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ABSTRACT: The E6 protein from HPV type 16 binds proteins containing a seven-residue leucine-containing
motif. Previous work demonstrated that peptides containing the consensus sequence are a mixture of
R-helix and unstructured conformations. To design monomeric E6-binding peptides that are stable in
aqueous solution, we used a protein grafting approach where the critical residues of the E6-binding motif
of E6-associated protein, E6AP, LQELLGE, were incorporated into exposed helices of two stably folded
peptide scaffolds. One series was built using the third zinc finger of the Sp1 protein, which contains a
C-terminal helix. A second series was built using a Trp-cage scaffold, which contains an N-terminal
helix. The chimeric peptides had very different activities in out-competing the E6-E6AP interaction. We
characterized the peptides by circular dichroism spectroscopy and determined high-resolution structures
by NMR methods. The E6-binding consensus motif was found to be helical in the high-quality structures,
which had backbone root-mean-square deviations of less than 0.4 Å. We have successfully grafted the
E6-binding motif into two parent peptides to create ligands that have biological activity while preserving
the stable, native fold of their scaffolds. The data also indicate that conformational change is common in
E6-binding proteins during the formation of the complex with the viral E6 protein.

The E6 protein is an oncoprotein produced by the high-
risk type of human papillomavirus (HPV)1 (1). The papil-
lomavirus is a small DNA tumor virus that infects epithelial
cells and is strongly associated with the development of
cervical cancer (2). The E6 protein from HPV type 16 (HPV-
16, the prototype of high-risk HPV) is a 151 amino acid
residue protein of unknown three-dimensional structure that
contains two zinc-binding domains (2-7). E6 is thought to
promote tumorigenesis by stimulating cellular degradation
of the tumor suppressor p53 (2, 8, 9) through formation of
a trimeric complex that includes the cellular 100 kDa E6-
associated protein, E6AP. E6AP contains an internal E6-
binding domain (amino acid residues 391-408) and a
C-terminal Hect domain that confers ubiquitin-protein ligase
activity that results in the specific ubiquitination and
subsequent degradation of p53 (9). E6 protein displays a

variety of other activities unrelated to E6AP-mediated p53
degradation through recognition of other cellular proteins,
for example: E6bp (10), fibulin-1 (11), CBP/p300 (12), zyxin
(13), MAGI-1 (14), hDLG (15), paxillin (16, 17), AP-1, a
clathrin adaptor protein (18), Bak (19, 20), E6TP1 (21), Tyk2
(22), hScrib (23), and tumor necrosis factor R1 (24). E6 also
interacts with DNA, as it can activate or repress several
cellular or viral promoters (6, 25).

Sequence comparison among several of the E6-interacting
proteins, including E6AP, reveals a consensus sequence,
LxxφLsh, where L indicates the conserved leucine residues,
φ is a hydrophobic residue (usually leucine), h is an amino
acid residue with a side-chain capable of accepting hydrogen
bonds (Asp, Glu, Asn, or Gln), s represents a small amino
acid residue (Gly or Ala), and xx is a dipeptide where one
of the residues is Asp, Glu, Asn, or Gln(26). Mutation of
the conserved hydrophobic residues in the motif eliminates
binding, whereas mutation of most other residues signifi-
cantly reduces binding (26-28). Previous work using
secondary structure predictions and structure determinations
using NMR methods demonstrated that peptides containing
the consensus sequence clearly have a tendency to form an
R-helix (26, 27, 29). Experimental evidence indicated that
these E6-binding peptides were mostly unstructured in
aqueous solution and required the addition of cosolvents,
such as trifluoroethanol (TFE), which is said to possibly
mimic the presence of the binding partner (30).

In this paper, E6-binding peptides were designed to be
stable in aqueous solution without the presence of stabilizing
partners such as E6 protein or TFE. The minimal E6-binding
consensus sequence was grafted into the singleR-helix of
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two different molecular scaffolds (Figure 1) and the generated
peptides were tested to measure the extent to which they
are biologically active. The solution structures of both active
and inactive peptides were then determined by circular
dichroism (CD) spectroscopy and nuclear magnetic resonance
(NMR) methods. Correlation of the assay data with the
structures provides insight into the mechanism of binding
to the papillomavirus E6 protein and suggests that confor-
mational change is common in E6-binding proteins during
the formation of the complex. In the process, we have created
ligands that have biological activity and retain the stable,
native fold of the scaffold protein.

EXPERIMENTAL PROCEDURES

Peptide Synthesis.Each peptide was synthesized at the
Tufts University Core Facility using Fmoc [N-(9-fluorenyl)-

methoxycarbonyl] chemistry and contained an acetylated
N-terminus and an amidated C-terminus. Peptides were
purified by C18 reversed-phase high-performance liquid
chromatography (HPLC), and identities were confirmed by
matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry and by NMR spectroscopy.

In Vitro Association Assay.A fusion of E6AP with GST
was prepared as described previously (26). Glutathione-
Sepharose beads containing approximately 2µg of GST-
E6AP fusion protein were combined with 3µL of 35S-labeled
in vitro-translated E6 protein in a total volume of 250µL in
a buffer containing 100 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 1% NP-40, 2 mM DTT, and 1 mM PMSF (phenyl-
methanesulfonylfluoride). Peptides were added at concentra-
tions ranging from 0 to 100µM. The mixtures were shaken
gently for 3 h at 4 °C and then washed extensively with
buffer, boiled in SDS-gel loading buffer, and electrophoresed
on SDS-polyacrylamide gels. Gels were fixed, and intensities
determined by densitometry. A plot of intensities versus
peptide concentration was used to determine the concentra-
tion at which binding was reduced by 50% (Figure 2).

CD Spectroscopy. CD spectra were recorded in a 0.1 cm
cuvette on a JASCO model 810 spectropolarimeter from 190
to 260 nm with two scans for all of the experiments. The
bandwidth was 1 nm, and the scanning speed was 10 nm/
min. The concentrations of the peptides were about 0.2 mM.
E6apc1 and E6apc2 were in buffers containing 400µM
ZnSO4 and 2 mM imidazole (pH 6.2), and E6apn1, E6apn2,
and E6apm were in 5 mM phosphate buffer (pH 6.5).
Thermal stability measurements were performed with incre-
mental increases or decreases of 5°C, and samples were
equilibrated for 2 min at each temperature prior to data
collection. Spectra were baseline-corrected by buffer subtrac-
tion. Helical content was estimated using CDNN2.1 (31).

NMR Spectroscopy.Samples of the E6apn1 and E6apn2
peptides were prepared at 5.0-6.0 mM concentration in
double-distilled water with 10% D2O and 20µg/mL DSS as
an internal standard. The pH was adjusted to 6.5. Samples
of the E6apc1 and E6apc2 peptides, which were limited in
quantity, were prepared at 1.2-3.0 mM concentration in
buffers containing 10 mM deuterated imidazole, pH 6.0, 4
mM ZnSO4, 1 mM deuterated DTT, 10% D2O, and 20µg/
mL DSS. Samples in D2O were prepared by lyophilizing
the peptide solutions prepared in 90% H2O/10% D2O and
redissolving in 99.96% D2O. The pH values (direct meter
readings) were the same as in the 90% H2O/10% D2O
samples.

Spectra were collected at 25°C on a Bruker AMX-500
spectrometer with a proton frequency of 500.14 MHz.
Additional spectra for E6apn1 and E6apn2 were collected
at 7 °C. Water suppression was performed by using pre-
saturation. Two-dimensional NOESY, total correlation spec-
troscopy (TOCSY), and double-quantum-filtered COSY
spectra were collected with 2048 points int2 and 512 time-
proportional phase increments int1. Spectra were processed
with shifted sine-bell window functions of about 60° (32).
NOESY spectra were acquired with mixing times of 150 ms
for the∼30 residue peptides and 200 ms for the∼25 residue
peptides. TOCSY spectra were recorded with a mixing time
of 57 ms using an MLEV-17 sequence (32). Final spectra
were zero-filled to 4096× 512 (real) points.

FIGURE 1: Two small stable peptide structures with exposed
R-helices. (A) The structure of the third zinc-finger from the Sp1
protein (PDB accession code 1SP1). The 29-residue 1SP1 peptide
contains anR-helix at its C-terminus (residues 16-25) (41). Side-
chains are shown for residues important for ligating zinc and for
stabilizing the hydrophobic core. (B) The structure of the Trp-cage
peptide (PDB accession code 1L2Y). The 20-residue domain
contains anR-helix at its N-terminus (residues 3-8) (34). Side-
chains are indicated for the residues that stabilize the structural
core of the peptide.
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Proton assignments were made by following standard
homonuclear methods (33). The amino acid spin systems of
E6apc1 and E6apc2 were assigned first from the TOCSY

and double-quantum COSY spectrum to establish the in-
traresidue connectivity. Sequential assignment was then
performed using the observeddRN, dâN, anddNN NOE cross-

FIGURE 2: Inhibition of E6-E6ap interaction by the designed peptides. Experiments were performed in duplicate. (A) Inhibition by E6ap18
peptide. (B) Inhibition by E6apc1 peptide. (C) Inhibition by E6apc2 peptide. (D) Inhibition by E6apn1 peptide. (E) Inhibition by E6apn2
peptide. (F) Inhibition by E6apm. Data were fit using an equation modified from Sia et al. (45) y ) k/(1 + IC50/x) (wherek is a scaling
factor, generally 1), except for the E6apc1 peptide, where the data were not fit, and a curve was drawn using an IC50 of 1000µM.

Structure of E6-Binding Motifs Biochemistry, Vol. 43, No. 23, 20047423



peaks. Starting points for E6apn1 were based on the
assignments of a similar peptide published by Neidigh et al.
(34). Structure calculations were performed on monomers
of E6apc1, E6apc2, and E6apn1 by employing the CNS
program (version 1.1). The NOE and dihedral constraints
were inputted using the default force constants (75 kcal/Å2

and 400 kcal/deg2, respectively). High-temperature dynamics,
and then a cooling cycle in torsion space (withKNOE )
150 kcal/mol), followed by further cooling in Cartesian
space (KNOE ) 75 kcal/mol) and minimization (KNOE ) 75
kcal/mol), were performed with modifications as described
(35). Briefly, (1) the cooling cycles in torsion space and in
Cartesian space were each doubled in length. (2) The dihedral
angle energy function was activated, and the chemical shift
function was disabled. Then, (3) theErepel function was
replaced by a Lennard-Jones potential during the final
Powell minimization. Ten accepted structures were accepted
using the default ACCEPT script. Accepted structures were
refined using the ENSEMBLE script with high-temperature
dynamics and a cooling cycle in Cartesian space, followed
by further cooling in Cartesian space. The number of the
cooling cycles in Cartesian space was doubled, and theErepel

function was replaced by a Lennard-Jones potential during
the final Powell minimization. Resulting structures were
visualized by using MOLMOL 2K.1 (36).

RESULTS

To design E6-binding peptides that are stable, we chose a
protein grafting approach where the critical residues of the
E6-binding motif of E6AP, LQELLGE, were incorporated
into an exposed helix of a stably folded peptide scaffold.
The amino acid residues responsible for binding E6 form
an R-helix but are conformationally labile when unbound
(26, 37), and it is expected that considerable entropy is lost
on binding the E6 protein. Incorporation into a stable motif
may reduce the entropic cost of binding and increase affinity.
On the other hand, if the E6-binding motif is stabilized into
the wrong conformation for binding, favorable binding
enthalpy may be lost. In this “one-shot” grafting approach,
our intent was to retain activity without significantly perturb-
ing the structure of the protein host. We also desired that
the resulting chimeric peptide not aggregate, thus remaining
amenable to NMR spectroscopy, and that the residues that
bind E6 be sufficiently dispersed for studies while bound to

E6 protein. To date, no one has determined the structure of
E6-binding peptide while bound to E6 or the structure of
the peptide-E6 complex, mostly because the E6 protein is
notoriously difficult to purify in quantities sufficient for NMR
spectroscopy (5, 38-40).

Although the predominant secondary structure of the E6-
binding motif is helical, without the structure of the complex
between peptide and E6, we do not know the extent of helix
formation in detail. In particular, we are unsure of the
conformation state (or states) of the glycine and glutamate
residues at the C-terminal end of the motif or of adjacent
residues external to the motif (26). In addition, the E6-
binding pocket on E6 may also sterically exclude long
helices, that is, an E6-binding motif that is contained within
a long helix may not fit. Therefore, we investigated the use
of two scaffolds that are expected to present exposed helices
differently. One series, E6apc leaves the C-terminal end of
the E6-binding motif exposed, whereas the other, E6apn,
leaves the N-terminal end exposed.

The E6apc series was built on the scaffold of the third
zinc finger of the Sp1 protein, which contains a C-terminal
helix between residues Asp-16 and His-25 (41, 42). While
incorporating the E6-binding motif into the helix of the
scaffold, several of the residues could not be modified, as
they are important either for chelating the zinc ion (His-21
and His-25) or are part of the hydrophobic core of the zinc
finger (e.g., Leu-18 and Ile-22). Other residues (16, 17, 19,
20, 23, and 24) appeared to be amenable to substitution. In
the first construct, E6apc1, we substituted in leucines at
positions 20, 23, and 24 to generate the motif LHILLHE.
Although this motif lacked the glutamate immediately
preceding the double-leucine and the small residue that
follows the double-leucine that are conserved among E6-
binding proteins, each can be substituted by alanine without
loss of function (27). Other constructs (Table 1) moved the
E6-binding motif toward the C-terminal end of the helix by
one turn of helix. In one peptide, E6apc2, the generated motif
was LHELLGE, containing a histidine predicted to be a
helical residue that would also chelate the zinc ion.

A second series, E6apn, was built on a Trp-cage scaffold
that was derived from the small peptide exendin-4 from Gila
monster saliva and which contains an N-terminal helix from
residues Tyr-3 to Lys-8 (34). Here, Trp-6 in the helix that is
the core of the Trp-cage could clearly not be modified (Figure

Table 1: Peptide Sequences and Their E6-Inhibiting Activitiesa

name sequence IC50 (µM)

E6ap18 IPESS ELTLQ ELL GE ERR 10.5( 1.4
1SP1.pdb

(1SP1 Zn finger)
KKFAC PECPK RFMRSDHLSK HIKTHQNKK nd

E6apc1 YKFAC PECPK RFMRS DHLTL HILL H ENKK >1000
E6apc2 YKFAC PECPK RFMRS DHLSK HITLH ELL GE ERR 19.3( 2.9
1L2Y.pdb

(Trp-cage)
NL YIQWL KDGGP SSGRP PPS nd

E6apn1 ALQEL L GQWL KDGGP SSGRP PPS 36.8( 3.2
E6apn2 ALQEL L GEYI QWLKD GGPSS GRPPP S 26.2( 4.8
E6apm YLQEL L GE 74.3( 1.9

a The three residues that, when mutated to alanine in the parent E6ap18 peptide, abolish binding to E6 are shown in bold. The E6ap18 peptide
represents amino acid residues 391-408 of the E6-binding domain of E6AP protein (26). The E6apc series contains an E6-binding motif at the
C-terminus of a zinc finger scaffold for which the helical residues are in italics (41). A third member of the series (E6apc3) containing the sequence
KKFAC PECPK RFMRS DHLSK HILQH LL GEK K had no activity for inhibiting the interaction of E6 with E6BP protein (unpublished results)
and was not examined further. The E6apn1 and E6apn2 peptides contain the E6-binding motif at the N-terminus of a Trp-cage scaffold for which
the helical residues are in italics (34). A peptide containing the minimal sequence for binding E6 (E6apm) was also tested. Peptides were assayed
for their ability to inhibit the interaction of E6 with E6AP protein (see text for details).
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1B). Other residues contributing to the hydrophobic core
were Tyr-3 and Leu-7. On the other hand, Leu-2 appeared
to point into the solution and was an excellent choice to be
part of the E6-binding motif, LQELLGE. In the first
construct, the tyrosine was changed to a leucine, and other
changes were made resulting in a motif LQELLGQ. In the
second construct, the E6-binding motif was shifted one turn
of helix toward the N-terminus, thus retaining the tyrosine
and resulting in the motif LQELLGE.

The peptides had very different activities in out-competing
the E6-E6AP interaction (Figure 2 and Table 1). Inhibition
by the E6apc2, E6apn1, E6apn2, and E6apm peptides was
close to that of the parent 18mer peptide that we character-
ized previously (26), whereas E6apc1 did not show the
inhibition. To understand the basis for why some peptides
had activity while others did not, we wanted to know their
three-dimensional structures.

We first examined the structures of the peptides using
circular dichroism (CD) spectroscopy (Figure 3). The E6apn1
and E6apn2 peptides showed minima in their CD spectra at
∼207 and∼224 nm and overall were very similar to that of
the 20 amino acid residue Trp-cage scaffold reported by
Neidigh et al. (34). The ellipticity at 222 nm for E6apn1
was ∼-12 500 deg cm2 dmol-1, whereas that of the Trp-
cage scaffold was∼-15 000 deg cm2 dmol-1, suggesting
slightly less helical character. The ellipticity at 222 nm for
E6apn2 was∼-20 000 deg cm2 dmol-1, suggesting slightly
more helical character. (The estimated percentages ofR-helix
in E6apn1 and E6apn2 are 35 and 62, respectively.) Our
interpretation of these data is that at ambient temperatures,
the E6apn1 peptide is less ordered in solution relative to the
E6apn2 peptide. Compared to the E6apn peptides, E6apc1
and E6apc2 had less negative ellipticities at∼207 nm and
∼222 nm and with a different ratio. The curve shape is
similar to that of a single finger of TFIIIA (43) and three-
finger domain of SP1 (44). Our interpretation of the E6apc
data is that at ambient temperatures, the E6apc2 peptide may
be less ordered in solution relative to the E6apc1 peptide.
E6apm peptide, a short peptide containing only the residues
needed for interaction with E6, was unstructured under the

same conditions as evidenced by a minimum in the CD curve
at 198 nm and an estimated secondary structure of 14% helix.

Because the peptides may change conformation on inter-
action with E6, we assessed the ability of each of the
scaffolds to undergo conformational change using thermal
denaturation. Thermal denaturation of a member of the E6apn
series displayed reversible unfolding and folding with aTm

of about 32°C (Figure 4). On the contrary, the CD spectrum
of the zinc finger did not change significantly as a function
of temperature (Figure 5). Because binding to E6 is likely
to require changes in conformation (see discussion), the
rigidity of the E6apc series suggests that there would be little
loss of conformational entropy on binding (45), although too
rigid a structure may exact a poor enthalpy of binding (46).
The E6apn series seems to be the more promising scaffold
for design.

Higher-resolution structures of the peptides were needed
to assess residue-specific conformation and the details of the
amino acid side-chains. One-dimensional1H NMR spectra
of the E6apc1, E6apc2, and E6apn1 peptides displayed both
good dispersion and narrow resonance lines, indicating that

FIGURE 3: Circular dichroism spectroscopy of E6-binding peptides
at room temperature. E6apc1, open circles; E6apc2, solid squares;
E6apn1, open triangles; E6apn2, solid circles; E6apm, open squares.
CD data were collected in 2 mM imidazole (pH 6.2) with 400µM
ZnSO4 for E6apc1 and E6apc2 and in 5 mM phosphate (pH 6.5)
for E6apn1, E6apn2, and E6apm.

FIGURE 4: Thermal denaturation and renaturation of the E6apn1
peptide in 5 mM phosphate (pH 6.5). (A) CD spectra of the
temperatures increasing from 0 and 65°C in increments of 5°C
and a spectrum at 85°C. (B) Thermal denaturation and renaturation
profiles by monitoring the CD signal at 222 nm. Solid squares and
the solid line indicate the denaturation profile, whereas open circles
and the dashed line indicate the renaturation profile. The signal
intensity was rescaled so that the reading at the highest temperature
(85°C) was 100% unfolded and the signal at 0°C was 0% unfolded.
Visual analysis resulted in a calculatedTm of 32 °C. If the peptide
is partially unfolded at 0°C, the calculatedTm is lower.

Structure of E6-Binding Motifs Biochemistry, Vol. 43, No. 23, 20047425



the peptides folded well and that they would be good
candidates for structure determination. The one- and two-
dimensional NMR spectra of E6apn2 displayed good disper-
sion but broad peaks and weak intensity, suggesting aggre-
gation at the high concentrations used for NMR, and the
peptide was not analyzed further.

Resonance assignments were made by the usual strategy
using two-dimensional TOCSY, double-quantum-filtered
COSY, and NOESY spectra (32, 33). The NOESY spectra
of the three peptides E6apc1, E6apc2, and E6apn1 exhibited
strong NOE cross-peaks between sequential residues in the
amide-amide proton region typical of helix formation
(Figures 1S-3S, Supporting Information). TheR-protons of
binding motif residues showed significant negative chemical
shift deviation from random coil norms, indicatingR-helical
conformation both in the C-terminus of the E6apc peptides
and in the N-terminus of the E6apn1 peptide (Figure 6) (47,
48). Compared to other residues, the chemical shift deviation
of Ser15 in E6apc1 and E6apc2 and that of Gly14 in E6apn1
are big. The large chemical shift deviation of Gly14 is
primarily due to ring current shielding by Trp9. The deviation
of Ser15 in E6apc1 and E6apc2 appears to be induced by
the aromatic ring of Phe3.

For three-dimensional structure determination at atomic
resolution, NOE cross-peak intensities were converted into
distance restraints and calibrated using the covalently fixed
distances of the well-ordered aromatic and histidine side-
chains (49). The amide-amide distances in the helical
regions were about 2.8 Å, indicating accurate calibration.
The three-bond coupling constants,3JHN,HR, were measured
from the splitting of cross-peaks in the HN region of one-
dimensional slices from a resolution-enhanced two-dimen-
sional NOESY spectra of the spectra (50) and converted to
dihedral angles (51). A small3JHN,HR (<6 Hz) value suggested
that the correspondingφ angle was approximately-60°
((30); if 3JHN,HR was large (>8.0 Hz), theφ angle was
presumed to be-120°((40). 3JHR,Hâ values were measured
from the splittings in the HR dimension of the spectra
collected in D2O solution. At this stage, most of theâ- and
γ-methylene protons were also stereospecifically assigned
on the basis of coupling constants and NOE patterns (Tables

S1-S3, Supporting Information). Approximately 300 con-
formational restraints were obtained for each peptide (Table

FIGURE 5: Thermal denaturation of the E6apc1 peptide in a buffer
containing 400µM ZnSO4 and 2 mM imidazole (pH 6.2). CD
spectra were collected at temperatures from 0 to 90°C in increments
of 5 °C.

FIGURE 6: Chemical shift analysis of the E6-binding peptides. The
chemical shifts of the HR protons were compared to random coil
values (33). Positive values are indicative ofâ-sheet formation,
whereas consecutive negative values are indicative of anR-helix.
(A) Analysis for E6apc1. (B) Analysis for E6apc2. (C) Analysis
for E6apn1. In (C), the spectroscopically distinguishableR-protons
of the four glycines are markedR2 andR3.

7426 Biochemistry, Vol. 43, No. 23, 2004 Liu et al.



2) and were input into CNS for structure calculation. The
constraints and the resulting statistical analysis of the final
structures are shown in Table 2. The structures are of high
quality. The total energies are low (about-36 kcal/mol),
and the backbone rms deviations of superimposed structures
are between 0.27 and 0.37 Å.

The E6apc1 peptide possesses the predicted conformation
of a zinc finger motif (Figure 7). Four residues (Cys5, Cys8,
His21, and His25) chelate one Zn2+, and Phe12 and Leu18
form a hydrophobic core that stabilizes the conformation of
the motif. Residues Phe3 to Ala4 and residues Arg11 to
Phe12 form a small antiparallelâ-sheet, and residues 15 to
26 form anR-helix. The three residues likely to be most
important for binding E6 (Leu20, Leu23, and Leu24) are

located in the middle of the helix, and their amide hydrogens
participate in the hydrogen bonds associated with helices.
Their side-chains extend into the solvent away from the
portion of the peptide structure that forms the smallâ-sheet.

The E6apc2 peptide shows the same overall conformation
(Figure 8), except that theR-helix was between residues 15
and 25. Only the first leucine residue (Leu24) of the assumed
E6-binding motif is located in the well-defined helix, the
second and third leucine residues, Leu27 and Leu28,
respectively, are outside of the helix and appear to be only
partially ordered. We cannot discern whether the residues
are truly less ordered or the NOE data concerning these
residues are relatively sparse, partly due to poor resolution
in the NMR spectrum.

Table 2: NMR Structural Data and Refinement Statistics

E6apc1 E6apc2 E6apn1

experimental restraints
distance restraints from NOEs 334 281 280
dihedral angle restraints 37 32 14
total no. of experimental restraints 371 313 294
rms deviations from experimental data
average distance restraint violation (Å) 0.039( 0.001 0.043( 0.002 0.030( 0.001
distance restraint violations>0.5 Å 0.0( 0.0 0.0( 0.0 0.0( 0.0
average dihedral angle restraint violation (deg) 0.07( 0.03 0.09( 0.06 0.01( 0.03
dihedral angle restraint violations> 5° 0.0( 0.0 0.0( 0.0 0.0( 0.0

rms deviations from ideal stereochemistry
bonds (Å) 0.0033( 0.0001 0.0035( 0.0001 0.0032( 0.0001
angles (deg) 0.470( 0.009 0.493( 0.009 0.500( 0.007
impropers (deg) 0.340( 0.019 0.285( 0.019 0.281( 0.013

Ramachandran analysis of the structures
residues in favored regions 91.4% 74.4% 93.7%
residues in additionally allowed regions 8.6% 24.5% 6.3%
residues in generously allowed regions 0.1% 1.1% 0.0%
residues in disallowed regions 0.0% 0.0% 0.0%

Lennard-Jones potential energies
after annealing (kcal mol-1) -3.7( 10.3 -20.5( 11.6 -39.1( 5.1
ensemble average (kcal mol-1) -32.1( 7.1 -38.2( 9.2 -40.8( 3.9

coordinate precision (Å)a

backbone 0.37( 0.13 0.27( 0.10 0.32( 0.10
all heavy atoms 1.29( 0.21 1.06( 0.18 1.18( 0.19

a After superimposition of residues 3-26 of E6apc1, 3-25 of E6apc2, and 3-20 of E6apn1.

FIGURE 7: Three-dimensional structure of the E6apc1 peptide. (A) Bundle of 43 structures superimposed on the backbone atoms of residues
from Phe3 to Glu26. (B) Randomly chosen structure. Side-chains are labeled for residues important for forming a stable core (Cys5 and
Cys8 are yellow; His21 and His25 are cyan; Phe12 is gray; Leu18 is pale green) or for binding to E6 (Leu20, 23, and 24 are magenta, red,
and green, respectively).

Structure of E6-Binding Motifs Biochemistry, Vol. 43, No. 23, 20047427



Peptide E6apn1 forms a globular structure through hydro-
phobic interactions between Trp9 and Leu6, Pro15, Pro21,
and Pro22 (Figure 9). Trp9 is located at the center of a
hydrophobic core and makes contacts similar to those in the
original 20 amino acid peptide reported by Neidigh et al.
(34). Residues 2-11 and 14-17 form two R-helices. The
three leucine residues of the assumed binding motif are at
positions 2, 5, and 6, respectively, at the beginning of the
first R-helix. Their side-chains partially extend into the
interior of the peptide.

DISCUSSION
Comparison of the E6apc1 and E6apc2 structures with that

of the parent zinc finger (1SP1) showed that the scaffold
structure is unperturbed according to four criteria: (1) Low
rms deviation of superimposed atoms, (2) similar torsion
angles (3) similar hydrogen bonding patterns, and (4) similar

global structures. (1) The rms deviations of 1SP1 with
E6apc1 and E6apc2 after superimposing the backbone atoms
for residues 3-25 were 1.0 and 1.2 Å, respectively; that of
the helices encompassing residues 15-25 are just 0.4 and
1.0 Å, respectively. (The rms deviation between E6apc1 and
E6apc2 for residues 3-25 is 1.2 Å.) (2) The backboneæ
and ψ angles of residues 3-25 were not significantly
different among the structures. (3) Both 1SP1 and E6apc2
have the regular COi-NHi+4 hydrogen bond pattern expected
for R-helices, as observed in the parent E6ap18 peptide that
we studied earlier (26). Interestingly, for E6apc1, residues
15-22 possess the typicalR-helical COi-NHi+4 hydrogen
bonds, whereas the HN of residues 23-25 participate in
COi-NHi+3 H-bonds typical of 310 helix. The majority of
calculated structures also show a Leu23 CO to Asn27 NH
hydrogen bond, which hints that the middle of the helix in

FIGURE 8: Three-dimensional structure of the E6apc2 peptide. (A) Bundle of 30 structures superimposed on the backbone atoms of residues
from Phe3 to Glu26. (B) Randomly chosen structure. Side-chains are shown for residues important for forming a stable core or for binding
to E6 and are labeled as in Figure 7, except that Leu20, 23, and 24 now appear as Leu24, 27, and 28.

FIGURE 9: Three-dimensional structure of the E6apn1 peptides. (A) Bundle of 50 structures superimposed on backbone atoms of residues
Gln3 to Pro20. (B) Randomly chosen structure. Side-chains are labeled for residues important for forming a stable core (Trp9 is dark
orange; Pro15 is red; and Pro22 is violet) or for binding to E6 (Leu2 is magenta; Leu5 is red; and Leu6 is green).
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E6apc1 is more compact than a regularR-helix. (4) Distance
difference matrix (DDM) analyses were used to provide
information about the relative disposition of the backbone
atoms in the structures. It is an effective approach to compare
structures of the same protein or of homologous proteins (52,
53). TheR-carbon DDM plots of residues 3-25 showed that
there are no significant distance changes (<2 Å) in the three
structures. In summary, the E6apc peptides and the zinc
finger scaffold all have similar overall structures and differ
only whether they contain the residues of the E6-binding
motif and how the side-chains of these residues are presented.

Comparison of the E6apn1 structure with that of the parent
Trp-cage peptide also showed that the scaffold structure is
unperturbed. The backbone rms deviation of Trp-cage
(residues 2-20) with the corresponding residues of E6apn1
(residues 5-23) is only 0.6 Å. The hydrogen bonding pattern
in the helices of E6apn1 was also analyzed, and as in 1SP1,
COi-NHi+4 hydrogen bonds were found. On the whole, the
φ and ψ angles of E6apn1 and Trp-cage are the same. A
difference was noted for theø1 angle of Ser17, which is 75
( 29 in E6apn1 and-58( 37 for the corresponding residue
of Trp-cage (Ser14). Two small (<6 Hz) 3JRâ2 and 3JRâ3

coupling constants support aø1 angle of around+60° in
E6apn1. (The gauche+ conformation Ser17 may be important
to allow formation of the hydrogen bond between Gly14 CO
and Ser17 NH that was observed in 49 of 50 calculated
structures of E6apn1.) TheR-carbon DDM plots showed that
for the well-structured regions, the distance differences were
much smaller than 2 Å; most were in the range of 0-1 Å.

We have therefore successfully grafted the E6-binding
motif into two parent peptides while preserving the structure
of their scaffolds. The presence of similar structural platforms
facilitates discussion of flexibility. In E6apc1, the backbone
atoms of the three key leucine residues are fixed in the
compact helix, while their side-chains extend outside. The
exposure of these residues should facilitate binding to E6.
The absence of inhibitory activity, coupled with the observa-
tion of the available but fixed helical conformation of the
three leucine residues, suggests that the conformation of the
peptide cannot match the binding site in E6 protein. In
E6apc2, the key leucine residues are shifted by three amino
acid residues (about one turn of the helix) toward the
C-terminus. The leucine side-chains also extend outside and
are available to bind to E6 with even less spatial encum-
brance than in E6apc1. Because both peptides retain the
histidine and cysteine residues that coordinate Zn2+, changes
in metal ion binding and associated changes in structures
are unlikely to be the reasons E6apc1 loses activity and
E6apc2 exhibits it. One hypothesis is that the flexible
C-terminus of E6apc2 allows it to possess activity, whereas
the relatively fixed C-terminus of E6apc1 does not allow
activity. The results from the short, flexible peptides E6apm
(8 amino acid residues) and E6ap18 (18 amino acid residues)
support this hypothesis. E6ap18, which adopts a fluctuating
R-helix structure in aqueous buffer (26) that is corroborated
by recent molecular dynamics simulation data (54), possesses
inhibition activity. The unstructured short peptide E6apm can
also inhibit the E6-E6AP interaction. On the other hand,
the structure of E6apn1 argues that flexibility at the C-
terminus of the E6-binding motif may not be a requirement.
In E6apn1, the two C-terminal leucine resides of the E6-
binding motif are in anR-helical conformation, yet the

peptide still inhibits the E6-E6AP interaction. However,
because the thermal unfolding of E6apn1 indicates that its
structure is only marginally stable (and much less stable than
that of E6apc1), the E6apn1 peptide may undergo significant
conformational change upon binding to E6 without a large
energetic penalty. Even at 7°C where the NMR spectra for
the structure were acquired, the E6apn1 peptide is ap-
proximately 10% unfolded according to the CD data (Figure
4B). Therefore, the structure of this peptide is unlikely to
be rigid even at 4°C where the binding assay is performed.
The lack of a fluctuating conformation may not be the only
reason E6apc1 loses its inhibition activity: an alternative
explanation is that the small residue, which is replaced by
His25 in E6apc1, is required, not just preferred, in the
consensus binding motif (LxxφLsh). Replacement of the
small amino acid (identified only by consensus among E6
binding proteins) with histidine in other E6-binding peptides
could be used to test this hypothesis. In addition, we have
little information on the conformational preferences of the
glycine-glutamate portion at the C-terminal end of the motif.
Nonetheless, the summary result from this study is that a
portion of the E6ap motif binds E6 by a regular helical motif,
which is supported by a recent study that examined a related
family of E6-inhibitory peptides (37).

Assuming that the E6apm peptide binds to E6 with a helix
similar to that of the other peptides, a large conformational
change must be induced. The conformation of the peptide
while bound to E6 would give a precise definition of the
conformational changes that accompany binding, which can
be determined by transferred NOE experiments. However,
recombinant soluble and stable high-risk E6 has not been
readily available (5, 39, 40), precluding those kinds of
experiments from being performed.

Conformational changes in all the peptides must be
required for binding E6. For example, in the E6apn1
structure, the side-chains of the key “E6-binding” Leu5 and
Leu6 residues extend inside the structure, sandwiching Pro22
between them. The side-chain of Leu6 also contacts the side-
chain of Trp9 in a hydrophobic interaction. A similar
phenomenon was observed in the structure of another E6-
binding peptide, E6bp, for which the side-chains of the three
key hydrophobic residues also reside inside the structure, in
this case forming part of a dimer interface (27, unpublished
results). One explanation is that the leucines interact to
stabilize the internal structure of E6AP and the binding to
E6 actually occurs on the opposite face. The mutagenesis
data argue against this hypothesis because replacing even a
single leucine does not appreciably change the structure (26)
but abrogates binding, whereas mutagenesis of residues on
the opposite face has much less of an effect. A more likely
explanation is that recognition of E6ap to E6 protein is not
executed by one step involving the three key, hydrophobic
leucine residues but includes two or more steps. First, there
must be one or more residues that interact with E6 protein
to induce a conformational change that exposes the leucine
residues and matches the binding interface. Further research
is needed to investigate which residue (or residues) in the
consensus motif makes the initial contact and how a
subsequent conformational change matches the binding of
E6ap with E6 protein.

Our previous report showed that an 18 amino acid residue
peptide containing the E6-binding consensus region possesses
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significant R-helical conformation only in the presence of
more than 30% TFE (26). Because TFE is anR-helix
promoter (26, 55-57), the structures determined in TFE
solution must be interpreted with caution. The structures of
the peptides described here in aqueous solution without TFE
are more likely to mimic the native states in the absence of
the binding partner E6 protein. By restricting the binding
domain in various helical conformations and measuring
changes in biological activity, it may be possible to sample
the biologically relevant states in the presence of the binding
partner E6 protein. Further design of these peptides will be
enhanced by knowing the precise three-dimensional bound
conformation that shows the hydrophobic groups, hydrogen
bonding patterns, and salt-bridge interactions important for
the peptide-protein interface, which cannot be mimicked
by determining structures in TFE.

We found that one-shot protein grafting can be used to
create monomeric E6-binding ligands that are structurally
stable. The conformational analysis presented here suggests
that the E6-binding motif in these scaffolds can be optimized
further using peptide display methods or limited mutagenesis.
The characterization of such biologically active ligands will
help their definition, thus aiding the design of future peptides
and nonpeptidic low molecular weight compounds. The
strategies used here are immediately applicable to the design
of inhibitors for proteins similar to E6 that use binding
pockets that bind helical peptides such as the HIV-1 gp41
protein, the antiapoptotic Bcl proteins, and the P53-binding
MDM2 protein (45, 58, 59).
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