 °C and affin-
ity-purified. Samples were diluted to a final concentration
of 30 ng/ul in buffer A. Five microliters were deposited
on an air glow-discharged carbon-coated grid. After
2 min adsorption samples were negatively stained with a
2% (w/v) uranyl acetate solution. Images were acquired
on a Philips CM120 transmission electron microscope
equipped with a LaB6 filament and operating at 100 kV.
Areas covered with individual molecules were recorded
under low dose condition, at a magnification of 45,000x
on a Pelletier-cooled CCD camera (Model 794, Gatan,
Pleasanton, CA).

Determination of Zn’* content (TSQ assay)

Zn*" concentrations in E6 samples were determined
monitoring changes in fluorescence of the zinc selective
fluorophore TSQ ((N-6-methoxy-8-quinolyl)-p-toluenesul-
fonamide) (Molecular Probes, Eugene, OR). The protocols
employed followed published procedures [16], with minor
modifications. In brief, the protein bound zinc ions were
ejected by incubating 2.5-5.0 uM of MBP-E6 with 0.6%
of H,O, in buffer T (10 mM sodium phosphate buffer,
pH 7.0, and 10% glycerol) for 2 h at room temperature.
Hence, oxidized MBP-E6 samples were diluted 4-fold in
TSQ buffer and 100 pl aliquots mixed with equal volumes
of buffer TS (10 mM sodium phosphate buffer, pH 7.0,
10% glycerol, and 200 uM TSQ). Immediately after, the
fluorescence at 477 nm (excitation wavelength 346 nm)
was measured. The background fluorescence of the unli-
ganded TSQ dye was measured and subtracted from the
values obtained for the MBP-E6 samples. The zinc concen-
trations were calculated relative to ZnSO, standards cover-
ing the concentration range between 0.2-4.0 uM. Protein
concentrations were determined by denaturing protein
samples in 7M wurea and measuring absorbance at
280 nm. The eight tryptophan residues of MBP contribute
to most of the absorption signal. However, depending on
the HPV strain considered, E6 proteins contain zero to
two tryptophans. Extinction coefficients were calculated
by adding the contributions of tyrosine and tryptophan
residues present in the sequence of the different MBP-E6
constructs.

P53 degradation assays

p53 proteins were synthesized in vitro using the TNT T7/
SP6 reticulocyte lysate transcription/translation system
(Promega) as previously described [21]. p53 degradation
was carried out by incubating 4 pl of p53 translation prod-
uct with 0.4 uM MBP-E6 proteins in 25 mM Tris—HCI, pH
7.5, 100 mM NaCl, and 2 mM DTT at 29 °C for 3 h (total
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reaction volume 5 ul). Control reactions were made by
replacing the MBP-E6 proteins with equivalent volumes
of buffer A. Reactions were stopped by adding 5 pl of 2x
SDS-loading buffer and analyzed by SDS-PAGE (12%
acrylamide). Gels were dried on Whatman 3M paper and
analyzed by autoradiography.

Results

Subcloning and fast cysteinelserine mutagenesis of a panel of
HPYV E6 proteins for expression as M BP-fusions

We cloned a panel of E6 proteins from various HPV
strains (5, 11, 16, 18, 33, 45, 52, and 58) for bacterial
expression as fusions to the C-terminus of MBP. All
HPV E6 proteins contain eight strictly conserved cysteines
that are required for zinc-binding. In addition, an unusually
high proportion of cysteines, which are not conserved, are
interspaced at various positions in the sequences of E6 pro-
teins. To minimize the risk of protein aggregation deriving
from disulfide cross-bridging we mutated to serines most of
non-conserved cysteines in the E6 proteins investigated in
this work. Given the high number of cysteine/serine muta-
tions required for each protein we used a strategy which
merges the steps of sub-cloning and of mutagenesis [18].
This strategy consists of generating PCR fragments con-
taining the required mutations, which carry at their ends
restriction sites for class Il enzymes. These sites are posi-
tioned so that the digested PCR products present cohesive
ends that enable their multiple ligation into the expression
vector, therefore leading to a perfectly reconstituted cDNA
containing all the planned mutations. The principle of this
approach is illustrated in Figs. 1 and 2 and the details are
fully described in Materials and methods. The aligned

Ll H1

OO

sl

—>
100

L2

sequences of the E6 proteins sub-cloned and the sites of
cysteine/serine mutagenesis are reported in Fig. 3.
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HPV58nt ........... MFQDAEEKPRTLH. . DLCQALETSVHEIELKCVECKKTLQRSEVYDFVFADLRIVYRDGNPFAVCKVCLRLLSKISEYRHY
HPV18Rnt......... MARFEDPTRRPYKLP. .DLCTELNTSLQDIEITCVYCKTVLELTEVFEFAFKDLFVVYRDSIPHAACHKCIDFYSRIRELRHY
HPV45nt ......... MARFDDPKQRPYKLP. . DLCTELNTSLQDVSIACVYCKATLERTEVYQFAFKDLFIVYRDCIAYAACHKCIDFYSRIRELRYY
HPVOSct.....ciiiiiinnnnnnn. EQTVLGRDIELASGLSIFDIDIRCQTCLAFLDIIEKLDCCGRGLPFHKVRNAWKGICRQCKHFYHDW

HPV1lct ....cieinnnnnnnnnns NYAAYAPTVEEETNEDILKVLIRCYLCHKPLCEIEKLKHILGKARFIKLNNQWKGRCLHCWTTCMEDLLP
HPVI6RCE ........cieeeinnn. CYSLYGTTLEQQYNKPLCDLLIRCINCQKPLCPEEKQRHLDKKQRFHNIRGRWTGRCMSCCRSSRT. ... . RRETQL
HPV33ct ......ciiieieinnn. NYSVYGNTLEQTVKKPLNEILIRCIICQRPLCPQEKKRHVDLNKRFHNISGRWAGRCAACWR..SR..... RRETAL
HPV52ct ......ciiieinnnnn. QYSLYGKTLEERVKKPLSEITIRCIICQTPLCPEEKERHVNANKRFHNIMGRWTGRCSECWR..P...... RPVTQV
HPV58ct ........cicieinnn. NYSLYGDTLEQTLKKCLNEILIRCIICQRPLCPQEKKRHVDLNKRFHNISGRWTGRCAVCWR..PR..... RRQTQV
HPVI8BRCE ......cociveeennn. SDSVYGDTLEKLTNTGLYNLLIRCLRCOKPLNPAEKLRHLNEKRRFHNIAGHYRGQCHSCCNRARQERLQRRRETQV
HPV45ct ......ciiieeennnn. SNSVYGETLEKITNTELYNLLIRCLRCQKPLNPAEKRRHLKDKRRFHSIAGQYRGQCNTCCDQARQERLRRRRETQV

Fig. 3. Sequence alignment of E6 proteins investigated in this work. HPV strain type is reported on the left hand side; nt and ct indicate respectively the N-
terminal and C-terminal Zn>" binding domains (E6-N and E6-C). The histogram indicates the percentage of side chain exposure to the solvent of the
corresponding amino acid positions and it is derived from the structure of the E6-C domain [13]. Secondary structure elements of the E6-C domain are
indicated. C stands for conserved cysteines involved in Zn>" coordination; C indicates non-conserved cysteines which have been replaced by serines in the

constructs used in the present work.
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Fig. 4. Influence of induction temperature on the formation of soluble aggregates of MBP-E6 as measured by static (A) and dynamic (B) light scattering
(SLS and DLS). Expression temperatures are indicated. To show the reproducibility of the data, experiments are performed in duplicate, using two distinct
protein preparations. (A) Ragg parameters as derived from SLS measurements. Ragg parameters are equal to I350/I3,, that is the intensity of the light
scattered by the sample at 350 nm divided by the tryptophan fluorescence at 340 nm measured in denaturing conditions. Fluorescence values are
normalized by the number of tryptophan residues of each MBP-E6 fusions. All measurements are performed at low protein concentrations, ranging
between 0.3 and 1.5 pM. (B) Hydrodynamic radii obtained from DLS. Error bars represent size polydispersity and are derived from the half-maximal

width of the Gaussian distribution of the radius measured. The expected radius for a monomeric 60 kDa MBP-E6 protein is 3.0 nm. Sample

concentrations were adjusted to 5 pM.

monomeric MBP displays a Ragg value of ~0.002 (data
not shown).

MBP-E6,4 preparations were also analyzed by dynamic
light scattering (DLS). DLS data were acquired on the
same samples and on the same day as the SLS measure-
ments. Sample concentration was adjusted to 5 uM.
Hydrodynamic radii were derived from the scattering data
assuming a spherical model as described in Materials and
methods. Hydrodynamic radii of the aggregated MBP-E6
samples vary from 28 to 10 nm corresponding to molecular
weights of respectively, 8000750 kDa, according to the
calibration curve provided by the program used for data
analysis (see Materials and methods). This, in turn, corre-
sponds to particles consisting of approximately 130 and
12 MBP-E6 monomer units. In agreement with previous
DLS data on MBP-E6,4 [17] the polydispersity values
reported in Fig. 4B are rather low (approximately 30% of
the hydrodynamic radius) indicating that multimeric
assemblies of MBP-E6,4 are fairly homogeneous in size.
The DLS data show the same general trend as the SLS
results, with the maximal and minimal average aggregate
sizes being observed for the samples expressed at 37 and
15 °C, respectively (Fig. 4B).

Light scattering analysis of the aggregation properties of
HPYV E6 proteins

We therefore proceeded to investigate the aggregation
properties of other E6 proteins, including those from
HPV strains 5, 11, 16, 18, 33, 45, 52, and 58. To study
the specific effects of induction temperature on the different
MBP-E6 proteins, we compared MBP-E6 preparations

obtained at 27 and 15°C. Samples were purified as
described in the previous paragraph and analyzed by SLS
immediately followed by DLS measurements.

Interestingly, lowering of induction temperature signif-
icantly reduces Ragg parameters (by approximately 2-
fold) only for some of the E6 proteins, including those
from HPV 5, 16, 52, and 58. In contrast, Ragg parame-
ters from other E6 proteins, such as 11, 18, 33, and 45,
do not vary considerably within this temperature range
(Fig. 5A). MBP-E6,4 preparations display the lowest
scattering values, with an average Ragg of 0.5. Interme-
diate Ragg values, between 1 and 1.25, are found for
E6,, and E6,3 and E633 preparations. The highest Ragg
values, between 1.5 and 2.0, are instead found for sam-
plCS of E65, E633, E645 and E652, and E658 (Flg SA)
Overall, over-expression at 15°C leads to Ragg values
ranging between 0.5 and 2.0 for all E6 proteins analyzed.
This indicates that all these preparations contain soluble
MBP-E6 aggregates.

Interestingly, changes in Ragg values of MBP-E6 prep-
arations analyzed by SLS (Fig. 4A) do not always correlate
with changes in particle size analyzed by DLS (Fig. 4B).
The marked decrease in particle size occurring for HPV
16 E6 upon reduction of induction temperature is only
observed for variants 11 and 45. These E6 variants do
not, on the other hand, display strong temperature-depen-
dent variations in their Ragg values such as those observed
for HPV16 E6. Overall, the hydrodynamic radii of soluble
aggregates in MBP-E6 preparations obtained at 15°C
vary between 9 and 17 nm (corresponding to molecular
weights of approximately 600 and 2500 kDa, respectively).
Similarly to HPV 16 E6, low polydispersity values are
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Fig. 5. Comparison of the aggregation properties of different E6 variant proteins. Ragg parameters (A) and hydrodynamic radii (B) are presented for the
different MBP-E6 samples. HPV strain types are indicated. Grey and white histograms indicate MBP-E6 preparations over-expressed, respectively, at 27
and 15 °C. Experiments are performed in duplicate, using two different protein preparations, to report on the reproducibility of the data. See also legend of

Fig. 4.

observed for the other HPV E6 proteins, particularly for
preparations expressed at 15 °C (between 15 and 30% of
the average radius, see Fig. 5B).

Ultracentrifugation quantifies the amounts of protein
involved in aggregated particles within E6 preparations

We used ultracentrifugation to pellet MBP-E6
soluble aggregates and analyzed the protein recovered in
the supernatant. We limited our analysis to samples
over-expressed at 15 °C. MBP-E6 preparations from the
different HPV variants were affinity purified by amylose
chromatography and their concentration adjusted to
12 pM. Samples were subject to a 14-h ultracentrifugation
at 4 °C and 110,000g in a swing rotor SW-41 (Beckman).
According to the calculations (see Materials and methods)
such centrifugation conditions, applied to a protein prep-
aration diluted in a buffer presenting approximately the

viscosity of water, are suitable for pelleting large molecu-
lar weight particles (above 600 kDa) whereas low molecu-
lar weight particles (150 kDa or below) should remain in
the supernatant. After ultracentrifugation, pellets contain-
ing MBP-E6 protein were visible and supernatants dis-
played negligible light scattering, confirming clearance
from MBP-E6 aggregates (data not shown). The percent-
ages of recovery of MBP-E6 in the supernatants are
reported in Fig. 6. The recovery varies for the different
E6 variants analyzed, with E6;¢ preparations displaying
the largest fraction of non-aggregated protein (36%).
For E6;;, E6;3, and E633 preparations the percentages
of recovery vary between 15 and 23%. For E6s5, Eb6ys,
Eb6s,, and E6sg preparations the recovery is instead below
10%. Altogether, these results are in agreement with the
Ragg parameters obtained from the SLS assay and con-
firm that variations in light scattering are associated with
different levels of aggregation.
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Fig. 6. Partial field of a micrograph showing negatively stained MBP-E6,¢4
soluble aggregates. Spherical isolated particles are indicated (arrows).
Bar = 50 nm.

MBP-E6 preparations do not contain major amounts of
GroEL chaperone

MBP-fusion proteins have often been reported to co-pu-
rify with GroEL [22,23]. This abundant bacterial chaper-
one consists of two heptameric rings of a single
polypeptide unit of approximately 55 kDa. We reasoned
that the large soluble particles observed in MBP-E6 prepa-
rations might be the result of GroEl sequestering misfolded
E6 moieties. The molecular weight of the GroEL polypep-
tide is close to that of MBP-E6 proteins (~60 kDa), thus
preventing unambiguous detection of GroEL by SDS-
PAGE. To investigate this possibility, we cleaved affinity-

et al. | Protein Expression and Purification xxx (2006) xxx—xxx 9

purified MBP-E6 preparations by TEV protease. In all
MBP-E6 samples analyzed protease digestion proceeded
mostly to completion, yielding two bands of respectively
~40 kDa (MBP) and ~20 kDa (E6) on a SDS gel. Residual
bands at 60 kDa detected in some of the preparations,
which may be associated with incomplete protease diges-
tion of MBP-E6 and/or possible GroEL contamination,
account for less than 5% of the total protein in the sample
(Fig. 7). Such findings rule out the possibility of a major
GroEL contamination in the MBP-E6 samples.

Soluble aggregates of MBP-E6 form defined spherical
assemblies as observed in electron microscopy

We proceeded with the investigation of the structure of
soluble MBP-E6 aggregates by direct electron microscopy
observation. Affinity purified MBP-E6;s preparations
expressed at 15°C were adjusted to a concentration of
30 ng/pl, deposited on a carbon-coated grid and negatively
stained using a uranyl acetate solution. Fig. 8 shows repre-
sentative images from these preparations, which reveal the
presence of remarkably homogenous particles with a well-
defined spherical structure and diameters of 18nm =+ 2 nm.
Likewise, spherical structures of similar size are observed in
preparations of MBP-E6;; expressed at 15°C (data not
shown).

MBP-E6 soluble aggregates do not contain disulfide cross-
bridges and possess native-like zinc content

We analyzed MBP-E6 preparations containing soluble
aggregates by SDS-PAGE in the presence and in the
absence of the reducing agent PB-mercaptoethanol. No

HPV strain ; 5 - 11 5 16 .- 18 |
T S T S T S T S
—_— — W — 9 - g —
1 2 3 4 5 6 . 8
HPV strain 33 45 52 58
[ 1 [ [ 1
T S T S T S T S
9 10 11 12 13 14 15 16
E65 E611 E616 E618 E633 E645 E652 E658
% recovery 7 18 36 15 23 6 9 10

Fig. 7. Recovery of non-aggregated MBP-E6 from different variant preparations after ultracentrifugation. HPV strain types are indicated. MBP-E6
proteins are expressed at 15 °C, affinity-purified and their concentration adjusted to 12 uM. Subsequently, protein samples are subjected to 14-h
ultracentrifugation at 110,000g. For all MBP-E6 proteins, equal sample volumes are taken before (T, total) and after ultracentrifugation (S, supernatant)
and loaded on a 12% SDS gel (lanes 1-16). The percentages of MBP-E6 recovery after ultracentrifugation are calculated from protein concentrations

measured by absorbance at 280 nm.
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Fig. 8. TEV cleavage of affinity-purified MBP-E6 preparations containing
soluble aggregates. Samples were taken before (T, total) and after protease
digestion (D, digested) and loaded on lanes 1-6 of a 12% SDS-PAGE gel.
HPYV strain types are indicated. The migration of the molecular weight
markers (in kDa) is reported on the left hand side.

bands could be detected at molecular weights higher than
that of a single MBP-E6 polypeptide chain (60 kDa) (data
not shown). This indicates that soluble aggregates arise
from processes other than chemical cross-linking. There-
fore the Cys/Ser mutagenesis approach resulted in the com-
plete suppression of cystein cross-bridging during
purification.

Evidence from work on other zinc binding proteins,
such as HPV 16 E7, has shown that loss of metal coordina-
tion can induce sample aggregation. We monitored the
Zn**/E6 stoichiometry on a selected set of MBP-E6 prep-
arations (which includes E6 variants 11, 16, and 18), using
the selective fluorophore TSQ. MPB-E6 proteins were
expressed at 15 °C, purified by amylose affinity chromatog-
raphy and subjected to overnight ultracentrifugation to
pellet soluble aggregates (see above). Samples were taken
both before (indicated as T) and after (indicated as S) ultra-
centrifugation and the Zn>" concentrations measured by
the TSQ assay. We found that both samples containing sol-
uble aggregates (which account for 65-85% of total pro-
tein, see Fig. 6) and cleared preparations display a Zn*"/
E6 stoichiometry close to 2:1 (Table 1). Such finding is
expected from the common architecture of HPV E6 pro-
teins, all consisting of two zinc-binding domains. The data
show that E6 self-assembly processes observed in this work
are not related to loss of zinc ions.

Table 1

Experimentally derived Zn>":protein stoichiometries for MBP-E6 samples
from variants 11, 16 and 18. T (total) and S (supernatant) indicate
respectively samples taken before and after ultracentrifugation

MBP-E6 samples

Zn*": protein stoichiometry

11T 1.95+0.05
118 1.93+0.10
16 T 1.79 £ 0.07
16 S 1.97+0.23
18T 1.81 £0.06
18 S 1.85+0.08

Zinc concentrations are measured by the TSQ assay and calculated relative
to ZnSO, standards (see Materials and methods). Protein concentrations
are determined by denaturing protein samples in 7 M urea and measuring
absorbance at 280 nm.

HPV strain

[ I
16 18 33 45 52 58 C

L =

1 2 3 4 5 6 7 8 9

« p53

Fig. 9. p53 degradation in the presence of 0.4 uM of MBP-E6 proteins,
which are previously affinity-purified and separated from soluble aggre-
gates by ultracentrifugation. HPV stain types of the MBP-E6 proteins are
indicated (lanes 1-8). Lane 9: control.

P53 degradation activities of MBP-E6 preparations cleared
from soluble aggregates

E6 proteins containing the Cys/Ser mutations were
tested for p53 degradation activity. MBP-E6 proteins from
HPYV strains 5, 11, 16, 18, 33, 45, 52, and 58 were expressed
at 15 °C, affinity-purified and cleared from soluble aggre-
gates by ultracentrifugation. MBP-E6 proteins were incu-
bated with *°S labelled p53 at a constant concentration of
0.4 uM for 3 h at 29 °C. Fig. 9 shows that all E6 variants
from “high-risk™ genital HPV strains degrade p53 (lanes
3-8), while the cutaneous E6s (lane 1) and the “low-risk”
genital E6; (lane 2) do not seem to affect p53 levels. These
data are fully consistent with the known activities of these
various E6 proteins relative to p53.

Discussion

When dealing with problematic proteins, MBP-induced
solubilisation is often accompanied by the presence of large
molecular weight aggregates [24-28]. Such multimeric
structures can be purified from bacterial lysates using amy-
lose-affinity chromatography. In our previous work we
showed that aggregation of MBP-E6,4 originated from at
least two distinct phenomena: formation of soluble large
molecular weight particles, most probably taking place
in vivo during protein expression, and intermolecular disul-
fide bridge cross-linking, occurring in vitro during extrac-
tion, purification and storage of the proteins [15]. The
unusually high number of cysteines found in E6 sequences
leads to intermolecular disulfide bridge formation even at
mild oxidative conditions. In the present work, we have
applied the same strategy that formerly allowed us to iso-
late stable monomeric E6;4 proteins [15], i.e., the mutagen-
esis of non-conserved cysteines into the isosteric residue
serine. The introduction of multiple Cys/Ser mutations in
each E6 construct seems to efficiently prevent disulfide
bridge formation. On the other hand it does not appear
to alter the protein’s sequence and/or structural features
required for wild-type activities, such as coordination to
Zn*" ions and p53 degradation. Here, we demonstrate that
E6 samples have a Zn>": protein stoichiometry of 2:1,
which is predicted from the common architecture of all
HPV E6 proteins. We also show that all high-risk genital
E6 Cys/Ser mutants analyzed have retained their capability
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to degrade p53 in vitro. In addition, in a previous work [19]
we have shown that some of these E6 mutants (including
those from HPV strains 16, 18, 33, and 58) interact with
an E6AP derived 18-peptide with affinities in the low
micromolar range.

Elimination of oxidative cross-linking during purifica-
tion has allowed us to proceed to the study of the proper-
ties of soluble MBP-E6 aggregates originating from in vivo
self-assembly pathways. To carry out this task we have
combined techniques, such as dynamic and static light scat-
tering and ultracentrifugation, which provide complemen-
tary information on the amounts and sizes of large
soluble aggregates in the preparations. DLS provides infor-
mation on the size and dispersity of the soluble aggregated
particles, while the SLS signal varies linearly with concen-
tration and with the cube of the particle’s radius. Ultracen-
trifugation, performed in the conditions indicated above,
provides instead a quantitative estimate of the amounts
of protein associated with a population of large molecular
weight aggregates. It is to be noticed that other methods,
less demanding in terms of instrumentation, have also been
proposed to monitor the presence of aggregated particles in
preparations of fusion proteins, such as sandwich ELISA
[17], native gel analysis [29] and sucrose gradients ultracen-
trifugation [30]. A recent review published in [31]includes a
comprehensive list of methods used to study protein
aggregates.

A striking feature of MBP-E6 soluble multimeric assem-
blies is their remarkable size homogeneity, revealed by the
low polydispersity of all preparations analyzed by DLS.
Based on results from immunochemical assays, we previ-
ously proposed a micellar model, in which the E6 moieties
are buried and hidden from the solvent, whereas MBP
units are exposed to the solvent [17]. In the current study,
the regular spherical shape observed by electron microsco-
py provides further support to the micellar model. When
protein over-expression is carried out at 15°C, MBP-E6
multimeric particles from the different HPV strains have
similar average hydrodynamic radii. When expression tem-
perature is raised to 27°C, larger particle radii are
observed for some, but not all, MBP-E6 proteins. This
direct effect of the expression temperature on particle size
further supports the view that the soluble MBP-E6 aggre-
gates result from in vivo self-assembly pathways.

We previously proposed that the E6 moieties are not
properly folded within the soluble MBP-E6 aggregated
particles [17]. This was supported by the fact that proteol-
ysis of the linker separating MBP and E6 generated rapid
formation of E6 precipitates which could only be solubi-
lised using strong denaturing agents. On the other hand,
we also observed a sharp cooperative transition upon
chemical denaturation of MBP-E6 soluble aggregates,
which may reflect the fact that E6 moieties within these
structures interact via a network of identical molecular
interfaces [17]. In the present work, we demonstrate that
preparations including a large excess of soluble aggregates
contain two zinc molecules for each MBP-E6 polypeptide

chain. These findings indicate that the two zinc-binding
domains of E6 moieties within soluble aggregates possess
a native-like fold, which enables correct coordination to
the metal center. These observations also suggest that the
E6 self-assembly processes described in this work do not
result from loss of zinc binding, a mechanism which has
been describe to promote aggregation of a number of zinc
binding proteins such as HPV E7 [32] and members of the
RING finger family [33].

In the present work, we show that eight E6 proteins of
four phylogenetically distinct HPV species form large
molecular weight aggregates with similar properties. Such
finding suggests that soluble aggregation is a general
behavior of MBP fused E6 proteins of most HPV species.
The solution structure of HPV16 E6 C-terminal domain
has shown that whereas the general fold of HPV E6 pro-
teins seems to be extremely conserved, their surface proper-
ties appear extremely variable [13]. Here, we observe that
the levels of soluble aggregates vary among the E6 proteins
analyzed, ranging between 64% of the total protein, in the
case of MBP-E6,¢, and 93-94%, for MBP-E65 and MBP-
E645. We therefore wondered whether surface properties
such as hydrophobicity explain the different aggregation
tendencies observed for these variants. It is generally
accepted that surface hydrophobicity increases the propen-
sity of a protein to aggregate by promoting local unfolding
events which destabilize the native three-dimensional struc-
ture [34,35]. We therefore examined the number of exposed
hydrophobic residues (including Val, Leu, Ile, Trp, Phe,
Met, and Tyr) on the surface of the pseudo-dimeric model
proposed in [13] for the different E6 proteins. As a result we
found no straightforward correlation between surface
properties and specific aggregation tendencies of each var-
iant. For instance, E6,¢, which displays the lowest tendency
to polymerize, has fewer exposed hydrophobic residues
(10% of the total number of residues) than E6s (17%).
On the other hand, E6¢ surface hydrophobicity is very
similar to that of E645 (with 11% of hydrophobic exposed
residues), which, similarly to E6s, has a high tendency to
form soluble aggregates. Hence, it appears that the phe-
nomenon leading to the formation of the large MBP-E6
aggregates may not be driven by the surface properties of
these proteins.

The work presented here provides evidence for structur-
al organization within MBP-E6 soluble aggregates. It will
be extremely interesting to further analyse the structural
features of the E6 moicties present in these aggregated par-
ticles. These studies may provide further understanding
into the processes of protein over-expression, folding and
aggregation during biosynthesis in the host cell.
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