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Summary
E6 is an oncoprotein produced by human papillomavirus (HPV). The E6 protein from high-risk HPV
type 16 (HPV-16) contains two zinc-binding domains with two C-x-x-C motifs each. E6 exerts its
transforming functions through formation of a complex with E6AP, which binds p53 and stimulates
its degradation. There have been few biophysical and structural studies due to difficulty in preparation
of soluble protein and here we describe preparation of soluble E6 constructs including the two
separated zinc-binding domains of E6. These proteins are used to examine the extent to which the
two domains cooperate to mediate E6 function, how zinc influences the behavior of E6 protein, and
which domains mediate aggregation. We demonstrate that these soluble proteins are active using p53
degradation, E6AP binding, and hDlg PDZ binding assays and that they are folded and stable using
NMR, circular dichroism, and fluorescence spectroscopies. We show that the separated N-terminal
and C-terminal domains interact but non-productively for E6 function. The two domains bind zinc
differently with higher affinity associated with the C-terminal domain. Analyses using surface
plasmon resonance and circular dichroism and fluorescence spectroscopies show that aggregation is
mediated more through the N-terminal domain than the C-terminal domain. These studies allow a
model in which the C-terminal zinc-binding domain of E6 recruits a target protein such as hDlg and
the N-terminal domain is mostly responsible for recruiting a ubiquitin ligase to mediate target protein
degradation.
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Introduction
Human papillomaviruses (HPV) are small DNA tumor viruses that infect epithelial cells and
are strongly associated with the development of cervical cancer.1 The E6 oncoprotein from
high-risk HPV type 16 (HPV-16) is a 151 amino acid residue protein that contains two zinc-
binding domains with two C-x-x-C motifs each. E6 protein has activities that are mediated by
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recognition of cellular proteins which have been well-summarized in recent reviews.2-4 The
complex of E6 with the cellular 100 kDa E6-associated protein, E6AP, binds p53 and stimulates
its ubiquitination and degradation through the proteasome, thereby allowing E6 to exert its
transforming functions.5-7 Proteins other than p53 are also targeted.8

In contrast to the many reports on the biological functions of E6, there have been few
biophysical and structural studies due to difficulty in preparation of soluble protein. Several
approaches have been tried. The full-length protein, either by itself or His6-tagged, can be
produced in inclusion bodies9 and some percentage refolded,10 and E611 has been reported to
also be expressed in a soluble form.11-13 However in each case, the solubility has been
insufficient for biophysical characterization.11-13 The minimal segment still functional for p53
degradation comprises residues 1-142 (E6Δ143-151).12 E6Δ143-151 has been purified by cleaving
a GST fusion, although the maximum concentration obtained was only low micromolar despite
some optimization of buffer conditions and therefore insufficient for extensive biophysical
characterization.12 Its N-terminal half forms a domain (E6N) and its C-terminal half forms a
second domain (E6C). The two zinc ions of E6 are coordinated by conserved cysteine residues
30, 33, 63, and 66 in the N-terminal half, and residues 103, 106, 136, and 139 in the C-terminal
half. Mutating the six non-conserved cysteines to serine improves solubility but the
concentration of purified protein remains low.11 Similar approaches have been used on the E6
protein from other papillomavirus types with similar results.14

The zinc-binding domains of E6 are more soluble when separated and both have been
characterized.12,13 Cleavage of the GST-fusion of the N-terminal Zn2+-binding domain (E6N)
results in a protein that is soluble in the hundreds of micromolar range, but sedimentation
studies indicate a monomer-dimer equilibrium at only 53 μM concentration.12 Studies with the
C-terminal Zn2+-binding domain (E6C) with its four non-conserved cysteines mutated to serine
have been more successful. A highly concentrated E6C sample was obtained for
multidimensional NMR experiments13 and its structure solved.15 The structure of the N-
terminal domain of E6 could be modeled using the shared sequence similarity to the C-terminal
domain of E6. The E6N and E6C domains have been shown to directly interact by NMR
methods.15 A model for full-length E6 was then built by burying hydrophobic contact points
between the two domains and combining 3-stranded β-sheets from each domain to create a 6-
stranded sheet. The details of the inter-domain arrangement may be different as the effects of
some mutations and the location of some conserved residues in the structure cannot be readily
explained.2

These studies on the separated halves of E6 have contributed greatly to our understanding of
their structures, but the structure of full-length E6 and the mechanism by which it is poorly
soluble has not been ascertained. In addition, the extent to which the two domains cooperate
to mediate E6 function is unknown. Although E6 protein contains two zinc ions, EGTA-treated
E6 protein contains only one zinc ion, yet remains active for p53 degradation.16 The identity
of the domain from which zinc can be sequestered by EGTA is unknown. How zinc influences
the behavior of E6 protein and its domains has also not been extensively characterized. The
prerequisite to such studies is to obtain enough purified E6 protein and both of its separated
domains.

The fusion of poorly soluble proteins to other highly soluble domains has been used to increase
protein solubility as well as providing a convenient method for purification. Many fusion tags
have been evaluated for their competency to increase the solubility of target proteins as the
optimal fusion partner varies depending on the physicochemical properties of the target protein.
17-19 Although GST, MBP, and TRX have been used as solubilizing agents, they are large
(>100 amino acids) and hinder direct NMR studies and biophysical characterization of the
corresponding fusion proteins.20 Cleavage of the fusion proteins often re-introduces problems
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with solubility and stability. For example, although GST-E6 and MBP-E6 can be over-
expressed in E. coli in a soluble form and then purified using the appropriate single-step affinity
procedure, removal of the fusion partner leads to rapid precipitation of the E6 protein.21,22

Among the better solubilization partners, GB1 has considerable advantages as it is sufficiently
small (56 amino acids) that the resultant fusion protein can be studied using NMR methods.
The domain has been fused to E6 proteins16,23 and other proteins such as GCN4.24

In this paper, we employed GB1 fusions of HPV-16 E6 and its two zinc-binding domains as
well as a construct with an altered linker between the domains. We demonstrate the extent to
which these soluble proteins are active using p53 degradation, E6AP binding, and hDlg PDZ
binding assays. The folding of the proteins were examined by UV, CD, fluorescence and NMR
spectroscopies and their stability by thermal and urea denaturation and limited proteolysis.
Finally, we examined the role of zinc in E6 folding, stability, and aggregation. In doing so, we
identified different behaviors of the zinc-binding domains with respect to stability and function.

Results
Preparation of soluble HPV-16 E6 protein and related domains

In this study to solubilize E6, we used a GB1 fusion tag (GBF)23 with mutations at three
positions (D22N, D36R and E42K) that has an estimated pI of 8.0 (instead of 4.5) designed to
prevent intra-molecular electrostatic interactions while fused to basic proteins such as E6 (G.
Wagner, personal communication). Residues 1 to 142 is the minimal region competent for p53
degradation12. Although the six non-conserved cysteines (residues 16, 51, 80, 97, 111, and
140) are not necessary for E6-mediated p53 degradation activity,15,25 we have found that
mutations of two of these cysteines (residues 16 and 51) disrupts E6BP binding,26 and therefore
in our construct they were left unchanged and other four non-conserved cysteines were
converted to serine. The discrepancy in binding may result from differential binding of E6AP
versus E6BP by E6. In this research, the E6 constructs of GBF-fusion were: GBF-E6
comprising residues 2-142 of HPV-16 E6 with 4 Cys to Ser mutations at 80, 97, 111, and 140,
GBF-E6C comprising residues 79 to 142 with the same mutations, and GBF-E6N comprising
residues 2 to 74 of E6 with Cys16 and Cys51 unchanged (Figure 1).

All GBF-tagged E6 constructs showed high levels of expression in E. coli BL21(DE3) upon
induction by IPTG at 30 °C. Cells were harvested and lysed, and sufficient protein was found
in the supernatant for subsequent purification. DTT was added to prevent the oxidation of
cysteine. We found both a deficiency and an excess of free zinc ions in the buffer reduced the
solubility of E6, consistent with observations made previously.27 We obtained the most soluble
protein by binding the GBF-E6 in low salt to a cationic exchange column, then adding
saturating amounts of Zn2+ (100 μM ZnSO4), followed by washing without Zn2+. Although
the resultant GBF-E6 could be concentrated to ∼1 mg/ml, samples precipitated within several
hours to several days at 4°C. A calibrated size exclusion gel filtration column was performed
to check the aggregation of the soluble samples. In the presence of 200 mM NaCl and 50 mM
phosphate (pH 7.50), at least half of the loaded protein eluted as a monomer. When using a
low salt buffer (NaCl <100 mM), the sample precipitated in the column.

Concentration of the monomeric form of GBF-E6 protein was monitored by UV and CD
spectroscopy. The absorption intensities at 280 nm in UV spectra and at the minima of 208 nm
and 222 nm in CD spectra remained inversely proportional to the volume during concentration,
whereas samples prepared in low salt or without the fusion tag did not. Light scattering
indicative of aggregation was monitored by measuring the absorption above 300 nm, which
remained low throughout concentration. Therefore, in high salt, the GBF-fusion appeared to
significantly increase the solubility of E6 protein while remaining monomeric.
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The concentrated GBF-E6 (about 1 mg/ml) did however precipitate over time, and the buffer
system was therefore optimized prior to gel filtration.28 The results showed that a further
increase in NaCl from 200 mM to 1 M did not significantly affect the solubility, but lower salt
(< 100 mM) precipitated the protein readily. While Tris (pH 8.0) seemed best for the early
stages of purification, phosphate (pH 7.50) was better for long-term storage. Both were much
better than either MOPS (pH 7.50) or Hepes (pH 7.50). Although addition of 5% glycerol,
0.1% SDS, 0.5 mg/ml dodecyl maltoside (DDM), 0.1% Triton X-100, or 100 mM imidazole
did not improve solubility, adding 5 mM DTT, 2 M urea, or 10 mM CHAPS helped to prevent
precipitation. On gel filtration, the addition of 5 mM DTT and 10 mM CHAPS to the loaded
protein increased the percentage of the monomer (from roughly 10% to 50%) and the ability
to concentrate the protein, which reached as high as 5 mg/ml (∼ 200 μM). We evaluated several
other domains derived from E6, such as an N-terminal half (GBF-E6N) and two versions of
C-terminal halves. The shorter C-terminal half, GBF-E6C, comprises residues 80-142, and the
longer one, GBF-E6CL, comprises residues 80-151 that includes the PDZ domain binding
motif of E6. To probe whether the properties of E6 were sensitive to the linker between the N
and C-terminal domains, we also examined a form of GBF-E6 in which 4 amino acids were
deleted, GBF-E6 (Δ76-79).

GBF-E6 (Δ76-79) purified in a way similar to GBF-E6, whereas the shorter domains all showed
high solubility in the lysate of harvested cells. The GBF-fused C-terminal domains are highly
basic like GBF-E6, and were purified using the same procedures. GBF-E6N has a calculated
isoelectric point of 8.2, and therefore did not bind to cation or anion exchange columns at pH
8.0, although the use of such a column allowed efficient removal of contaminating proteins.
After gel filtration, >95% pure GBF-E6N could be obtained. The final concentrations of GBF-
E6N and GBF-E6C were in the millimolar range (∼20 mg/ml) in 50 mM phosphate buffer (pH
6.50). The buffer conditions for GBF-E6N and GBF-E6C were further optimized for NMR
spectroscopy by monitoring increases in the intensities of dispersed cross peaks in their
respective 15N, 1H-HSQC spectra. The optimized conditions were 50 mM phosphate (pH 6.50)
for GBF-E6C and 50 mM phosphate (pH 7.50) with 500 mM NaCl and 5 mM CHAPS for
GBF-E6N.

Assessment of activity
To ensure that the proteins were properly folded prior to assessment using biophysical methods,
several different types of activity measurements were used such as the ability to interact with
either E6AP29 or a PDZ domain30 or to degrade p53.31

NMR methods were used to validate the binding of E6 and examine the folds of E6N and E6C.
The activity of GBF-E6 was indicated by its ability to bind to a peptide, E6apn1, used to mimic
E6AP29 (Figure 2). E6apn1 contains the sequence L2Q3E4L5L6G7Q8, which has the E6-
binding consensus sequence, LhxφLsh, where the bolded letters indicate conserved leucine
residues, h is an amino acid residue capable of accepting hydrogen bonds (D, E, Q, or N), x
denotes any amino acid, φ is hydrophobic, and s represents a small amino acid residue (G or
A).32 We previously showed that the unbound E6-binding motif is helical.29,32 Several
resonances in the 1D spectrum could be readily followed as GBF-E6 protein was added (Figure
2A). In particular, the line widths of resonances L6 NH and G7 NH in the consensus sequence
increased from 14 and 17 Hz to 20 and 23 Hz in the presence of GBF-E6 protein. Other
resonances were also observed to broaden, together demonstrating that purified GBF-E6 is
able to interact with E6apn1 peptide containing the E6-binding motif (Figure 2A). The chemical
shifts of E6apn1 did not change significantly in the presence of 10% GBF-E6 protein,
suggesting the peptide structure retained its α-helical conformation. A NOESY difference
spectrum of E6apn1 with and without E6 protein was calculated (Figure 2B). Overall, the NOE
cross-peaks of E6apn1 with or without GBF-E6 were similar, in that there were strong NHi-
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NHi+1 correlations from residues L2 to K11. Whereas most cross-peaks broadened on the
addition of GBF-E6 and thus became weaker, cross-peaks from the sidechain methyls to the
backbone amides of three hydrophobic leucines of E6apn1 (L2, L5, and L6) that are crucial
for binding E6 increased in the presence of GBF-E6. Intensity increases were observed between
the methyls of L2 and the NH of Q3; the methyl of L6 and the NH of G7, and the intra-residue
methyl of L5 to its own NH. The increased intensity suggests either that these leucine sidechains
became more ordered on binding to E629 or that spin-diffusion effects have become more
efficient. Conformational changes may involve mostly side-chain reorientation because in
near-UV CD spectroscopy over a wide range of peptide:protein ratios (0:1 to 18:1) we observed
no spectral changes suggesting no changes in backbone secondary structure (data not shown).

Because the NMR binding experiments used only a single peptide and protein construct, we
turned to surface plasmon resonance, which uses much less material, to test a variety of
constructs and controls to determine the extent of specificity. SPR has been used before for
measuring E6-peptide interactions where affinities were in the low micromolar range.33 SPR
data using E6apn1 gave complex kinetic profiles, but profiles with a related E6-binding peptide
E6apc2 that contains the E6-binding consensus sequence at its C-terminus29 gave a profile
consistent with obvious binding (Figure 2C and Table S1). E6N bound E6apc2 with weak
affinity and E6C did not bind. The C-terminus of E6 in GBF-E6CL is able to bind to various
PDZ domains30 and also showed a strong binding profile with the PDZ2 domain of hDlg protein
(Table S1 and Figure S1). The SPR data did not fit well to the classical 1:1 Langmuir model
as shown in Figures 2C and S1, and therefore accurate kinetic constants for binding could not
be obtained. Also because the association curves for most binding reactions do not reach
saturation (Figure S1), we did not fit for equilibrium dissociation constants. The poor fits for
some interactions are most likely due to protein aggregation. The interaction of E6CL with the
hDlg PDZ2 domain were measured by isothermal titration calorimetry (ITC) and yielded a
comparable dissociation constant of 6.6±1.0 μM with the expected stoichiometry of 1.0:1.0
(Figure 2D). This affinity was the same as with a short 6-mer peptide from the C-terminus of
HPV-16 E6 protein, which we found to have a dissociation constant of 6.5±0.8 μM,30

suggesting that residues N-terminal to the C-terminal 6 residues of E6 do not contribute to
binding, which is consistent with the crystal structure and the results with E6-mediated
degradation of hDlg.34,35 Similar binding studies with MAGI-1 PDZ1 show that the 11 most
C-terminal residues of E6 mimics the C-terminal zinc-binding domain.36 GBF-E6N and GBF-
E6 were not sufficiently stable for study by ITC.

GBF-E6 promoted p53 degradation in vitro while GBF-E6(Δ76-79) had ∼40% activity of wild-
type (Figure S2). As expected, the other domains, GBF-E6N, GBF-E6C, and a mixture of GBF-
E6N and GBF-E6C, had no activity.

Assessment of protein fold
The folds of the E6 constructs were assessed using biophysical methods. The circular dichroism
(CD) curve of GBF-E6 displayed two negative minima at 208 and 222 nm. The molar ellipticity
contribution of the GBF fragment in GBF-fused E6 constructs could be visualized using the
GBF-His6 control (Figure 3A). The significant negative minima in addition to the contribution
of GBF portion indicate that the E6 portion of the fusion was folded well. The molar ellipticity
of GBF-E6 was more negative than either GBF-E6N or GBF-E6C halves, suggesting that
additional secondary structure in E6 is generated through interaction of the two halves (Figure
3B).

The solubilities of the GBF fusions of the E6 halves were sufficiently high for
recording 1H, 15N-HQSC NMR spectra (Figure 4). The peaks deriving from the GBF portion
could be readily discerned as they appeared with the same chemical shifts in both fusion protein
and the GBF-His6 control. Thus, the folding of GBF domain did not appear to be influenced
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by the presence of either half of E6. The cross-peaks from the E6 halves showed good
dispersion. The peaks from E6N were obviously weaker than those from the GBF tag. Those
from E6C were about 30% less intense than those from the GBF tag. The weaker peak intensity
indicates flexibility on the chemical shift timescale even when folded or possible aggregation
of the E6 halves that does not extend across the flexible linker to the GBF tag.

Thermal stability of the proteins was investigated by monitoring the secondary structure using
CD (Figure 5). The data showed cooperative melting for GBF-His6 and GBF-fused E6
constructs. GBF-His6 was fit using a two-state equilibrium between folded and unfolded states
and a Tm 66.2 °C was obtained. In theory, GBF-E6N and GBF-E6C each contain two
independent domains. Through deconvolution of denaturation curves with the Tm value of the
GBF portion, Tm values for E6N and E6C were determined to be 52.0 °C and 58.0 °C,
respectively. The denaturation of GBF-E6, which should contain three independent domains,
could be fit using the three Tm values of its individual domains. We also fit the denaturation
of E6 assuming that the E6N and E6C did not denature independently and obtained an apparent
Tm 55.4 °C for the E6 portion. Using a similar analysis, GBF-E6(Δ76-79) had an apparent
Tm of 52.5 °C (Figure S3). Because the actual Tm determined varied with the temperature range
studied, we do not believe that there is a significant difference between the Tm values of E6
and E6(Δ76-79). The existence of cooperative melting indicates that all proteins were well
folded.

Having established that the proteins were well folded, zinc contents were determined in order
to compare with values previously reported for full-length proteins.16 GBF-E6C contained one
ion (1.0±0.05) while GBF-E6 and GBF-E6N contained slightly less than the expected 2 ions
(1.6±0.08) and 1 (0.75±0.08) ion, respectively, suggesting a lower ability of the N-terminal
domain of E6 to bind zinc. In a version of E6, GBF-E6(Δ76-79) in which the linker between
the two domains is shortened, the stoichiometric ratio of zinc to protein was around 0.8 (0.8
±0.08), instead of the expected 2.0, suggesting an altered fold relative to E6.

Earlier reports showed that EGTA-treated E6 was still functional for promoting the degradation
of p53, although it bound only one zinc ion.16 After dialysis against EGTA, GBF-E6 and GBF-
E6C proteins still contained 0.6 zinc per molecule (0.57±0.11, 0.52±0.16), but the zinc contents
of GBF-E6(Δ76-79) and GBF-E6N were near zero. Therefore EGTA appeared to sequester
one of the two zinc ions binding to E6 protein, and only that of the N-terminal domain. These
observations suggest that the C-terminal zinc binding domain of E6 binds to zinc more strongly
than the N-terminal domain.

To ask whether the fold was perturbed in the construct with the shortened linker, GBF-E6 and
GBF-E6(Δ76-79) were assessed by limited proteolysis using chymotrypsin (Figure S5). While
90% of GBF-E6 was digested within 1 hour, 5 hours were needed for 90% digestion of GBF-
E6(Δ76-79). For GBF-E6(Δ76-79), only 50% was digested within one hour. Removal of the
linker in GBF-E6(Δ76-79) thus appears to lose a preferential exposed digestion site or possibly
induce a formation of an aggregate that is stable to digestion. Both GBF-E6 and GBF-E6
(Δ76-79) produced similarly sized bands that were stable as they resisted further digestion for
at least 8 hours. The similar digestion patterns indicate that the structures of the N- and C-
terminal domains were not significantly affected by the deletion of the linker. N-terminal
sequencing and mass spectral analysis indicated that the largest stable proteolytic fragment had
the same N-terminal residues as GBF domain and that the preferred site of cleavage was at or
near the Y76RHY79 linker instead of between the GBF fusion and the N-terminal domain.

The proteolytic sensitivity of the Y76RHY79 linker between the E6 domains, and its proposed
location as a loop in the full-length E6 structure13 would suggest that its exact structure would
not be important. However, from both the activity measurements of the E6 constructs and the
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zinc-binding results, the linker appears to play an important role in orienting the two zinc
binding domains with respect to each other that is needed for biological activity of E6. Because
the GBF-E6(Δ76-79) had lowered biological activity, lowered zinc content, and altered
proteolytic stability, it was not characterized further in this study.

To confirm the initial observation that the C-terminal domain of E6 binds zinc more tightly
than the N-terminal domain, we took advantage of the fact that E6 has only one tryptophan
that could be monitored using fluorescence spectroscopy. The only tryptophan is in the C-
terminal domain (residue 132) and relatively close to the coordinating cysteine residues
(residues 103, 106, 136 and 139 and its associated zinc ion), but not the N-terminal domain
(residues 30, 33, 63, 66 and its associated zinc ion). A preliminary model suggests the
tryptophan is 18 Å to the zinc of the C-terminal domain and 29 Å to the zinc of the N-terminal
domain.15 The flexible nature of the linker joining the domains and the distances suggests that
removal of the C-terminal zinc ion would affect the environment of the tryptophan residue
more than removal of the N-terminal zinc ion. GBF has one tryptophan (W43′), whose intrinsic
fluorescence would not be expected to be sensitive to the presence of zinc ion. Where needed,
the fluorescence contribution from the GBF tryptophan was eliminated by preparing proteins
with a W43′F mutation.

Samples were prepared in a series of buffers starting with a standard buffer containing 50 mM
phosphate buffer (pH 6.50) and 200 mM NaCl. A Zn-EGTA buffer system contained 10 mM
each of Zn2+ and EGTA that provides approximately 28 μM of free zinc ion as calculated by
the WEBMAXC program. Buffered 10 mM EGTA and 10 mM EDTA were also used to
compete with E6 for zinc binding. Samples of each GBF-E6, GBF-E6N and GBF-E6C were
prepared by diluting the corresponding protein stock into each of the four buffers, and after
incubating at room temperature for 24 hours, the UV, CD and fluorescence properties of the
samples were examined. As a control, GBF-His6 was checked using the same buffer conditions.
The maximum of intrinsic fluorescence of GBF-His6 was about 353 nm, consistent with its
partially exposed location on the surface of the protein.37 Its fluorescence spectrum was not
significantly affected by EDTA or EGTA, consistent with the lack of interaction with metal
ions (data not shown). Its CD spectra were also insensitive to the presence of chelating agents
(data not shown).

For GBF-E6 protein, the presence of Zn-EGTA (that supplies free zinc) did not significantly
change the shape and minima of the CD curve (Figure 6A) or the fluorescence spectrum (Figure
6D). However, EGTA and EDTA significantly decreased the fluorescence intensity, and
shifted the maximum emission wavelength from 341 nm to 345 nm and 353 nm respectively.
The red shift observed in the fluorescence spectra is indicative of a loss of burial of the Trp
132 in E6 upon chelation with EGTA and more so with EDTA. A lower UV absorption at 280
nm and higher intensity above 300 nm corresponding to the scattering of light of E6 constructs
suggests that the apparent decrease of the far-UV CD and fluorescence signals caused by
removal of zinc ions is due to some degree of protein aggregation in addition to the loss in
structure. Our observations on GBF-fused E6 are similar to the detailed observations with a
maltose-binding protein (MBP) fusion of E6.11

The GBF-E6N protein behaved similarly with respect to additions of Zn-EGTA, EGTA and
EDTA. 10 mM Zn-EGTA did not significantly change the shape and minima of the CD curve
whereas EGTA decreased the signal and EDTA decreased the signal further (Figure 6B). In
the fluorescence experiments, Zn-EGTA slightly increased the intensity, but EGTA and EDTA
significantly decreased the intensity, but did not shift the maximum emission wavelength at
353 nm of the single tryptophan within the GBF portion (Figure 6E). Because control
experiments using EGTA or EDTA showed no effect on GBF-His6, it appears that the E6N
portion of GBF-E6N promotes aggregation by EGTA or EDTA. Lower UV absorption at 280
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nm and higher UV intensities above 300 nm consistent with light scattering also confirmed the
presence of protein aggregation caused by metal chelation by EGTA or EDTA.

The GBF-E6C protein behaved differently with respect to Zn-EGTA, EGTA and EDTA.
Neither Zn-EGTA nor EGTA significantly changed the shape and minima of the CD curves
while EDTA changed the shape of the CD curve showing a decreased minimum at 222 nm
(Figure 6C). In the presence of EGTA or EDTA, GBF-E6C did not show precipitation or
aggregation, which was confirmed by UV measurements. Therefore, the loss of signal in the
presence of EDTA was commensurate with a loss in secondary structure. In the presence of
Zn-EGTA, the fluorescence of GBF(W43′F)-E6C (with the only tryptophan residue in the E6
portion) increased slightly whereas EGTA had no change. EDTA significantly decreased the
fluorescence intensity and shifted the λmax from 341 nm to 359 nm (Figure 6F). These data
suggest that EGTA does not remove the zinc from the C-terminal domain of E6, while EDTA
does remove the zinc ion and allows the tryptophan to become exposed to solvent, indicating
a loss of tertiary structure. We verified the effect of zinc chelation in GBF-E6C by using NMR.
To simplify the 15N, 1H-HSQC spectrum we specifically labeled the protein with leucine
(Figure 7). Of the total of ten leucines, three are from GBF (L5′, L7′ and L12′) and seven are
from the C-terminal domain of E6 (L83, L88, L96, L99, L100, L110 and L119) for which
published assignments are available.27 In the presence of 2 mM EDTA, the peaks of L99, L100,
and L119 became weaker and the dispersed peaks corresponding to L83, L88, L96, and L110
apparently shifted as they disappeared and, characteristic of a less well-packed protein, new
peaks reappeared near the center of the spectrum. The peaks from the three leucines of the GBF
domain did not change chemical shift or intensity, suggesting that EDTA did not affect the
GBF portion and that the GBF-E6C fusion protein remained soluble.

Characterization of the aggregation of E6 proteins—The losses of intensity in the CD
and fluorescence spectra of GBF-E6 and GBF-E6N in the presence of EGTA or EDTA (Figure
6) were likely due to changes in solubility. To investigate the extent of aggregation of the
soluble fraction of the E6 proteins after zinc ion chelation, proteins were checked by gel
filtration using loading concentrations of 5 to 10 μM (Figure S5). Four buffer conditions were
used as described above. In all conditions, GBF-E6 appeared with a molecular weight of ∼10
kDa that was smaller than that expected for its monomer mass of 24 kDa, consistent with
retention by the Sephacryl column. GBF-E6C eluted as a monomer of its predicted monomeric
size (∼14 kDa) in all conditions. GBF-E6N (theoretical monomeric mass of ∼15 kDa) eluted
at a volume corresponding to that between that of a monomer and a dimer, with some variation
depending on the buffer conditions. Therefore, the soluble fractions of GBF-E6, GBF-E6N
and GBF-E6C did not change their oligomeric state significantly at low micromolar
concentration whether or not zinc ions were present. The slightly different behavior for GBF-
E6 and -E6N versus what was observed using spectroscopic methods may arise from the lower
protein concentration during elution from the column.

To further understand the aggregation of GBF-E6, it was denatured using urea (Figure 8). The
magnitude of the minimum at 222 nm in CD spectra decreased with high concentrations of
urea, indicating denaturation. Interestingly, at low amounts of urea, the 222 nm signal became
more intense, reaching a maximum at 2 M urea. Because the CD spectra of GBF-His6 did not
change using urea concentrations below 2 M, the changes in GBF-E6 were likely due to the
properties of the E6 portion rather than that of GBF. Similarly, the fluorescence intensity of
GBF-E6, but not GBF, decreased when the concentration of urea was higher than 2 M, but
increased when urea was added at lower concentrations (< 2 M). The larger CD signal at low
urea concentration and the higher emission intensity in fluorescence spectra may result from
disrupting soluble aggregates or, possibly increased order in the secondary and tertiary
structure. The disruption of aggregates is consistent with our observation that adding 2 M urea
clarifies cloudy NMR protein samples at higher protein concentrations. Alternatively, some
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contribution to higher fluorescence signals could be caused by changes in quenching as the
fluorophores in large non-ordered aggregates may be partially quenched due to a heterogeneous
hydrophobic/polar environment. Our results are consistent with observations made with MBP-
E6 where 1.5 M guanidine hydrochloride disrupted the aggregation.38

To investigate the extent of aggregation of E6 proteins, surface plasmon resonance methods
were employed (Figure S1 and Table S1). GBF-E6 bound itself and the N-terminal domain.
Consistent with observations that the most C-terminal residues of E6 change chemical shift on
binding the E6N domain,15 we found different behavior with respect to the longer E6CL and
the shorter E6C domain, as E6CL bound GBF-E6, but not E6C. Likewise, when GBF-E6N
was immobilized, it bound the GBF-E6CL slightly stronger than E6C, as well as itself. This
indicates that E6N mainly contributes to the aggregation of E6. E6N also displayed higher
affinity than E6C to E6apc2 peptide (derived from E6AP protein), suggesting that it contributes
more to E6-E6AP binding than E6C.

Discussion
We achieved high solubility and stability of HPV-16 E6 protein by attaching an N-terminal
GB1 protein as a non-cleavable solubility-enhancement tag which allowed characterization
using a wide range of biochemical and biophysical properties. The full-length GBF-E6 protein
was shown to be competent in binding of a peptide representing E6AP as well as to be active
for promoting the degradation of p53. The longer C-terminal subdomain of E6 that had
RRETQV as its six C-terminal amino acid residues (residues 146-151), bound with the same
ratio and affinity to a PDZ domain (hDlg PDZ2) as a six residue peptide.30 The similarity in
binding suggests that HPV-16 E6 uses only its C-terminal domain for binding hDlg consistent
with a model of globular C-terminal zinc-binding domain with a unstructured C-terminus that
extends away from it as proposed earlier.15

The viral E6 protein comprises two domains (E6N and E6C) that likely require a particular
orientation to each other for biological activity. The structure of the C-terminal domain has
been determined, and a model for the N-terminal domain has been proposed based on the ca.
15% homology in amino acid sequence.15 Little information is available about the relative
orientation of the two domains, but there is sufficient evidence that they do interact. For
example, in an 1H, 15N-HSQC experiment of 15N-labeled E6CL, the cross-peak intensities of
the C-terminal tail of E6CL (R141, R147, E148 and T149) decrease on addition of non-labeled
E6N.15 Using SPR, we also found evidence that E6N binds to E6C. We found that the mixture
of E6N and E6C was not able to promote p53 degradation, suggesting that the separated
domains do not interact productively to support biological activity. Furthermore, the GBF-E6
(Δ76-79) protein construct, missing 4 amino acids in the linker region between the E6N and
E6C domains, had decreased p53 degradation activity, presumably due to an altered interaction
between the domains. Likewise, the different solubility of E6 from its separated domains
suggests that the interactions of separated E6N and E6C is different from the intramolecular
interaction of the N- and C-terminal domains within the full-length E6 protein as we found that
GBF-E6N and GBF-E6C could be concentrated to high (millimolar) levels but E6, as an E6N-
fused E6C, is much less soluble.

Because we observed that the GBF-E6N had more of a tendency to aggregate than the GBF-
E6C, the aggregation of E6 appears to be mediated via aggregation of its N-terminal domain,
with the caveat that inter-domain interactions in E6 may not reflect the properties of the
separated domains. Our observations on GBF-fused proteins are consistent with other E6
constructs, as MBP-fused E6 exists as a soluble agglomerate11,38 and unfused E6N aggregates
at concentrations above 20 to 50 μM12 while unfused E6CL is soluble to high concentrations.
13 Our model is that aggregation is mediated by hydrophobic interaction centered on E6N that

Liu et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2010 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may compete with E6AP binding, which has been shown to be through hydrophobic contacts.
32

Comparison of the activities of chimeric E6 proteins (that contain the E6N of HPV-6 fused to
E6C of HPV-16, and vice versa) for p53 binding and degradation suggest that the positively-
charged C-terminal domain of high-risk E6 is important for p53 binding and the N-terminal
domain is important for p53 degradation.39 HPV-16 E6 binds to its PDZ-containing target
proteins such as hDlg through its C-terminus.30,40-42 The SPR experiment suggests that
HPV-16 E6 binds to E6AP protein through its N-terminal domain that would lead to E6-
promoted hDlg and p53 degradation. Recent mutagenesis results indicate that the residues of
E6 that are required for binding a target protein may not be the same as those need to induce
its degradation, at least in the case of p53.35 Therefore we propose that the main function of
the C-terminal zinc-binding domain is to recruit a target protein, such as hDlg or p53, and the
N-terminal E6 domain is mostly responsible for recruiting a ubiquitin ligase, such as E6AP,
to mediate target protein degradation.

The structures of the two zinc-binding domains of E6 were found to be zinc dependent and the
two domains bind to zinc ions with different affinities. EGTA appears to be able to remove the
zinc from the N-terminal domain, but that removal of zinc does not significantly impair the
interaction with E6AP because E6 protein still possesses p53 degradation activity.16

Commercial reagents such as rabbit reticulocyte lysate used for supplying cellular components
in the p53 degradation assay typically contains 4 mM EGTA, so published in vitro p53
degradation assays are likely to use a form of E6 that contains only one zinc ion (in its C-
terminal domain). Zinc-ejecting inhibitors of HPV-16 E6 have been described that represent
potential drugs against cervical cancer.43 These organic disulfides release about 50% of the
zinc from HPV-16 E6 but they have different effects on the inhibition of binding of E6 to E6AP
(or the related E6BP protein) and the loss of p53 degradation. Our results indicate that removal
of zinc ion using EGTA, which does not affect p53 degradation, is from the N-terminal zinc-
binding domain. Therefore we suggest, but have not experimentally verified, that the different
activities of the zinc-ejecting inhibitors with respect to E6AP binding and p53 degradation may
originate from a different selection of the zinc ion removed from E6 protein.

Experimental procedures
Plasmid Construction

A plasmid expressing the mutant form of the B1 domain from Streptococcal G protein with a
C-terminal His6-tag was a gift from Dr. G. Wagner.23 The minimal region of HPV-16 E6
protein in p53 degradation covers residues 1 to 14212 and the six non-conserved cysteines
(residues 16, 51, 80, 97, 111, and 140) are not necessary for E6-mediated p53 degradation
activity and four-way DNA (Holliday) junction binding.15,25 Using a similar construct, we
found that mutations of two of these cysteines (residues 16 and 51) disrupted E6BP binding,
26 and therefore in our construct they were left unchanged and other four non-conserved
cysteines were converted to serine. The sequences encoding the E6 protein and its fragments
were generated by PCR and cloned into pET30a so that they contained an N-terminal GBF
fusion linked by glycine-serine (Figure 1). GBF-E6N encoded residues 2 to 74 of E6, GBF-
E6C encoded residues 79 to 142, and GBF-E6CL encoded residues from 79 to 151. The C-
terminal His6-tagged GBF was used as a control. To focus on the tryptophan in the C-terminus
of E6 in intrinsic fluorescence experiments, the other tryptophan (W43′) in the GBF region
was mutated to phenylalanine in the appropriate constructs. Sequences were verified by DNA
sequencing.
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Protein Expression and purification
Overnight cell cultures were inoculated into 1 liter of LB medium containing 50 μg/ml of
kanamycin and grown at 37°C for 3 hours until the A600 was 0.5 to 0.8. Protein production
was induced with 0.4 mM IPTG for 20 hours at 28 °C. Cells were harvested by centrifugation
and stored at -80°C until needed. The cell pellet of GBF-E6 was resuspended in 80 ml of 50
mM Tris-HCl (pH 8.0) with 10 mM DTT, 1 ml of 19 mg/ml PMSF 2-propanol solution and
0.5 ml EDTA-free protease inhibitor cocktail (Calbiochem), lysed by sonication, and
centrifuged at 14,000 rpm for 35 min. The supernatant was loaded onto a SP-Sepharose column
(1×16 cm) equilibrated with 50 mM Tris-HCl (pH 8.0) with 50 mM NaCl, then washed stepwise
using (1), 150 ml 50 mM Tris-HCl (pH 8.0) with 50 mM NaCl; (2), 50 mM Tris-HCl (pH 8.0)
with 5 mM DTT; (3), 50 mM Tris-HCl (pH 8.0) with 100 μM ZnSO4; and (4), 50 mM Tris-
HCl (pH 8.0) with 100 mM NaCl. GBF-E6 protein was eluted by 50 mM Tris-HCl (pH 8.0)
with 200 mM NaCl. The pooled fractions were concentrated to ∼3 ml using a Centriprep-30
centrifugal filter (Amicon), and DTT added to 5 mM and CHAPS to 10 mM. Further
purification used a Superdex-75 (1.0 × 70 cm) gel filtration in 50 mM sodium phosphate (pH
7.50) with 200 mM NaCl, and fractions corresponding to monomeric protein were pooled. The
purified protein was checked by SDS-PAGE and concentrated as above. Freshly purified
proteins were used for all biophysical experiments. The expression and purification of GBF-
E6(Δ76-79), GBF-E6C, and GBF-E6CL used the same protocol.

The purification of GBF-E6N protein was similar, except that after lysing the cell pellet, the
supernatant was loaded to SP-Sepharose column and the flow-through was collected and
concentrated. The pooled fraction was then loaded to a Q-Sepharose column at pH 8.0. The
GBF-E6N protein was in the flow-through, which was pooled, concentrated and further
purified by gel filtration column pre-equilibrated with 50 mM phosphate buffer (pH 6.50).

GBF-His6 was expressed as described for GBF-E6 and purified by using a Ni2+-HiTrap column
in 50 mM Tris-HCl (pH 8.0) and further purified on a gel filtration column in 50 mM phosphate
buffer (pH 6.50). The protein sample was desalted using G-50 Sepharose column and
lyophilized.

The homogeneity of the protein was > 90% by SDS-PAGE under reducing conditions. The
concentration of the proteins were determined by UV absorption at 280 nm using molar
extinction coefficients of 28020 M-1cm-1 for GBF-E6, 25460 M-1cm-1 for GBF-E6(Δ76-79),
15930 M-1cm-1 for GBF-E6N, 19060 M-1cm-1 for GBF-E6C and GBF-E6CL, and 9530
M-1cm-1 for GBF-His6, respectively. The molar extinction coefficients of the constructs with
a W43′F mutation in GBF were adjusted by subtracting the contribution by one tryptophan
(5500 M-1cm-1).

Determination of zinc content
The zinc content was determined by using the 4-(2-pyridylazo)-resorcinol (PAR) assay.44 Zinc
ions were released by treating the proteins with hydrogen peroxide (H2O2).43 Either the metal
standard solution (100 μM) or the protein solution (for the experimental data) was mixed with
guanidine–HCl (4 M, final concentration) and H2O2 (0.6%) in a volume of 500 μl, and
incubated at room temperature for about 4 min. 500 μl of a freshly prepared solution of PAR
(concentration 200 μM) was then added and kept at room temperature for 10 min. The
absorbance of each sample was determined at 500 nm using a HP 8453 UV-Vis spectrometer.
The zinc contents of the various monomeric GBF-fused E6 proteins were determined according
the absorbance against the standard curve obtained using ZnSO4 solutions.

To verify the effect of zinc-binding of the E6 proteins, samples of GBF-E6, GBF-E6N and
GBF-E6C were treated by dialyzing each against 3 different buffers overnight: 50 mM
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phosphate buffer (pH 6.50) alone, 50 mM phosphate buffer (pH 6.50) containing 10 mM EGTA
or 10 mM EDTA. The samples were then dialyzed against 50 mM phosphate buffer (pH 6.50)
to remove the additional chelating reagents before zinc determination.

NMR spectroscopy
15N-labeled samples were expressed in a modified M9 medium with 1 gram 15N-labeled
Celtone-N (Spectra Stable Isotopes, USA) per liter, and purified as described above. 15N-Leu-
labeled GBF-E6C was expressed in LB (with 50 mg 15N-labeled Leucine per liter) as described
previously.45 15N, 1H –HSQC spectra of GBF-E6N and GBF-E6C were collected at 25 °C on
Bruker Avance-300 or Avance-600 spectrometers. A 23-mer E6-binding peptide, E6apn1
(Sequence: [Ac]-ALQELLGQWLKDGGPSSGRPPPS-[NH2]) that we characterized
previously,29 was used to verify binding activity of the purified GBF-E6 protein. The 1D and
2D NOESY spectra of E6apn1 (2.0 mM) and its mixture with GBF-E6 (200 μM) were collected
in 50 mM phosphate (pH 7.50) with 200 mM NaCl at 5 °C on a Bruker AMX-500 spectrometer.
A NOESY difference spectrum was obtained by subtracting spectrum of the peptide from that
in the presence of GBF-E6 protein.

Isothermal titration calorimetry
ITC experiments were performed using samples at 20 °C in 20 mM phosphate buffer (pH 6.50)
using a VP-ITC system (MicroCal). Proteins were dialyzed against buffer, centrifuged, and
degassed. Typically, a 500 μM peptide solution of hDlg PDZ2 was injected 30 times in 10 μl
aliquots into the 1.4 ml sample cell containing GBF-E6CL at a concentration of 50 μM. Data
were fit with a nonlinear least-squares routine using a single-site binding model with Origin
for ITC v.7.0 (MicroCal), varying the stoichiometry (n), the enthalpy of the reaction (ΔH) and
the association constant (Ka).

SPR experiments
The interaction of proteins was measured by SPR analysis on a Biacore 3000 instrument.
Ligands to be immobilized were diluted to 30 μg/ml in 10 mM sodium acetate, pH 4.0 and 5.0
and immobilized onto the dextran matrix of a CM5 sensor chip (Biacore) using the amine
coupling method. All binding experiments were performed at 25 °C in 50 mM phosphate (pH
6.50) containing 200 mM NaCl. Pulses of 10 mM glycine (pH 3.0) were used to regenerate the
surfaces between injections. A 33-mer peptide, E6apc2 that binds E6, and a 29-mer peptide,
E6apc1 that does not bind E6, were used as controls which were characterized previously.29

SPR data were analyzed using BIAevaluation 4.1 software (Biacore). The data were fitted by
nonlinear curve fitting analysis after correction for non-specific binding using a 1:1 Langmuir
binding model.

UV, CD and Fluorescence spectroscopy
UV spectra were collected using a HP 8453 UV-visible spectrometer and far-UV CD spectra
were recorded in a 0.1 cm cuvette on a JACSO model 810 spectropolarimeter using two scans
at room temperature. Spectra were baseline corrected by buffer subtraction. Fluorescence
measurements were performed at 25 °C with a SPEX Fluorolog-3 spectrofluorometer (SPEX
Industries, Inc., Edison, NJ) equipped with a 450W Xe lamp, a double-grating excitation
monochromator, and a double-grating emission monochromator. The high voltages were fixed
at 950 V. The Xenon lamp spectrum was calibrated using the water Raman spectra. The slit
widths were set to 1.25 nm for both excitation and emission. The solution (400 μl) was placed
in a 0.2 × 1 cm cuvette (0.2 cm for excitation, 1 cm for emission and excited at 293 nm. Spectra
were baseline corrected by buffer subtraction. Thermal stabilities were monitored by CD using
a temperature range of 0 to 90 °C. Tm values were estimated by fitting the denaturation curve
using Boltzmann sigmoid curves. For some data, GBF-His6 was fit first and its denaturation
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parameters used for deconvolution of the curves for the multi-domain constructs (Figure S3).
Urea denaturations at 25 °C were performed by diluting the protein stock to the corresponding
urea concentration and collecting CD or fluorescence spectra.

Analytical Gel Filtration
The aggregation of the protein samples were analyzed by using an analytical Sephacryl H100
gel filtration column (1×18 cm) in 50 mM phosphate buffer (pH 6.50) with 200 mM NaCl.
The flow rate of 1.2 ml/min was controlled by Varian ProStar HPLC system and the elution
of the proteins was detected by absorbance at 280 nm.

Limited proteolysis of GBF-E6 and GBF-E6(Δ76-79)
The purified protein GBF-E6 or GBF-E6(Δ76-79) was diluted to a concentration of 5 μM in a
buffer with 50 mM Tris (pH 8.0) and 200 mM NaCl and incubated with chymotrypsin, sampling
at various times. At each time point an aliquot of the reaction mixture was added to SDS-PAGE
loading buffer at 90°C to stop the digestion. The reaction products were separated by SDS-
PAGE on a 20% polyacrylamide gel, silver-stained, and quantified using the ImageQuant 5.2
Program. For sequencing, bands were transferred to PVDF membranes and submitted to the
Tufts University Core Facility for N-terminal sequencing by the Edman degradation reaction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used
MBP  

maltose-binding protein

CD  
circular dichroism spectroscopy

CHAPS  
3-[(3-Chloromidopropyl)dimethylammonio]-1-propanesulfonate

DDM  
n-Dodecyl β-D-maltoside

DTT  
dithiothreitol

hDlg/SAP  
human homolog of the Drosophila discs large tumor suppressor protein/synapse-
associated protein

HPV  
human papillomavirus

HSQC  
heteronuclear single quantum coherence

ITC  
isothermal titration calorimetry

GST  
glutathione-S-transferase

NOESY  
nuclear Overhauser effect spectroscopy

NP40  
ethylphenyl-polyethylene glycol (Nonidet P-40)

PAR  
4-(2-pyridylazo)-resorcinol

PDZ  
Postsynaptic density protein/Disc large/Zonula occludens

PMSF  
phenylmethanesulfonylfluoride

SPR  
surface plasmon resonance

TCEP  
Tris(2-Carboxyethyl) Phosphine
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Figure 1.
The E6 constructs used in this study. The E6 protein has two zinc-binding domains (ZN1 and
ZN2) and a PDZ-binding motif (PDZB). The residues of the PDZ-binding motif, RRETQV,
are indicated. The residues of GBF are numbered as 1′ to 56′. GBF-E6 comprises F2Q3D4…
S140R141S142 of wild-type HPV-16 E6 with 4 Cys to Ser mutations at 80, 97, 111 and 140);
GBF-E6(Δ76-79) comprises F2Q3D4…S140R141S142 with the same 4 Cys to Ser mutations,
but without Y76R77H78Y79; GBF-E6N comprises residues F2Q3D4…I73S74E75 of wild-
type HPV-16 E6; GBF-E6C comprises residues S80Y81S82…S140R141S142 of wild-type
HPV-16 E6 with the 4 Cys to Ser mutations; GBF-E6CL comprises residues S80Y81S82…
T149Q150V151 with the 4 Cys to Ser mutations. GBF-E6 and GBF-E6C constructs with a Trp
to Phe mutation in the GBF region (W43′F) were also prepared.
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Figure 2.
The binding of purified E6 proteins to E6 targets. (A) One-dimensional NMR spectra of E6apn1
peptide (2.0 mM) in the absence (top) and in the presence of (bottom) of GBF-E6 protein (200
μM) in 50 mM phosphate (pH 7.50) with 200 mM NaCl at 5 °C. The indicated assignments
are based on our previous report.29 (B) The NOESY difference spectrum of E6apn1 peptide
with and without GBF-E6 protein. Increases in peak intensity are shown in red and decreases
in peak intensity are in green. (C) SPR analysis of the interaction of GBF-E6 and E6apc2
peptide in 20 mM phosphate (pH 6.50). E6apc2 was immobilized to the CM5 sensor surface
and a series of GBF-E6 solutions allowed to flow over the surface. The experimental curves
are shown in gray, the fits shown in black. (D) ITC analysis of the interaction of hDlg PDZ2
domain and E6CL peptide in 20 mM phosphate (pH 6.50). A 500 μM solution of hDlg PDZ2
was injected 30 times in 10 μl aliquots into the 1.4 ml sample cell containing GBF-E6CL at a
concentration of 50 μM at 20 °C.
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Figure 3.
Comparison of secondary structure content of E6 proteins. A. The molar ellipticities of GBF-
E6 (solid squares), GBF-E6N (solid circles), and GBF-E6C (open circles). A construct
representing the fusion tag, GBF, is also plotted (open squares). B. The molar residue
ellipticities of GBF-E6, GBF-E6N and GBF-E6C are shown with the same symbols. The
proteins were between 5 and 10 μM in 50 mM sodium phosphate (pH 7.50) with 200 mM NaCl
at 25 °C.
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Figure 4.
The 15N,1H-HSQC spectra of N-terminal and C-terminal halves of HPV-16 E6 protein
indicated that the domains are well folded. (A) Overlay of GBF-E6N (blue) and GBF-His6
(red). (B) GBF-E6C (blue) and GBF-His6 (red). The protein concentrations were about 2.0
mM and data was collected at 20 °C. GBF-E6N was in 50 mM phosphate (pH 7.50), 500 mM
NaCl, 5 mM CHAPS, and GBF-E6C and GBF-His6 were in 20 mM phosphate (pH 6.50).
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Figure 5.
Thermal denaturation of GBF-E6 and its mutants. (A) CD spectra of GBF-E6 as the temperature
was increased in steps of 5°C. (B) The thermal unfolding of GBF-E6 (solid squares), GBF-E6
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(Δ76-79) (stars), GBF-E6N (solid circles), GBF-E6C (open circles) and GBF-His6 (open
squares). The proteins were 5 to 10 μM in 50 mM phosphate buffer (pH 6.50) containing 200
mM NaCl. The proteins were considered to be 100% folded at 0°C.
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Figure 6.
The effect of zinc binding on HPV E6 structure. (A), (B), and (C) show the CD spectra of GBF-
E6, GBF-E6N, and GBF-E6C and (D), (E), and (F) show the fluorescence spectra of GBF
(W43′F)-E6, GBF-E6N, and GBF(W43′F)-E6C. GBF(W43′F)-E6 was 5 μM and GBF-E6N
and GBF(W43′F)-E6C were 10 μM. The buffers used were 50 mM phosphate, pH 6.50 (black),
50 mM phosphate, pH 6.50 with 8 mM Zn-EGTA (red), 50 mM phosphate, pH 6.50 with 8
mM EGTA (green), 50 mM phosphate, pH 6.50 with 8 mM EDTA (blue).
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Figure 7.
Overlaid 15N,1H-HSQC spectra of 15N-Leu-labeled GBF-E6C fusion protein in the absence
of (red) and in the presence of 2 mM EDTA (blue) at 25°C. L5, L7 and L12 are from the GBF
part, and L83, L88, L96, L99, L100, L110 and L119 are from the E6C part. The assignments
of GBF are based on our own data and published results.46 The numberings for E6C are from
published assignments of a similar construct.27

Liu et al. Page 30

J Mol Biol. Author manuscript; available in PMC 2010 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
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Urea denaturation. (A) The molar residue ellipticity of GBF-E6 (solid squares) measured on
CD spectra at 222 nm and (B), the GBF-E6 fluorescence intensity (solid squares) at 350 nm
vs. urea concentration. The GBF-His6 control is shown for comparison (open squares). The
protein concentrations were 4.0 μM for CD and about 1.0 μM for fluorescence.
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