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Abstract

E6 is a viral oncoprotein implicated in cervical cancers, produced by human papillomaviruses (HPVs).
E6 contains two putative zinc-binding domains of about 75 residues each. The difficulty in producing
recombinant E6 has long hindered the obtention of structural data. Recently, we described the expres-
sion and purification of E6-C 4C/4S, a stable, folded mutant of the C-terminal domain of HPV16 E6.
Here, we have produced 15N-labelled samples of E6-C 4C/4S for structural studies by NMR. We have
assigned most 1H and 15N resonances and identified the elements of secondary structure of the domain.
The domain displays an original a/b topology with roughly equal proportions of a-helix and b-sheet.
The PDZ-binding region of E6, located at the extreme C-terminus of the domain, is in a random confor-
mation. Mass spectrometry demonstrated the presence of one zinc ion per protein molecule. Kinetics of
replacement of zinc by cadmium followed by 1H,15N-HSQC experiments revealed specific frequency
changes for the zinc-binding cysteines and their immediate neighbours. NMR spectra were affected by
severe line-broadening effects which seriously hindered the assignment work. Investigation of these
effects by 15N relaxation experiments showed that they are due to heterogeneous dynamic behaviour
with ls–ms time scale motions occurring in localised regions of the monomeric domain.

Introduction

E6 is one of two oncoproteins produced by ‘high-
risk’ genital human papillomaviruses (HPVs)
responsible for cervical cancers (zur Hausen,
1991). E6 interacts with more than 20 cellular pro-
teins (Dell and Gaston, 2001; Du et al., 2002;
Filippova et al., 2002; Iftner et al., 2002; Kumar

et al., 2002), including tumour suppressor p53
(Werness et al., 1990), cellular ubiquitin ligase
E6-AP (Huibregtse et al., 1993), and a family of
proteins containing PDZ domains (Thomas et al.,
2002). The interaction of E6 with its target pro-
teins often leads to their cellular degradation. For
example, E6-mediated degradation of p53 occurs
via formation of a trimeric complex involving
E6, p53 and the cellular ubiquitin ligase E6-AP
(Scheffner et al., 1993). E6 is also a transcrip-
tion modulator. In particular, it activates the
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transcription of the gene encoding the retrotran-
scriptase activity of human telomerase (Gewin
and Galloway, 2001; Oh et al., 2001; Veldman
et al., 2001). Finally, E6 is a DNA-binding pro-
tein which specifically recognises four-way DNA
junctions (Ristriani et al., 2000).

Although the first DNA sequences encoding
E6 were described in 1985 (Schwarz et al., 1985),
no structural data are yet available for the wild-
type E6 protein. Two forms of HPV16 E6 are
produced in vivo, with lengths of 151 and 158 res-
idues, depending on which methionine is used as
a start codon (Androphy et al., 1987). Sequence
alignments of E6 proteins from numerous HPV
subtypes suggested the presence of two zinc-bind-
ing motifs (Cole and Danos, 1987) (Figure 1).
However, biochemical studies that have been
reported so far do not agree on the number of
zinc ions bound to the protein. A first study
reported that full-length E6 lacking nine C-termi-
nal residues binds two zinc ions whereas the
N-terminal domain of E6 binds only one zinc ion
(Lipari et al., 2001). However, it has since been
suggested that the biologically active form of
full-length E6 may contain only one zinc ion per
molecule (Degenkolbe et al., 2003).

Recently, we designed and produced a stable,
folded and monomeric form of the C-terminal
domain of HPV16 E6, referred to henceforth as
E6-C 4C/4S, in which four non-conserved cyste-
ines were mutated into serines (Nominé et al.,
2003). This domain encompasses residues 80–151
of the shorter transcript of full-length HPV16
E6. It interacts specifically with four-way DNA
junctions (Ristriani et al., 2001; Nominé et al.,
2003) and contains many residues important for
p53 degradation (Crook et al., 1991; Pim et al.,

1994; Nakagawa et al., 1995; Liu et al., 1999; Ri-
striani et al., 2002). Furthermore, E6-C 4C/4S
contains the C-terminal sequence responsible for
PDZ-domain recognition (Pim et al., 2002). Here,
we describe the production of 15N-labelled E6-C
4C/4S, the near complete assignment of 1H and
15N resonances and the subsequent identification
of the elements of secondary structure. We have
established the stoichiometry of zinc binding and
identified the four chelating residues. 15N relaxa-
tion rates have been measured to characterise the
heterogeneous nature of the backbone dynamics
of E6-C 4C/4S.

Material and methods

M9 medium

1 l of M9 15N minimal medium contained 7.7 g
Na2HPO4�2H2O, 3 g KH2PO4, 0.5 g NaCl, 0.5 g
15NH4Cl, 8.3 mg FeCl3�6H2O, 0.8 mg ZnCl2,
0.1 mg CuCl2, 0.1 mg CoCl2�6 H2O, 0.1 mg
H3BO3, 11.1 mg MnCl2�2H2O, 0.04% glucose,
120 mg MgSO4, 36.6 mg CaCl2, 1 mg biotin,
1 mg thiamine. Under these standard conditions,
the zinc concentration was 6 lM. This concentra-
tion was varied from 0 to 200 lM, depending on
the specific experiment.

Screening of conditions for optimal folding

The E6-C 4C/4S construct was subcloned within
the pETM-10 vector allowing expression with a
N-terminal HisTag. The DNA construct was elec-
troporated into BL21 DE3 E. coli cells. About
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Figure 1. Schematic representation of the HPV E6 sequence with putative zinc binding sites deduced from the conservation of cysteine
residues. The C-terminal domain encompasses residues 80–151 which are highlighted using a bold line.
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1/200th of electroporated bacteria were trans-
ferred into M9 15N minimal medium containing
15 lg/ml kanamycin and were incubated for
3 days at 25 �C and 250 rpm. The pre-culture was
diluted 40-fold in fresh medium and grown at
37 �C until OD (600 nm) reached 0.6–0.7. Cells
were harvested by centrifugation at 2300 · g and
25 �C during 10 min and transferred to fresh med-
ium containing five possible zinc concentrations
(0, 6, 25, 100 and 200 lM). IPTG (0.5 mM) was
added for induction and the cultures were grown
further at three possible temperatures (37 �C,
27 �C and 22 �C) for respectively 3, 6 or 18 h.
Samples of 1 ml of expression culture correspond-
ing to each combination of zinc concentration and
expression temperature were pelleted at 1800 · g
in a benchtop centrifuge at 4 �C, re-suspended in
500 ll of buffer A (Tris-HCl 50 mM, NaCl
150 mM, DTT 2 mM, pH 6.8 containing 2.5 lg/
ml DNase I, 2.5 lg/ml RNase I and eq. 1/100th
tablet of complete EDTA-free protease inhibitor
cocktail (Roche) in a 1.5 ml Eppendorf tube and
sonicated with the 3 mM probe of a Vibracell
72412 sonicator (Bioblock Scientific) performing 2
runs of 15 s with a pulse frequency of 1 s pulse for
1 s pause and an amplitude of 6%. Fifty ll of
these sonicated extracts were centrifuged at
16000 · g for 15 m. The supernatant was taken
up in 50 ll sample buffer and the pellet in 50 ll
sample buffer and 50 ll H2O. 20 ll samples of
pellet and supernatant were tested by Tris–Tricine
PAGE and the ratio of soluble to insoluble pro-
tein was determined with Quantity One� quantifi-
cation software (BIORAD) and validated by eye.

Production of 15N-labelled E6-C 4C/4S

BL21 DE3 E. coli cells freshly electroporated
with the MBP-E6-C 4C/4S expression construct
(Nominé et al., 2003) were transferred directly
into M9 15N minimal medium containing 15 lg/
ml kanamycin and 6 lM ZnSO4. The pre-culture
and culture protocols were identical to those
described for the screening. Cells from 2 l of
expression culture were harvested by centrifuga-
tion at 2300 · g and 4 �C during 20 min. To
minimise oxidation problems, all buffers were
degassed using a water vacuum pump and bub-
bled extensively with argon. The pellet was
re-suspended in 150 ml of buffer A containing
5% glycerol, 1 lg/ml DNase I, 1 lg/ml RNase I

and three tablets of complete EDTA-free prote-
ase inhibitor cocktail. Cells were broken by soni-
cation on ice, then centrifuged at 18000 · g at
6 �C for 30 min. The supernatant was filtered
(Millipore 0.22 lm) and loaded onto a 80 ml col-
umn of amylose resin (New England Biolabs)
pre-equilibrated with buffer A. The column was
washed stepwise with 1 volume, 3 volumes and
12 volumes of buffer A containing respectively
100%, 50%, and 12% of initial anti-protease
concentration. Remarkably, MBP-E6-C 4C/4S
eluted as a relatively pure form by leaking from
the column in the late washing steps. The protein
was incubated for 12–24 h at 6 �C with an
appropriate concentration of recombinant TEV
protease until full separation of E6-C 4C/4S from
the MBP tag was achieved. The TEV cleavage
site results in two additional residues (Gly–Ala)
on the N-terminus of the construct, prior to the
methionine residue. The digestion product was
concentrated to a 1 ml volume using a 5 kDa-
centriprep concentration device (Amicon) and
applied on a Hiload 16/60 superdex 75 gel-filtra-
tion column (Amersham Biosciences) pre-equili-
brated with buffer A. Pure monomeric E6-C 4C/
4S peptide eluted as a single peak at the volume
expected for a monomer according to the calibra-
tion of the column. The buffer was adjusted to
20 mM Tris-HCl, 50 mM NaCl, 1 mM DTT, pH
6.8 by performing dilution/concentration steps
using a 15 ml Ultrafree Biomax 5K NMWL
Membrane (Millipore). The final concentration
was raised to 1.0–1.2 mM.

Mass spectrometry

Analyses were performed on a ESI-TOF mass
spectrometer (LCT, Micromass U.K.). The sam-
ple buffer was exchanged by dilution/concentra-
tion steps against a 50 mM ammonium acetate
buffer at pH 6.8, then diluted to 10 pmol/ll and
continuously infused into the ESI ion source at a
flow rate of 8 ll/min through a Harvard syringe
pump. Parameters were optimised such that non-
covalent interactions survive the ionisation
desorption process. The accelerating voltage was
set to 80 V and the pressure to 3 mbar. ESI-MS
data were acquired in the positive ion mode, in
the range 500–4000 m/z. The instrument was cali-
brated using multiply charged ions produced by a
separate injection of horse heart myoglobin
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diluted to 2 pmol/ll in a 1:1 water/acetonitrile
mixture (v/v), acidified with 1% of formic acid.

NMR spectroscopy

Homonuclear 1H spectra were acquired at 5 �C,
15 �C and 25 �C on a Bruker DRX600 spectrom-
eter whereas heteronuclear experiments were
recorded at 15 �C on a Bruker DRX500 spec-
trometer equipped with a z-gradient triple reso-
nance cryoprobe. In all spectra, the water signal
was suppressed using the WATERGATE
sequence (Piotto et al., 1992). Proton assignments
were based on homonuclear and 15N-edited NO-
ESY and TOCSY spectra. Heteronuclear 15N-edi-
ted spectra were recorded with mixing times of
200 and 60 ms for the NOESY and TOCSY spec-
tra, respectively. Data were processed using either
NMRPipe (Delaglio et al., 1995) or XWINNMR
(Bruker) and analysed with XEASY (Bartels
et al., 1995). Dihedral / angles were obtained
from 3JNH–Ha scalar coupling constants deter-
mined from the ratio of diagonal to cross-peak
intensities in a HNHA spectrum (Vuister and
Bax, 1993). The 15N resonance assignments of
His118 and His126 rings and subsequently their
protonation states were determined using a long-
range 1H,15N-HSQC spectrum (Pelton et al.,
1993) in which the 15N spectral width was set to
200 ppm. Two 15N relaxation datasets were
recorded for sample concentrations of 1.2 and
0.3 mM. Longitudinal (R1) and transverse (R2)
15N relaxation rates together with heteronuclear
1H-15N NOE values were measured using proton-
detected heteronuclear experiments (Kay et al.,
1989). 15N R1 rates were obtained from 9 experi-
ments with relaxation delays of 8, 40, 101, 243,
405, 568, 810, 1216 and 1824 ms and 15N R2 rates
from 12 experiments with delays of 16, 32, 48, 72,
96, 119, 143, 183, 223, 263, 303 and 350 ms. Dur-
ing the R2 relaxation delay, 15N 180� pulses with
a field strength of 2.0 kHz were applied every
1.2 ms (mCPMG ¼ 0.83 kHz) and 1H 180� pulses
were applied every 7.2 ms. For error estimation,
the spectra with relaxation delays of 101 ms (15N
R1) and 72 ms (15N R2) were recorded twice. In
these sets of experiments, the recycle delay was
2 s. In 15N, R1 and heteronuclear 1H-15N NOE
experiments, the protons were saturated using a
train of 180� pulses separated by 4 ms. In the het-
eronuclear 1H-15N NOE experiment, the proton

magnetisation was saturated during 4 s to achieve
the steady state. Data sets were typically recorded
as 100 · 1024 complex points with spectral widths
of 6.6 and 1.75 kHz in F1 and F2, respectively.
The total acquisition time for one complete set of
relaxation data measurements (R1, R2,

1H-15N
NOE) was 2 days. Peak intensities were measured
using Felix 2.10 (Accelrys Inc.) and exponential
decay rates were obtained from a non-linear two-
parameter least-squares fit using the Levenberg–
Marquardt algorithm implemented in Matlab
(The MathWorks Inc.). A set of 200 Monte Carlo
simulations were used to estimate the statistical
error on the parameters. Residues with 15N reso-
nances affected by exchange contributions were
identified by recording relaxation-compensated
CPMG dispersion experiments with a constant
transverse relaxation time of 40 ms (Loria et al.,
1999) but different values of the spacing delay
(sCP) in the spin–echo pulse train. The extreme
sCP delays were set to 20 and 0.2 ms correspond-
ing to CPMG field strengths of 50 and 5000 Hz,
respectively. The 15N refocussing pulse length was
set to 80 ls. Each 2D spectrum was recorded as
128 · 1024 complex points matrix with 24 scans
per FID and a relaxation delay of 1.5 s resulting
in a total acquisition time of 3 h per dispersion
point. The presence of chemical exchange on the
amide proton was derived from the ratios of peak
intensities measured on a 1H,15N-HSQC experi-
ment and a 1H,15N-CPMG-HSQC experiment in
which both 1JHN transfer delays are replaced by a
train of 16 refocussing pulses on both 15N and 1H
nuclei (Mulder et al., 1996). Translational diffu-
sion experiments were recorded using the LED
pulse scheme as described previously (Nominé
et al., 2003). To identify the zinc-binding residues,
we substituted the initially bound zinc by cad-
mium by adding to the sample a solution of cad-
mium–EDTA, up to a final ratio of 3:1 (Cd:Zn),
and following the displacement of amide reso-
nances on 1H,15N-HSQC spectra.

Results

Production of 15N-labelled E6-C 4C/4S

Preliminary studies allowed us to express the
C-terminal domain of E6 as a folded, monomeric
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peptide (Nominé et al., 2003). The expression
strategy was based on a fusion of the sequence
of the C-terminal domain of E6 with maltose-
binding protein (MBP) together with a system-
atic conversion of non-conserved cysteine resi-
dues into serines. Sequential assignment using
homonuclear methods proved nonetheless to be
extremely difficult due to spectral overlap and
heterogeneous line-broadening. Initial attempts
to produce a 15N-labelled protein using M9
15N minimal media produced insoluble E6-C
4C/4S after proteolytic removal of the MBP
carrier. We have shown previously that expres-
sion under improper conditions can lead to
misfolded proteins, solubilised by the MBP car-
rier, forming high molecular weight soluble
aggregates (Nominé et al., 2001). To avoid this
solubilisation artefact, we performed a screen
of expression conditions using a N-terminal Hi-
sTag fusion of E6-C 4C/4S. Three temperatures
(22 �C, 27 �C and 37 �C) and five zinc concen-
trations (0, 6, 25, 100 and 200 lM) were
probed and the solubility of the expressed
material was analysed by pellet/supernatant
assays. At all temperatures, we observed mini-
mal solubility (30% of expressed material) in
the absence of zinc, maximal solubility at low
to intermediate zinc concentrations (6–25 lM),
and lower solubility (40% of expressed mate-
rial) at higher zinc concentrations (100–
200 lM). The highest solubility (up to 70% of
expressed material) was obtained for expression
at 22 �C in the presence of 6 lM zinc. A mini-
mum concentration of zinc in the expression
medium is therefore required for proper folding
of the domain, but an excess is detrimental and
promotes aggregation, and this trend is rein-
forced upon raising the expression temperature.
These conditions were subsequently applied for
large scale production of the E6-C 4C/4S using
the MBP version of the construct which pro-
vides higher purity and folding homogeneity as
compared to the His-tagged version. Production
of soluble 15N-labelled E6C 4C/4S was success-
fully performed by expressing the His-MBP-
E6C 4C/4S fusion at 22 �C using 2 l of M9
15N minimal medium with a zinc content of
6 lM. Purification and concentration of the
product led to a ca. 1 mM protein sample that
was suitable for NMR analysis.

1H and 15N resonance assignments, secondary
structure and topology of E6-C 4C/4S

The 1H,15N-HSQC spectrum of 15N-labelled E6-
C 4C/4S exhibits good dispersion of the 1H
and 15N resonances, as expected for a folded pro-
tein (Figure 2). However, both the line-shapes
and the intensities of the cross-peaks display
great variability, indicative of differential line-
broadening along the peptide chain. This feature
is striking when one compares, for example, the
line-shapes of Gly130 and Gly134, the former
displaying a much larger line-width in the 15N
dimension. Since this behaviour may originate
from dynamic oligomerisation of the protein
(Pfuhl et al., 1999), the oligomeric state was
probed by measuring the translational diffusion
coefficient (Dt) at two concentrations (0.3 and
1.2 mM) using a modified LED experiment
(Dingley et al., 1995). The measured values were
compatible with that expected for a monomer
and were independent of the concentration, indi-
cating that the observed line-broadening is due
to ls–ms time-scale motions within the peptide
chain (data not shown). Despite this line-broad-
ening phenomenon, the quality of the 15N-edited
NOESY and TOCSY spectra (Figure 2) allowed
near-complete assignment of the backbone and
side-chain 1H and 15N nuclei. No spin system
could be found for Thr86, probably due to severe
line-broadening. The resonances of Asn127 show
significant deviation from expected ‘random coil’
values (Ha: 4.28; Hb: 1.83/-0.30; Hd: 5.75/3.86
and Nd: 107.0 ppm) for a reason which remains
to be elucidated. To assign the histidine side-
chains unambiguously we used long-range
1H,15N-HSQC spectra (Pelton et al., 1993). Anal-
ysis of 15Nd and 15Ne chemical shifts indicated
that the Nd atom of His118 is protonated while
His126 is in equilibrium between a fully and Nd-
protonated form, giving an estimated pKa value
of 6.8 for this residue. 1H and 15N chemical shifts
have been deposited in the BioMagResBank
(Accession code 6407).

NOEs observed in homonuclear and 15N-edi-
ted NOESY experiments allow the definition of
three helical segments (Figure 3). For these seg-
ments, characteristic Hai-HNi+3 NOEs are sup-
ported by both low values of 3JHN-Ha coupling
constants, deduced from the HNHA spectrum,
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Figure 2. Representative spectra of the 15N-labelled E6-C 4C/4S domain recorded at pH 6.8 and 15 �C. (a) 2D 1H,15N-HSQC
spectrum. Cross-peaks are numbered according to the full-length HPV16 E6 (151-residue form). Side-chain NH2 resonances of
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region of the spectrum shown. (b) Regions of 3D 15N-edited NOESY-HSQC spectrum (mixing time 200 ms) showing sequential
connectivities for residues between Glu113 and Lys122.
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and the chemical shift index (Wishart et al,
1992). In addition, three short b-strands were
identified, encompassing residues 81–83, 125–127
and 131–133. Several inter-strand NOEs between
amide protons belonging to residues Leu83–
Phe125, His126–Thr133 and Ile128–Arg131 were
observed together with NOEs between Ha pro-
tons of residues Asn127–Trp132 and Ser82–
His126, indicating the presence of an anti-parallel
b-sheet structure. This definition of secondary
structure elements is in good agreement with cir-
cular dichroism results which estimated the
a-helical and b-sheet content to be 22 ± 1% and
22 ± 3%, respectively (Nominé et al., 2003).
‘Random coil’ values for Ha chemical shifts and
a lack of medium-range NOEs suggest that the
last 10 residues are unfolded.

Zinc binding properties of E6-C 4C/4S

The zinc content of the E6-C 4C/4S domain was
probed by ESI mass spectrometry. The difference
in mass of 63.7 Da between experiments carried
out under native and denaturing conditions
(Table 1) is consistent with the binding of a sin-
gle zinc ion. To further characterise the zinc-
binding properties of E6-C 4C/4S and to identify
those residues directly involved in zinc binding, a
zinc/cadmium substitution experiment was moni-
tored by 1H,15N-HSQC measurements. Chemical
shift perturbations upon replacement of zinc by
cadmium were localised in two regions encom-
passing residues Cys103–Gln107 and Cys136–
Arg141, identifying cysteines 103, 106, 136 and
139 as the residues involved in zinc coordination.
The perturbation was found to be systematically
higher for the amide group of the second cysteine
of each pair, which could be explained by with
the involvement of this amide proton in hydro-
gen bond with the sulphur atom of the preceding
cysteine residue (Summers et al., 1990; Allen
et al., 1997). The possibility of zinc coordination
by the two histidine residues, His118 and His126,
can be discounted by the lack of chemical shift
perturbation of both backbone and side-chain 1H
and 15N nuclei upon cadmium substitution.

The identification of the zinc-binding residues
together with the assignment of inter b-strand
NOEs provided enough constraints to establish
the topology of E6-C 4C/4S (Figure 4). The three
short b-strands form an anti-parallel b-sheet

which, together with two a-helices between
strands b1 and b2, define the limits of two 5-resi-
due loops (L1 and L3) and a longer, 18-residue
loop (L2) encompassing the first two zinc-coordi-
nating cysteine residues. The C-terminal a-helix
contains the third and fourth cysteine residues
involved in zinc coordination and precedes an
unfolded C-terminal tail of 10 residues.

Dynamic behaviour of E6-C 4C/4S

Structural analysis of E6-C 4C/4S was severely
hindered by the presence of broadened reso-
nances in NMR spectra. We therefore investi-
gated the dynamic behaviour of E6-C 4C/4S via
a set of 15N relaxation experiments (Figure 5),
with the aim of identifying possible sources of
increased transverse relaxation rates. The profile
of 1H-15N NOE values along the peptide
sequence indicates that the peptide backbone is
fairly rigid on the ps–ns time-scale from residue
Ser82 to Ser140, with the exception of Lys108,
localised within loop L2. Reduced values of the
heteronuclear NOE for the 10 C-terminal resi-
dues reflect dynamic disorder for this portion of
the peptide chain. The profile of 15N transverse
relaxation rates exhibits much larger variations
along the sequence, indicative of conformational
exchange contributions to these rates. This
behaviour made the extraction of a global corre-
lation time from the relaxation data rather diffi-
cult and hinders further interpretation of these
rates in terms of molecular motions. In order to
identify those residues not affected by exchange
contributions and to further characterise these
intermediate time-scale motions, dispersion
experiments were conducted. A fast and conve-
nient way of mapping exchange contributions to
the transverse relaxation rates of amide protons
is to compare peak intensities measured in
1H,15N-HSQC and 1H, 15N-CPMG-HSQC spec-
tra (van Tilborg et al., 2000; Palmer et al., 2001).
The profile of the ratio of peak intensities shows
a steady increase followed by a decrease for resi-
dues located in loops L1 and L3 (Figure 6).
Other residues also display increased values such
as Ser97 and Ile104, the latter located between
the first two zinc-coordinating cysteine residues,
and Leu110, sandwiched between two proline
residues. From this profile, it is readily apparent
that the line-broadening phenomena affecting the
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NMR spectra of E6-C 4C/4S probably originate
from several different motions. The profile of
peak intensity ratios obtained from the extreme
values of the delay between 15N refocussing
pulses (scp ¼ 20 ms and scp ¼ 0.2 ms) in a series
of 15N relaxation dispersion experiments (Fig-
ure 6) is very similar to that obtained from peak
intensities measured in 1H,15N-HSQC and 1H,
15N-CPMG-HSQC spectra. Most residues
affected by exchange contributions are localised
in loops L1 and L3, b-strands b1 and b2 and a-
helices a1 and a2 (see Figure 4). An analysis of
these relaxation profiles allowed the identification
of a small number of residues (97–103 excluding
101) whose 15N transverse relaxation rates are
not affected by exchange contributions. The R2/
R1 ratio yielded estimates of the global rota-
tional correlation time of 8.7 ± 1.5 ns and
7.8 ± 1.7 ns at high (1.2 mM) and low (0.3 mM)
concentrations, respectively, compatible with the

domain behaving as a monomer (expected corre-
lation time: 7.6 ns), and in agreement with trans-
lational diffusion data obtained for unlabelled
E6-C 4C/4S.

Discussion

Over the past 20 years, a large number of publi-
cations has established the key role played by
oncoprotein E6 in HPV-induced carcinogenesis
(Rapp and Chen, 1998; Finzer et al., 2002). E6
activity is based on its ability to target numerous
cellular targets (Mantovani and Banks, 2001).
Thus E6 has been identified as an important sub-
ject for structural studies aimed at designing
potential inhibitors of its various interactions.
Such studies have long been hindered however,
by the difficulty of producing well-behaved sam-
ples of either full-length E6 or its subdomains. In
a recent publication, we reported the production
of the C-terminal domain of E6 (E6-C) in a
pure, monomeric form amenable to NMR studies
(Nominé et al., 2003). Analysis of preliminary
NMR spectra showed that several resonances of
this domain were affected by significant line-
broadening so that the production of an 15N-
labelled sample was required. However, the use
of M9 15N minimal medium in place of LB
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Figure 4. Topology of E6-C 4C/4S domain. Elements of secondary structures are shown as arrows and rectangles for b-strands and
a-helices respectively. Regions of the peptide affected by chemical exchange are highlighted using a bold grey line.

Table 1. Mass deduced from ESI mass spectrometry experi-
ments The expected mass deduced from the sequence of E6-C
4C/4S is 9010.1 Da (assuming uniform 15N-labelling)

E6-C 4C/4S (Zn2+) E6-C 4C/4S (Cd2+)

native 9073.4 ± 0.6 Da 9120.0 ± 1.0 Da

denaturated 9009.7 ± 0.1 Da 9010.1 ± 0.2 Da
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led unexpectedly to the production of misfolded
E6-C 4C/4S samples. Only by careful screening
of the expression conditions could the origin of
this behaviour be identified: optimal solubility
required fine tuning of the zinc content within
the M9 15N expression medium, and a lower tem-
perature of expression. This optimisation of zinc
content and expression temperature by screening
proved critical for the obtention of folded 15N-
labelled E6-C 4C/4S and subsequent assignment
of resonances of the domain.

The strict requirement for zinc in the expres-
sion medium provided the first evidence of the

zinc binding to E6-C 4C/4S. Mass spectrometry
showed that E6-C 4C/4S indeed contains a single
zinc atom. Finally, zinc–cadmium substitution
experiments identified the four zinc-binding cyste-
ines of the domain. These data provide sound
experimental confirmation of the earlier predic-
tion of a zinc-binding site in this region of E6
based on sequence analysis of all HPV strains
(Cole and Danos, 1987). The analysis of the sec-
ondary structure and the topology of the E6-C
domain (Figure 4) suggests a structural role for
the zinc ion which contributes to the stabilisation
of a short C-terminal helix (a3) by anchoring it

Figure 5. Longitudinal (a) and transverse (b) 15N relaxation rates and steady state 1H-15N NOE values (c) for E6-C 4C/4S measured at
15 �C.

138



to the large L2 loop connecting helices a1 and
a2.

Analysis of medium range NOEs (Figure 3)
shows that the minimal folding unit begins with
Tyr81 initiating the first b strand and ends at
Arg141. These boundaries for the C-terminal
domain of E6 are consistent with the domain def-
inition based on results from mild proteolysis
experiments (Lipari et al., 2001; Nominé et al.,
2003). The strong sequence similarity between
the N- and C-terminal domains suggests that
the N-terminal domain should adopt the same
topology. Both the lack of medium-range NOE
and 15N relaxation studies show that the last 10
C-terminal residues (Ser142–Leu151) are not

structured and rather flexible on the ps–ns time-
scale. This region encompasses the PDZ domain-
binding site consisting of the last four residues
(sequence ETQL) and is likely to fold upon bind-
ing to its partner (Cowburn, 1997; Hung and
Sheng, 2002).

A specific feature of E6-C 4C/4S is the pres-
ence of motions on the ls–ms time scale in sev-
eral regions of the peptide (Figure 6). The L2
loop contains a number of isolated residues
affected by exchange broadening which may
arise from cis–trans isomerisation of the peptide
bonds of proline residues in this loop. However,
most residues affected by exchange broadening
are clustered within two continuous sequence

Figure 6. Identification of intermediate exchange contributions to transverse relaxation. (a) HSQC-CPMG/HSQC ratio as a function
of sequence. (b) Ratio between relaxation-compensated CPMG dispersion experiments recorded with inter-pulse delays of 20 and
0.2 ms. In both cases, statistical errors were estimated from the standard deviation of the noise.
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elements (b1–L1–a1) and (a2–L3–b2) (see grey
elements in Figure 4). This suggests that these
two regions sense a common conformational
exchange phenomenon which may indicate a
spatial proximity of these two regions within the
folded domain. A precise characterisation of
time-scales (sex), frequency differences and the
populations of the exchanging states would
require an extensive set of relaxation dispersion
experiments (Palmer et al., 2001). Preliminary
attempts to fit the relaxation dispersion dataset
recorded at 500 MHz with the general equation
of a two-state exchange system (Carver and
Richards, 1972) led to an estimated time range
of 0.2–3 ms and unequal populations of the
states (data not shown). This indicated that the
equilibrium is on the slow-intermediate time-
scale (sex.Dm >1) (where Dm is the chemical shift
difference between the two states) and is consis-
tent with our repeated observations that
increased temperature induced the concerted dis-
appearance of a subset of peaks in NMR spec-
tra of E6-C 4C/4S. Indeed, an increase in
temperature is expected to reduce the value of
sex according to Arrhenius’ law and to shift
sex.Dm towards 1, leading to enhanced line-
broadening (Mandel et al., 1996). Moreover, it
was observed that the exchange contribution
was independent of sample concentration, which
excludes the possibility that this effect is due to
fractional self-association of E6-C 4C/4S. There-
fore, the occurrence of slow-intermediate
exchange in specific regions of the primary
sequence of E6-C 4C/4S may rather be related
to a transition from a folded state toward a less
populated locally unfolded state resulting from
the lack of stabilising interactions, normally pro-
vided by the N-terminal domain. This would
suggest that the two loops are involved in the
domain interface, an hypothesis which is rein-
forced by the fact that two hydrophobic resi-
dues within L1 loop (Tyr84 and Leu88) are
conserved among all HPV strains. These resi-
dues may thus prove to be potentially valuable
mutation targets for stabilising the domain. Fol-
lowing this detailed characterisation of the
dynamic behaviour of the C-terminal domain of
E6, we are now in a position to interpret struc-
tural information in NMR spectra of E6-C 4C/
4S and expect soon to be able to report on its
three-dimensional structure.
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