JOURNAL OF VIROLOGY, Nov. 2003, p. 11625-11632
0022-538X/03/$08.00+0 DOI: 10.1128/JV1.77.21.11625-11632.2003

Vol. 77, No. 21

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Identification of a Human Papillomavirus Type 16-Specific Epitope on
the C-Terminal Arm of the Major Capsid Protein L1

Joseph J. Carter,'* Greg C. Wipf,' Sarah F. Benki,' Neil D. Christensen,?
and Denise A. Galloway'~

Program in Cancer Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109-1024"; Departments of
Pathology and of Microbiology and Immunology, The Pennsylvania State University College of Medicine, Hershey,
Pennsylvania 17033% and Department of Microbiology, University of Washington, Seattle,

Washington 98195-72423

Received 9 June 2003/Accepted 23 July 2003

To characterize epitopes on human papillomavirus (HPV) virus-like particles (VLPs), a panel of mutated
HPV-16 VLPs was created. Each mutated VLP had residues substituted from HPV-31 or HPV-52 L1 sequences
to the HPV-16 L1 backbone. Mutations were created on the HPV-31 and —52 L1 proteins to determine if
HPV-16 type-specific recognition could be transferred. Correct folding of the mutated proteins was verified by
resistance to trypsin digestion and by binding to one or more conformation-dependent monoclonal antibodies.
Several of the antibodies tested were found to bind to regions already identified as being important for HPV
VLP recognition (loops DE, EF, FG, and HI). Sequences at both ends of the long FG loop (amino acids 260 to
290) were required for both H16.V5 and H16.E70 reactivity. A new antibody-binding site was discovered on the
C-terminal arm of L1 between positions 427 and 445. Recognition of these residues by the H16.U4 antibody
suggests that this region is surface exposed and supports a recently proposed molecular model of HPV VLPs.

The human papillomavirus (HPV) virion is composed of
major (L1) and minor (L2) capsid proteins. The L1 protein
self-assembles into virus-like particles (VLPs) that appear
identical to infectious virus both by electron microscopy and
immunologically (8, 9, 11). The L2 protein is important for
assembly of infectious virus (20) but does not contain the
conformation-dependent and type-specific epitopes most fre-
quently recognized by anti-HPV sera (2, 9).

The VLP is a T = 7 icosahedron composed of 72 pentamers
of L1, termed capsomers. Sixty of the capsomers subunits are
at hexavalent positions, interacting with six neighboring cap-
somers with the remaining 12 capsomers at pentavalent posi-
tions (1). The only HPV L1 crystal structure solved to date is
of T1 particles (3), in which all capsomers are at pentavalent
positions. In the T1 particle, capsomers interact through a
portion of the C-terminal tail. This flexible arm extends away
from the capsomer of origin, interacts with similar regions
from neighboring capsomers and returns to the capsomer from
which it came. The remainder of this C-terminal region ex-
tends around the circumference of the capsomer, participating
in the core B-sheet structure, forming a short helix (hS) and
finally reinserting into the core of the pentamer from which it
came. Missing from this model is an intercapsomer disulfide
bond, shown by others to help stabilize the VLP structure (12,
21).

A revised model for HPV VLPs was proposed by Modis et
al. (18). In this model, the C-terminal extension adopts a
conformation similar to its conformation in the T1 structure,
but instead of returning to the capsomer of origin, the arm is
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displaced onto, and ultimately invades, a neighboring cap-
somer. The C-terminal arm is anchored by the previously
described disulfide bond between the cysteine from this region
(amino acids 428) and cysteine 175 of a neighboring capsomer.
The new model was termed the “invading arm” model because
of its similarity to the simian virus 40 and mouse polyomavirus
VP1 atomic structures. A consequence of the invading arm
model is that residues on the C—terminal arm, not predicted to
be exposed on the surface of T1 particles, would be surface
assessable. The authors noted that several amino acids in this
C—terminal region are divergent among HPV types and, thus,
may be important for recognition by type—specific antibodies.

All conformation—dependent type—specific monoclonal anti-
body (MADb) epitopes identified to date have been found to
reside on one or more hypervariable loops, on the VLP surface
(3, 4, 13-16, 19, 23). Despite many studies, the binding site of
one MAb (H16.U4) has not been identified. The H16.U4 MAb
is a type-specific antibody that was shown to neutralize
pseudotype HPV-16 viral infection (20). Thus, one region and
perhaps others, important for antibody recognition and viral
neutralization on HPV-16 VLPs remain uncharacterized.

The purpose of this study was to identify regions of the L1
proteins important for binding by HPV-16 and HPV-31 type-
specific MAbs. Hypervariable loops were found to be essential
for binding by most of the MAbs tested; however, mutations on
the C-terminal arm disrupted H16.U4 antibody recognition,
suggesting that residues on this region are surface exposed.
The data here support the invading arm model of Modis et
al.(18).

MATERIALS AND METHODS

MAbs. The production, screening, and initial characterization of HPV-16
MAbs were previously described (5). Production of HPV-52 antibodies was
performed as described previously (6, 7). Briefly, HPV L1 VLPs were produced
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by recombinant baculovirus, purified from infected Sf9 cells (as described by
Hagensee [8]) and used as immunogen. VLPs (100 pg/mouse) were mixed with
complete Freund’s adjuvant and injected subcutaneously into BALB/c mice. Two
weeks after immunizations, the mice were sacrificed, and draining lymph nodes
and spleen cells removed for fusion with the mouse myeloma fusion partner
P3X63-Ag8.653. Supernatants from growing hybridomas were screened for re-
activity to intact and denatured HPV-52 L1 VLPs, and positive wells were cloned
and retested.

The CAMVIR-1'7 MAD was a gift from C. McLean (Department for Pathol-
ogy, University of Cambridge).

Preparation of vectors and mutagenesis. The Invitrogen Bac-to-Bac system
(Invitrogen, Carlsbad, Calif.) was used for expression of HPV L1 proteins in
Spodoptera frugiperda (sf9) cells (ATCC, Manassas, Va.). To prepare vectors for
use in this system the HPV-16 (114K) and HPV-31 (prototype) L1 sequences
were cloned by PCR with primers including a#tBI and attB2 sites (primer se-
quences available in supplemental materials at http://www.fhcrc.org/labs/dgalloway
Nvirology_supplementary_data/). Primers were produced in house or purchased from
Operon (Qiagen, Valencia, Calif.) or Invitrogen. Deep Vent polymerase (New
England Biolabs, Beverly, Mass.) was used for high fidelity PCR, PFU turbo (Strat-
agene La Jolla, Calif.) was used for mutagenesis, and Taq (Invitrogen) was for
analysis of recombinant bacmids. The L1 amplimers were cloned into the Gateway
pDonr201 vector and from there into the pDest8 vector with Gateway technology
following the manufacturer’s protocol (Invitrogen). The L1 containing vectors were
verified by sequencing in both directions with two primers specific for the pDest8
vector and four L1 specific primers. Sequencing was conducted with the BigDye
cycle sequencing protocol on a model 377 DNA Sequencer (Applied Biosystems,
Foster City, Calif.).

All mutations were made with the QuikChange mutagenesis kit (Stratagene).
Mutagenesis was conducted on the L1 sequences in the pDest8 vector. When
restriction enzyme sites were added, clones were identified by digestion; other-
wise, clones were selected at random. All clones were sequenced as described
above. Clones with the correct sequence were used for the generation of recom-
binant baculoviruses.

Generation of recombinant baculovirus and purification of VLPs. Bacmids
containing the L1 open reading frames were generated in DH10Bac E. coli cells
with the protocol provided (Invitrogen). Recombinant bacmids containing L1
were verified by PCR with a HPV-16 or -31 L1-specific primers (forward) and the
M13pUCR primer. Cells were transfected according to the method supplied with
the Bac-to-Bac kit with the following modification: bacmid DNA was isolated
from 10 ml of an overnight bacterial culture containing recombinant bacmid with
a Qiagen tip 20 (Qiagen). Cells (sf9) were transfected with Cellfectin (Invitro-
gen) with 1 pg of bacmid DNA, and expression of L1 in the cells was assessed by
immunoblots with CAMVIR-1 after 3 days of culture.

Production of VLPs was based on the method of Kirnbauer et al. (10). Briefly,
after confirmation of high-level L1 protein expression, 100 wl of recombinant
baculovirus supernatant was used to infect 150 mm plates of sf9 cells and incu-
bated for 3 days. Cells were harvested from 20 plates and resuspended in
phosphate-buffered saline (PBS, 11.69 mM phosphate, 137 mM NaCl, 2.68 mM
KCl, pH 7.4) containing protease inhibitors (Complete; Roche, Indianapolis,
Ind.). Cells were disrupted by douncing (50 strokes) on ice. Samples were spun
at 10,000 X g for 20 min, resuspended in 3 ml of buffer (20 mM Tris, 1 M NaCl,
pH 7.4) and sonicated three times for 45 s with a sonicator at 30% power. After
spinning the homogenate at 10,000 X g for 20 min, supernatants were layered
onto 40% sucrose cushions and spun for 2.5 h at 116,000 X g at 4°C. Pellets were
resuspended in PBS with 10% CsCl (wt/wt) and layered onto 40% CsCl (in PBS)
in an SW41 rotor. Samples were spun for 20 h (135,000 X g at 4°C). Bands were
collected and dialyzed three times against PBS with 1 M NaClL

Protease sensitivity assay. A protease sensitivity assay was adapted from the
method of Li et al. (12). Purified VLPs were dialyzed into digestion buffer (200
mM NaCl, 10 mM HEPES [pH 7.4], 1.0 mM CacCl,). The quantity of L1 proteins
used was normalized by immunoblot analysis with CAMVIR-1. VLPs in diges-
tion buffer were made with 10 mM dithiothreitol, by addition from a 100 mM
stock solution, and incubated at 37°C for 30 min. Trypsin (sequencing grade;
Roche) was serially diluted 1:3 in dilution buffer and 1 wl of diluted trypsin was
added to each VLP sample (highest concentration of trypsin = 6.7 ng/ml).
Samples were digested at room temperature for 1 h before stopping by addition
of an equal volume of 2X sample buffer and immediately heated to 100°C for 5
min. The samples were run on 10.5% polyacrylamide gels, transferred to nitro-
cellulose, and immunoblotted with CAMVIR-1.

ELISAs. The concentration of purified VLPs was normalized by denaturing
enzyme-linked immunosorbent assay (ELISA) with CAMVIR-1. In these exper-
iments VLPs were initially diluted 1:10 followed by serial dilutions (1:2) across a
polypropylene plate in PBS. Diluted samples (50 pl) were transferred to an
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FIG. 1. Identification of poorly conserved regions of HPV L1s. The
members of the A9 group of HPVs (types 16, 31, 33, 35, 52, 58, and 67)
were aligned by Clustal W and the percent identity within a five-
residue window between the types determined. The regions indicated
on top were defined by Chen et al. (3). Arrows indicate regions of
greatest variability. Filled arrows indicate the regions mutated in this
study.

Immulon II plate (Thermo Labsystems, Franklin, Mass.) and incubated over-
night at 4°C. Plates were washed four times in PBS. To denature the L1 protein,
100 pl of carbonate buffer (0.1 M, pH 9.5) containing B-mercaptoethanol (15
mM) was added to each well, and the plates were incubated at 68°C for 30 min.
The plates were washed as before, and 200 wl of block (PBS with 5% goat serum
and 0.05% Tween) added to each well. Following incubation at room tempera-
ture for 1 h, plates were tapped onto paper towels to remove buffer and CAM-
VIR-1 (1:1,000) was added in 50 pl of block. Plates were incubated for 1 h at
37°C, washed as before and 50 wl of block containing goat-anti-mouse alkaline
phosphatase (1:3,000; Roche) was added to each well. Plates were incubated for
1 h at 37°C and washed as before. Phosphatase substrate (Sigma 104; Sigma
Chemical, St. Louis, Mo.) was diluted in buffer (4.3 mg in 0.1 M carbonate buffer,
10 mM MgCl,, pH 9.5), 100 nl was added to each well, and the plates were
incubated for 1 h at room temperature. Plates were read on a microplate reader
(Elx 808; Bio-Tex Instruments Inc., Winooski, Vt.).

When type-specific MAbs were tested, the procedure was the same as above
with the elimination of the denaturing step and the use of the MAb of interest
in place of CAMVIR-1. All results are presented as raw optical densities or
normalized for CAMVIR-1 reactivity: [optical density of wells containing VLP;
and MADb minus wells with that MAb alone/optical density of wells containing
VLP; and CAMVIR-1 minus well with CAMVIR-1 alone]. The i subscript is used
to emphasize that this calculation was performed separately for each VLP type
used. Relative binding is defined as reactivity of an MAb to mutated VLPs
divided by the reactivity of that MAb to the wild-type VLPs which that MAb
specifically recognizes (with normalized values).

Graphics. Graphs were prepared with PRIZM (GraphPad, Inc., San Diego,
Calif.). The molecular model of HPV-16L1 was generated with Vector NTI
(InforMax, Bethesda, Md.) based on the atomic coordinates (PDB file accession
no. LILOT). The accessibility of residues to the surface was calculated with the
Deep View Swiss-PdbViewer version 3.7 (http://us.expasy.org/spdbv/).

RESULTS

Creation of mutated L1 proteins. To identify regions of
HPV-16 L1 important for type-specific antibody recognition,
the L1 proteins from the A9 group of HPVs (types 16, 31, 33,
35, 52, 58, and 67) were aligned by Clustal W analysis (22).
After alignment, the percentage of amino acid identity, within
a sliding window of five amino acids in length was calculated
(Fig. 1). Eight regions (indicated by arrows) were identified
that were poorly conserved; this study focuses on seven of
these regions (filled arrows). Five of these hypervariable re-
gions have been shown to encode surface loops (BC, DE, EF,
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TABLE 1. Residues replaced on HPV-16, HPV-31, and HPV-52 L1 proteins
balc—{{l;zne Slégztsllt::(t)lg)n : Sequence” Name of construct® Region on L1¢
16 52 (50) FSI KNTSSGNG 16:BC BC loop
52 16 (50) *PrEKP---*N 52:BC
16 31 (131) ENSNRYAGGPGVD 16:DE DE loop
31 16 (130) EN** A% * ANA* * * NC
16 31 (176) CSNNAI TPGDC 16:EF EF loop
31 16 (175) CFNF*VNF **x 31:EF
16 31 (261) FFNRSGTVCGESVPTDLYI KGSGSTATLANST 16:FG FG loop
31 16 (260) Lxxx AR Qe xx NF D xxex ke s THNE* SEN 31:FG
16 31 (346) CAAI ANSDTTFKSSNFKE 16:HI HI loop
31 16 (345) FoRk K GTHER* Y NTH*** 31:HI
16 31 (396) MNPAI LEDWNFGLTTPPSGSLED 16:410 Hinge
31 16(395) **ST*********@**G\’T*** NC
16 31 (421) FVTSQAI TCQL TAPQKPKEDPFKDYVFWE 16:430 Carboxy-terminal arm
31 16(420) *******A***}_ﬂ'*PA*****L*K*T*** NC

“ Amino acid position based on the HPV-16 L1 sequence.
» Amino acids shown were substituted on the HPV-16, -31 or -52 backbone.

¢ Two additional constructs, not shown here, were combinations of the FG and HI regional substitution onto HPV-16 or -31. NC, not created.

4 Designation of regions was based on structural data (3, 18).

FG, and HI). To evaluate the importance of each of these
regions in antibody binding, a series of substitution mutations
was created. Each mutation substituted HPV-31 or HPV-52
residues for HPV-16 residues on the HPV-16 backbone, or
conversely substituted HPV-16 residues for HPV-31 or
HPV-52 sequences on the HPV-31 or HPV-52 backbones at
each region of interest (Table 1). Two additional constructs,
one expressing HPV-16 L1 VLPs with both the FG and HI
loops substituted for the homologous HPV-31 loops (16:FG/
HI), and the complementary HPV-31 L1 construct (31:FG/HI)
were engineered. These chimeras were generated because sub-
stitution of the FG and HI loops from HPV-16 to the HPV 11
backbone was sufficient to transfer of HPV-16 specific binding
of several MAbs (4).

All intertypic hybrids were HPV-16/31 substitutions, with
the exception of the BC loop constructs. The rationale for with
HPV-52 sequences for the BC loop substitutions stems from
the finding that a naturally occurring Phe to Leu mutation at
position 50 (F50L) of HPV-16 disrupts H16.V5 and H16.E70
binding (23). However, residue 50 is not predicted to be sur-
face assessable, suggesting that this mutation conferred con-
formational changes to other regions of the particle. The BC
loop was of primary interest in this regard because it begins at
position 51. Therefore, to evaluate the importance of the BC
loop independent from changes induced by mutation of resi-
due 50, we exchanged the BC loops of HPV-52 (which has a
Phe at position 50) with the HPV-16 BC loop on the HPV-16
backbone and created a complementary substitution on the
HPV-52 backbone (Table 1). HPV-16 VLPs with a Phe to Leu
point mutation at residue 50 (16:F50L) were also created.

Conformation of mutated VLPs. After expression and puri-
fication of HPV VLPs from sf9 cells, sensitivity to protease
digestion was used to assess proper folding of VLPs. It has
been shown that trypsin digestion removes a C-terminal pep-

tide and reduces the trypsin-resistant N-terminal portion of L1
from 57 kDa to approximately 42 kDa (12). All of the mutated
and wild-type VLPs tested, with the exception of 16:F50L,
were reduced in size from 57 kDa to 42 kDa by treatment with
trypsin suggesting that these VLPs were correctly folded (Fig.
2). VLPs tested but not shown (16:260-273 and 16:285-290)
gave similar results. Very little of the 16:F50L protein was
visible by immunoblotting after treatment with trypsin, indi-
cating that 16:FS0L VLPs were not in a native conformation.

Binding of HPV-16 and HPV-52 MAbs to HPV-16/52 hybrid
VLPs. To determine if the BC loop was important for antibody
recognition, HPV-16 and HPV-52 specific MAbs were used to
test for loss, or transfer, of reactivity to VLPs with intertypic

16:wt 16:BC 16:DE 16:EF
o LI -~
p laed-L | PR 'u!....‘ T e
® 2 8 - &
16:FG 16:HI 16:FG/HI 16:410
g - -
16:430 16:F50L 31:wt 31:EF
L
TR LETTTNRE. | TR R
31:FG 31:HI 31:FG/HI
g TR L Py T
52:wt 52:BC

Trypsin ] ] _—] _—]

FIG. 2. Stability of VLPs in the presence of trypsin. VLPs were
treated with increasing concentrations of trypsin and incubated for 1 h.
Following trypsin treatment the proteins were run on polyacrylamide
gels and immunoblotted with an anti-L1 antibody (CAMVIR-1). The
left hand lane of each panel corresponds to samples that received no
trypsin.




11628 CARTER ET AL.

J. VIROL.

Camvir 16.V5 16.E70
1.5 7 o, 1.5
1.0
= 0.5
2 0.0
o) 0.0 T T
)]
ks 16.U4 52.89 52.D12
= 1.6 0.75 0.75 7
Q. N ..
O 101 0501 0.50"
0.5 1 0.25 0.251
0.0 0.00 —  0.00

266 1024 4096 16 64

256 1024 4096 16 64 256 1024 4096

Inverse dilution of VLPS

FIG. 3. Binding of 16 and 52 specific MAbs to VLPs with mutations of the BC loop. VLPs 16:wt (m), 16:BC (OJ), 52:wt (@), and 52:BC (O)
were titrated across a plate and reacted with CAMVIR-1, H16.V5, H16.E70, H52.B9, and H52.D12 in an ELISA.

substitutions of this loop. The concentration of VLPs was nor-
malized in binding assays with CAMVIR-1 (Fig. 3), an anti-
body that recognizes a conserved region (residues 204 to 210)
of HPV L1 proteins. The three HPV-16 specific MADbs tested
(H16.V5, H16.E70, H16.U4) reacted similarly to wild-type
HPV-16 (16:wt) and 16:BC VLPs (Fig. 3). The two HPV-52
specific MADbs reacted somewhat more strongly to 52:wt VLPs
compared with 52:BC VLPs (Fig. 3). The overall lower levels
of binding by HPV-52 MAbs may be attributed to the use of
tissue culture supernatants which have 10- to 100-fold lower
concentrations of IgG than ascites (all HPV-16 MAbs were
ascites). Binding to 52:BC VLPs by H52.B9 and H52.D12 was
reduced to 63.5% and 84.2% of 52.wt, respectively. Similar
results were obtained for two other HPV-52-specific MAbs,
HS52.F1 and H52.G5 (data not shown). No transfer of type-
specific reactivity was observed for any of the HPV-16 or
HPV-52 specific antibodies. Thus, the BC loop of HPV-16 was
not necessary or sufficient for type specific binding by any
HPV-16 specific MAb and the BC loop of HPV-52 was only
partially necessary and not sufficient for any of the HPV-52
specific MAD tested. 16:F50L VLPs were tested in similar
assays and several HPV-16 specific MAbs were found to have
reduced binding (not shown); however, this may have resulted
from the protein not folding into a native conformation re-
quired for recognition (see above).

Identification of regions important for MAb binding with
HPV-16/31 hybrid VLPs. The ability of HPV-16 and HPV-31
type-specific MAbs to bind to VLPs with one or more inter-
typic substitutions of hypervariable loops was assessed by
ELISA. As before CAMVIR-1 reactivity was used to normal-
ize the data (not shown). 16:430 VLPs were not recognized by
H16.U4 (Fig. 4), as binding was 8.6% compared with 16:wt
binding. H16.U4 bound to all other mutated HPV-16 VLPs.
The FG loop was required for recognition by H16.V5, with
reactivity to 16:FG VLPs 29.7% relative to 16:wt VLPs (a

reduction in binding of 70.3%). H16.V5 binding to VLPs with
the reciprocal mutation (31:FG) was 43.4% compared with
16:wt. H16.V5 reactivity increased when both the FG and HI
loops were substituted (64.1% of 16:wt binding). Recognition
of VLPs by H16.E70 required loops DE (16.6% of 16:wt) and
FG (21.2% of 16:wt) but binding was not transferred to
HPV-31 by the FG loop alone or loops FG and HI (both <
10% of 16:wt).

Transfer of type-specific recognition from HPV-31 to
HPV-16 VLPs by H31.A6 was achieved by substitution of the
EF loop alone (104.4% compared with 31:wt, Fig. 4). When the
EF loop of HPV-31 was exchanged for HPV-16 sequences
(31:EF), H31.A6 binding was abolished (Fig. 5) indicating that
this region was necessary for binding. H31.A6 reactivity with
other HPV-31 hybrid VLPs was 68.5% and 26.0% (compared
with 31:wt binding) for the 31:FG and 31:HI hybrids, respec-
tively (Fig. 4). Reduction of H31.A6 binding to 31:HI was
partially relieved when this substitution was combined with the
FG loop (51.6% of 31:wt), indicating that the reduction in
binding to 31:HI was not due solely to interactions between
MADb and residues on the HI loop.

Identification of residues on the FG loop important H16.V5
and H16.E70 binding. To identify residues important for rec-
ognition of the FG loop by H16.V5 and H16.E70, a series of
point mutations were created. Each mutation on the FG loop
substituted one or more HPV-31 residue(s) for HPV-16 resi-
due(s) at the appropriate position with the same methodology
as for the regional substitutions. The variable residues pre-
dicted to be most accessible were substituted (residues 266,
270, and 285), as well as two other variable residues close to
the C terminus of the loop (residues 288 and 290). In addition
to the N270S mutation, Ala was substituted at position 270
(16:N270A) to determine whether a hydrogen bond involving
this residue was important for binding. The level of L1 protein
bound to plates was again normalized to CAMVIR-1 reactivity
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FIG. 4. Binding of MAbs to HPV-16/31 hybrid VLPs. MAbs were tested by ELISA for reactivity to HPV-16 and HPV-31 wild-type VLPs and
mutated VLPs that are indicated on the x-Axis. The y-axis are normalized optical density values (see text) for H16.V5 (solid), H16.E70 (striped),
H16.U4 (cross-hatched), and H31.A6 (opposite striped) binding. The error bars show standard deviations.

(not shown). Figure 6 shows that H16.U4 bound to all mutated
VLPs at levels between 40.5% (16:260-273) and 124.3% (16:
N270S) compared with 16:wt. H16.V5 exhibited markedly re-
duced binding to three VLP preparations tested; 16:FG (0.4%
of 16:wt), 16:260-273 (3.8%) and 16:N270A (8.4%). Reactivity
of H16.V5 was also reduced to 16:285-290 (18.8%), 16:N285T
(21.9%) and 16:S288N (36.2%) relative to 16:wt. There was no
detectable H16.E70 binding above background to either the
16:FG hybrid or the 16:260-273 VLPs and minimal binding to
16:N270A, 16:S288N, 16:285-290, 16:N285T, and 16:A266T
(2.2%, 3.4%, 5.8%, 13.2%, and 14.4%, respectively). These
data indicated that binding of H16.V5 and H16.E70 was de-
pendent on residues on both ends of the FG loop and, whereas,
several 16-to-31 point mutations abolished H16.E70 binding
none of single HPV-16 to HPV-31 point mutations tested
totally disrupted H16.V5 binding.

DISCUSSION

The HPV L1 model proposed by Modis et al. (18) postulated
that the C-terminal arm of the molecule, important for inter-
capsomer interactions, would be exposed to the surface and
possibly express type-specific epitopes. In support of this
model, we show evidence that the C-terminal region around
residue 430 was important for recognition by the type-specific
MAD H16.U4. Six residues between position 421 and 444 were
proposed by Modis et al. to be hypervariable and surface ac-
cessible and, therefore, of potential immunologic importance.
Three of these residues (421, 424 and 444) were conserved
between types HPV-31 and HPV-16 and were therefore un-
changed in the 16:430 construct. Four residues in this region
(435, 436, 442 and 446) were mutated in these studies but were
not predicted by Modis et al. to be potential antibody binding
sites.

Figure 7 highlights the residues that were changed on the
C-terminal arm on the Modis molecular model. Although the
data presented here support a model in which the C-terminal
region is at the virus surface, the possibility exists that muta-

tions in this region conferred a conformational change to an
adjacent region on the VLP surface that was required for
antibody binding. This possibility is unlikely, however, because
all of the other HPV-16 type-specific antibodies tested recog-
nized 16:430 VLPs indicating that there were no major con-
formational changes. Trypsin digestion experiments also sug-
gested that 16:430 VLPs folded into a conformation similar to
wild-type particles. H16.U4 has exhibited neutralizing activity
in some studies (19) but not others (23), and thus antibody
responses to the H16.U4 epitopes as defined here may be
important for protective immune responses. There was one
other residue on the C-terminal tail proposed to be of potential
immunologic importance, residue 413. Substitution of HPV-31
residues in this region had no effect on type-specific binding as
16:410 VLPs (that include a mutation of residue 413) had a
binding profile similar to 16:wt for all HPV-16 MAbs tested.

The epitope recognized by the only HPV-31 specific anti-
body tested here was found to be a simple epitope comprised
of a single loop. The EF loop of HPV-31 was shown to be
necessary for H31.A6 binding as the antibody did not recog-
nize HPV-31 VLPs with a HPV-16 EF loop. The EF loop was
also demonstrated to be sufficient for transfer of H31.A6 type-
specific binding to the HPV-16 VLPs. The EF loop, in combi-
nation with the BC loop, was previously identified as part of an
HPV 6 epitope (16). A potential criticism of these observations
is that because binding was ablated by the transfer of the
HPV-16 EF loop on to the HPV-31 backbone, there were no
conformation-dependent MAbs that recognized these particles
and thus we could not be certain that these particles had folded
correctly. However, 31:EF VLPs that were resistant to trypsin
digestion (Fig. 2) were recognized by HPV-31 immune human
sera (supplementary Fig. 1 may be found at http://www.thcre
.org/labs/dgalloway/virology supplementary data/) and pro-
duced particles that looked similar to wild-type particles by
electron microscopy (supplemental material Fig. 2), suggesting
that the particles had folded correctly.

The H16.V5 epitope was previously characterized by Chris-
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FIG. 5. EF loop is necessary and sufficient for H31.A6 binding.
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formed with CAMVIR-1, H16.V5 or H31.A6 as indicated. The VLPs
were HPV-16:wt (m), HPV-31:wt (@), 16:EF (), and 31:EF (O).

tensen et al. (4) as being a complex epitope composed of
multiple regions (the FG and HI loops). In agreement with this
finding, we found that the FG loop was required for recogni-
tion and both the FG and HI loops were necessary for transfer
of HPV-16-specific binding onto HPV-31. The regions substi-
tuted in this study were somewhat different from those in
Christensen’s study. The FG and HI loops in this study were
residues 260 to 290 and 349 to 358, respectively, compared with
266 to 297 and 339 to 365 in the report by Christensen et al.
4).

It has been proposed that the FSOL point mutation that
disrupts H16.V5 and H16.E70 binding (23) does so by altering
the conformation of residues on the FG loop (3). An alternate
hypothesis is that this mutation alters the conformation of the

J. VIROL.
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FIG. 6. Identification of residues on the FG loop important for
MAD binding. The sequence of HPV-16 and HPV-31 L1 are compared
(A). Residues that are predicted to be >45% surface accessible are
indicated with arrows and bold type is used to indicate nonconserved
residues. CAMVIR-1, H16.V5, H16.E70, and H16.U4 were tested for
binding to VLPs that were serially diluted prior to testing. The nor-
malized binding values are presented (B), with each MAb represented
by bars, as described in the legend to Fig. 4 (error bars show standard
deviations).

BC loop to which it is adjacent. To address this question,
hybrid VLPs were created where the HPV-52 BC loop was
substituted on the HPV-16 L1 backbone and the HPV-16 BC
loop was substituted on the HPV-52 L1 backbone. HPV-16
VLPs with an FS0L mutation were shown here to be degraded
by trypsin indicating a failure to fold correctly and, therefore,
no conclusions could be drawn regarding epitopes with these
particles. Although the BC loop has been shown to be impor-
tant for the binding of some HPV 6 and HPV-16 MAbs (4,16),
this region was not required for any of the HPV-16 MAbs
tested here. All of the HPV-52 MAbs tested exhibited only
modest reductions in binding to HPV-52 VLPs with BC loop
substitutions suggesting that the BC loop was not directly in-
volved in binding to any of the MADs tested.

Residues at both ends of the FG loop were shown here to be
important for binding by H16.V5 and H16.E70. To character-
ize which residues were important for antibody binding, a
series of point mutations and smaller regional mutations along
the FG loop were examined. VLPs with four intertypic substi-
tutions between amino acids 260 and 273 (16:260-273), and
VLPs with three substitutions between residues 285 and 290
(16:285-290) both showed substantial loss of reactivity to
H16.V5 and H16.E70. Previous studies had identified residues
266 and 282 as being important for 16.E70 binding but not for
H16.V5 binding (19, 23). None of the point mutations tested in
this study (A266T, N270S, N285T, S288N, and N290T) were
found to be essential for H16.V5 binding. H16E.70 binding was
more sensitive to point mutations on the FG loop, with the
greatest loss of binding seen to VLPs with substitutions at
positions 285, 288, and 266.

Having a polar residue at position 270 was important for
both H16.V5 and H16.E70 binding because substitution of
Asn270 with Ala greatly reduced antibody reactivity. Both
H16.V5 and H16.E70 had reduced binding to 16:N270S VLPs
but binding was reduced dramatically to 16:N270A VLPs. Al-
though, Ser and Ala are similar sized residues (somewhat
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smaller than Asn), Ser has a polar side chain that can partic-
ipate in a hydrogen bond much like Asn. Thus, our data sug-
gest that Asn270 may participate in a hydrogen bond that is
important for antibody recognition of the FG loop by both
H16.V5 and H16.E70.

The H16.E70 epitope was found here to be a complex
epitope because both the FG and DE loops were found to be
necessary for binding. The finding that the FG loop was re-
quired for recognition confirms previous studies (4,19). This is

the first study to demonstrate that the DE loop was also im-
portant for H16.E70 recognition. The DE loop has also been
shown to be essential for binding to HPV 11 by several MAbs
(13,14). However, Christensen et al. (4) found that H16.E70
binding could be transferred to HPV 11/16 hybrid VLPs that
did not contain the HPV-16 DE loop but possessed the
HPV-16 C terminus from residue 172 onward. The difference
between our findings and those of Christensen’s may indicate
that substitution of the DE loop conferred a conformational
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change to another region directly involved in antibody-VLP
reactivity. Only the transfer of H16.E70 recognition to other
HPV types with defined variable regions will resolve which
region, in addition to the FG loop is important for H16.E70
binding.

One region of the L1 protein that was highly variable be-
tween types was not tested here (Fig. 1). The extreme C ter-
minus is highly basic and is thought to interact with viral DNA
on the inside of the virion; however, the C terminus was not
part of the crystal structure (3).

In summary, the MAb binding profiles characterized here
defined epitopes that were either simple (binding to one loop
only) or complex (binding to multiple loops). Data for one
HPV-16 specific MAb (H16.U4) supported the proposed
structure of VLPs in which the C-terminal arm is surface ex-
posed. The epitope recognized by H31.A6 was identified and
residues at both ends of the FG loop were found to be impor-
tant for H16.V5 and H16.E70 binding. The DE loop was also
found to be important for H16.E70 binding, but this finding
conflicts with previous studies of this antibody. In the future, it
will be important to define which epitopes are dominant in the
human antibody response.
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