JOURNAL OF VIROLOGY, Jan. 1993, p. 315-322
0022-538X/93/010315-08$02.00/0
Copyright © 1993, American Society for Microbiology

Vol. 67, No. 1

Self-Assembly of Human Papillomavirus Type 1 Capsids by
Expression of the L1 Protein Alone or by Coexpression
of the L1 and L2 Capsid Proteins

MICHAEL E. HAGENSEE, -2 NOBUO YAEGASHLt anp DENISE A. GALLOWAY*-3*

Fred Hutchinson Cancer Research Center, 1124 Columbia Street, Seattle, Washington 98104-2092,** and
Departments of Medicine? and Pathology,® University of Washington, Seattle, Washington 98195

Received 3 August 1992/Accepted 29 September 1992

Vaccinia virus vectors were used to express the major (L1) and minor (L2) capsid proteins of human
papillomavirus type 1 (HPV-1) with the vaccinia virus early (p7.5K) or late (pSynth, p11K) promoters. All
constructs expressed the appropriate-sized HPV proteins, and both L1 and L2, singly or in combination,
localized to the nucleus. Capsids were purified by cesium chloride density gradient centrifugation from nuclei
of cells infected with a vaccinia virus-L1 (vac-L1) recombinant or a vac-L1-L2 recombinant but not from
vac-L2-infected cells. Electron microscopy showed that the particles were 55 nm in diameter and had
icosahedral symmetry. Inmunogold-labeled antibodies confirmed the presence of the L1 and L2 proteins in the
HPV-1 capsids. Capsids containing L1 alone were fewer and more variable in size and shape than capsids
containing the L1 and L2 proteins. The L1-plus-L2 capsids were indistinguishable in appearance from HPV-1
virions obtained from plantar warts. The ability to produce HPV capsids in vitro will be useful in many studies

of HPV pathogenicity.

Human papillomaviruses (HPVs) have been frequently
associated with benign and malignant lesions of the anogen-
ital tract (22, 40) as well as being responsible for common
hand and foot warts (28). DNA from HPV types 6 and 11
(HPV-6 and HPV-11) is commonly found in condylomata
acuminata; HPV-16 and HPV-18 are seen in anogenital
malignancies (40); and HPV-1 and HPV-2 are found in
common warts.

Studies on the life cycle of HPVs have been hampered by
the inability to propagate the virus in culture, the lack of an
animal model system, and the paucity of virions in clinical
lesions. The lack of a tissue culture system for propagating
HPVs is presumably due to the tight coupling of viral
transcription and DNA replication with differentiation of the
host cell. Despite advances in epithelial cell culture (35) and
differentiation in organotypic cultures (1, 21), adequate
culture techniques to propagate HPVs have not been accom-
plished. A nude mouse xenograft system has been developed
to propagate HPV-11 (23) as well as HPV-1 (24). This
method is quite laborious, is restricted to a few HPV types,
and does not allow large-scale preparation of virions. Re-
cently, it was shown that explants of the HPV-11-containing
cysts can be grown in organotypic cultures (7). Clinical
lesions do not provide a ready source of viral particles. The
amount of HPV-1 virions obtained from plantar warts is
several orders of magnitude greater than the number of
virions found in genital tract lesions; however, the abun-
dance of HPV-1 particles in a given lesion is quite variable.

Papillomaviruses contain a single circular molecule of
double-stranded DNA of approximately 7,900 bp associated
with histones inside a nonenveloped icosahedral capsid (for
a review, see reference 13). Virion capsids consist of 72
capsomeres arranged on a T=7 icosahedral lattice with a
right-hand (dextro) skew lattice (10). Like simian virus 40
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and polyomavirus (2, 3, 14, 31), the capsomeres of bovine
papillomavirus type 1 and HPV-1 have been shown to
possess fivefold symmetry (4) and therefore are likely to be
pentamers of the major capsid protein. The L1 open reading
frame encodes the major capsid protein, and studies with
virions and other systems expressing L1 have identified a
protein with an electrophoretic mobility consistent with its
predicted size of approximately 55 kDa (8, 12, 25, 30, 33, 37).
A minor capsid antigen is encoded by the L2 ORF that also
specifies a protein of 55 kDa. However, studies on isolated
proteins from warts as well as L2 expression in a variety of
systems, including in vitro transcription and translation,
have shown that the L2 protein migrates with a molecular
mass of approximately 72 kDa (8, 12, 20, 34, 37). The
location of the minor capsid protein (L2 for HPV and VP2
and VP3 for simian virus 40 and polyomavirus) within
virions has not been determined unambiguously. The ap-
pearance of electron density in the hollow of each pentamer
has suggested a plausible location for these proteins (26).
Negatively stained HPV virions examined by electron mi-
croscopy have a diameter of 55 nm (10) and sediment at a
density of 1.30 to 1.33 g/ml in cesium chloride gradients (9).

Vaccinia virus expression systems have been used to
express large quantities of foreign genes in mammalian cells
with proper processing and posttranslational modification
(29). The structural proteins of human immunodeficiency
virus type 1 (15, 16) and hepatitis A virus (36) have been
expressed from recombinant vaccinia viruses, and those
proteins have been self-assembled into viral particles. Re-
cently, Zhou et al. (38) have reported the production of
40-nm ‘‘virion-like>’ particles from vaccinia virus vectors
expressing HPV-16 L1 and L2.

In this report, we demonstrate the production of HPV-1
capsids using a vaccinia virus system. These capsids migrate
appropriately by cesium chloride density centrifugation, are
of the correct size and shape, and possess the L1 and L2
capsid proteins as demonstrated by immunoelectron micros-
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FIG. 1. Construction of pGS and pMJ series of plasmids. (A) Changes in the HPV-1 L1 and L2 sequences that were made to alter the STNT
sequences. (B) Mutagenized fragments were cloned into pGS1L1/1L2. (C) Original 1L1 and 1L2 sequences were cloned as described in

Materials and Methods to give pMJ1L1/1L2.

copy. We also report capsid formation using vaccinia virus
constructs expressing only the major structural protein, L1.

MATERIALS AND METHODS

Construction of recombinant vaccinia virus vectors. Vac-
cinia virus expression vectors were constructed containing
the HPV-1 L1 (1L1) and L2 (1L2) genes separately or in
tandem. Each of the HPV genes was driven by either the
constitutive promoter (p7.5K) or the late promoters (pl1K,
pSynth) of vaccinia virus. The HPV-1a DNA sequence was
described previously (5), and the L1 and L2 genes that had
been cloned into pATH vectors (37) were the starting
material for the constructions described here.

The pGS series of plasmids containing p7.5K were con-
structed by using the plasmids pGS20 and pGS62 obtained
from Shiu-lok Hu, Bristol Myers/Squibb Pharmaceutical
Research Institute, Seattle, Wash. (16). Early vaccinia virus
promoters are inhibited by the transcriptional termination
signal STNT (TTTTTNT); thus, it was necessary to remove
these sequences from the coding region of HPV-1L1 and L2.
Utilizing the redundancy of the genetic code, L1 and L2
were modified by site-directed mutagenesis with specific
polymerase chain reaction (PCR) primers to remove the
STNTs without altering the amino acid sequence. Figure 1
outlines the constructions.

HPV-1 L1 was constructed in two segments to alter the
STNT signal beginning at nucleotide (nt) 6163 (5). Segment

1L contains the start of translation at nt 5431 through 6177
with a T—C change at nt 6165 to alter the STNT and A-to-G
and T-to-C changes at nt 6174 and 6177, respectively, to
create a BssHII site. Upstream of the ATG linkers for
BamHI and EcoRI, restriction sites were added, and down-
stream of the BssHII site, a Sall recognition sequence was
added. Primers used to construct 1L were CCCGAATTCG
GATCCATGGCTGTCTGGTTACCAGCGCAGAATAAG
(L1 nt 5431 to 5460) and CAGGTCGACGCGCGCAAAAA
AGAACATAGAGTTGCCATAGGCTTC (L1 nt 6177 to
6142). The other segment, 1R, was constructed to alter nt
6174 and 6177 to create a BssHII site for rejoining the 1L and
1R segments and a G—A change at nt 6939 to create a more
efficient translation termination codon. To prevent
readthrough in vaccinia viruses, a STNT signal was added
after the stop codon. Recognition sequences for EcoRI were
added upstream of 1R, and for HindIII and Smal, they were
added downstream. Primers used to construct 1R were
GACGAATTCGCGCGCCGCGAGCAAATGTATACCAG
GCACTTTTTT (L1 nt 6172 to 6207) and GATAAGCTTCC
CGGGATAAAAATTAAGCCTTACGCCTGCGCTTGGCTG
ACGTAGA (L1 nt 6939 to 6907).

The fragments were inserted into the #rpE fusion protein
expression vector pATH 11 (11, 19) by digestion with EcoRI
and Sall for 1L and by digestion with EcoRI and HindIII for
1R. Expression of the appropriate-sized fusion protein was
confirmed in Escherichia coli. HPV-1 L1 was regenerated by
digestion of both plasmids with BssHII and HindIlIl, isola-
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tion of fragments, and religation to produce plLlpcr.ml.
Protein expression was again examined, and the muta-
genized nucleotides were confirmed by DNA sequencing.
plLlpcr.ml was digested with BamHI and Smal and in-
serted into the similarly cleaved vaccinia virus expression
vector pGS62 to produce pGS1L1.

In a similar but more complicated fashion, the two STNT
sequences in HPV-1 L2 located at nt 4041 and 4950 were
altered by constructing three segments encoding L2. Seg-
ment 2L contains the start of translation at nt 3897 through
4076 with a T-to-C change at nt 4046 to disrupt the STNT
signal and at nt 4073, 4074, and 4076 (C to G, Ato C, and A
to C, respectively) to create a BssHII site. Recognition
sequences for BamHI and EcoRI were added upstream of
the ATG, and a Xbal site was added downstream of 2L.
Primers used in the construction were CCCGAATTCGG
ATCCATGTATCGCCTACGTAGAAAACGCGCTGCC (L2
nt 3897 to 3926) and GACTCTAGAGCGCGCTGTTCCA
ATGCCCAAACCTCCCAAGAAAAC (L2 nt 4076 to 4041).
Segment 2M was constructed to alter nt 4952 from T to C to
disrupt STNT, at nt 4073, 4074, and 4076 to create a BssHII
site as described above, and at nt 4961 (T to C) to create an
Aflll site. A recognition sequence for EcoRI was added
upstream of the BssHII site, and a Sall site was added
downstream of the AflII sequence. The primers used were
CCCGAATTCGCGCGCGGCTCTGGAGGAAGAATTGGT
TATACTCCC (L2 nt 4071 to 4106) and CAGGTCGACACT
TAAGTCATAGAAGAAGTGGGTTCTGGCGCCAATTGC
(L2 nt 4967 to 4929). Segment 2R was altered at nt 4961 to
create an AflII site, and an EcoRI site was added upstream.
Downstream of the translation codon at nt 5420, a STNT
signal was added along with recognition sequences for
cleavage by Smal and HindIIl. The primers used were
CCCGAATTCGACTTAAGTTCTATTGCTCCAGAAGAC
TCAATTGAA (L2 nt 4959 to 4994) and GATAAGCTTCC
CGGGATAAAAATTATACATAAGCTCTTTTACGACGC
TTTCTAAG (L2 nt 5420 to 5388).

Each of the PCR-generated segments of L2 was cloned
into pATH 11. Expression of appropriate-sized fusion pro-

teins was confirmed by Western immunoblot. 2L and 2M |

were combined by digestion with BssHII and Sall and
ligation to form 2LM. 2R was then added by digestion with
AfIII and HindIII and ligation. Mutations were confirmed by
sequencing, and expression was confirmed in pATH 11. The
resultant construct, plL2pcr.ml, was cleaved with BamHI
and Smal and inserted into the vaccinia virus expression
vector pGS20 to produce pGS1L2. The single expression
vectors pGS1L1 and pGS1L2 were combined to produce one
vector containing both 1L1 and 1L.2, with each HPV gene
driven by the p7.5K promoter. pGS1L1 and pGS1L2 were
both cleaved with EcoRI. The 1.5-kb fragment containing
112 was isolated and ligated into pGS1L1, producing
pGS1L1/1L2 (Fig. 1B).

The pMJ series of constructs were derived from the
vaccinia virus expression vector pMJ601 that contains a
strong vaccinia virus promoter derived from consensus
sequences of late promoters, designated pSynth, kindly
provided by B. Moss, National Institutes of Health (6). Sall
and Af1I sites were added to HPV-1 L1 by PCR utilizing the
primers AGAGTCGACATGGCTGTCTGGTTACCAGCGC
AGAAT (L1 nt 5431 to 5457) and GGGAAGCITAAG
CTAAGCCTTACGCCTGCGCTTGGCTGA (L1 nt 6939 to
6911). The fragment was inserted into pMJ601 cleaved with
Sall-Afll1, producing pMJ1L1. The 1L1 gene was thus under
control of pSynth.

The vaccinia virus vector pMJ1L?2 contains the 1L.2 gene
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driven by the pl1K vaccinia virus late promoter. This was
produced by designing a PCR primer that included the entire
p11K promoter sequence upstream of the translation initia-
tion codon for L2 and a BamHI recognition sequence. An
Nhel site was added downstream of the L2 termination
codon. The primers used were CGGGGATCCAATTTCA
TTTTGTTTTTTTCTATGCTATAAATGTATCGCCTCCG
GAGAAAACGCGCTGCCCCC (L2 nt 3897 to 3929) and
ATCATCGATGCTAGCTTATACATAAGCTCTTTTACGA
CGCTT (L2 nt 5420 to 5384). The PCR product was inserted
into pMJ601 to produce pMJ1L2. The combined plasmid
expressing HPV-1 L1 and L2 was constructed by digesting
pMIJ1L1 and pMJ1L2 with BamHI and Nhel, isolating the
1.5-kb L2 fragment, and ligating the fragment into pMJ1L1.
The resultant construct, pMJ1L1/1L2, contains the 1L.1 gene
driven by the pSynth promoter and the 1L2 gene driven by
the pl1k promoter (Fig. 1C).

Production of recombinant vaccinia virus stocks. Vaccinia
virus recombinants were generated essentially as described
by Mackett et al. (27), utilizing the thymidine kinase gene of
vaccinia virus. BSC-1 monkey kidney cells were infected
with wild-type vaccinia virus, vNY, at a multiplicity of
infection of 0.03. Plasmid DNA (20 pg) was added by
calcium phosphate precipitation 3 h later. The resulting virus
pool was selected for thymidine kinase-negative viral recom-
binants by growth in bromodeoxyuridine on thymidine ki-
nase-negative cells. Conformation of plasmid DNA recom-
bination into the viral genome was performed by dot-blot
hybridization with HPV 1L.1 and 1L2 sequences as a probe.
Appropriate isolates were plaque purified twice and ampli-
fied to a high-titer virus stock. Expression of HPV proteins
was confirmed by Western blot. Viral isolates are designated
by vac- followed by the plasmid name.

Purification of HPV-1 capsids. BSC-1 cells (20- to 150-mm
plates) were infected with recombinant vaccinia virus at a
multiplicity of infection of 30. Cells were incubated at 37°C
for 72 h in Dulbecco’s modified Eagle’s medium supple-
mented with 5% fetal bovine serum and antibiotics. Cells
were then collected by aspiration. Cells were pelleted by
centrifugation (1,000 X g, 10 min) and washed once with
phosphate-buffered saline (PBS). A nuclear fraction was
prepared by resuspending the cell pellets in 10 ml of HEPES
[V-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid] buffer
(10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl,) and
incubating on ice for 10 min. Cells were lysed by homoge-
nization, 50 strokes with a tight-fitting pestle. Nuclei were
collected by centrifugation at 2,000 X g for 10 min. The
nuclei were resuspended in 2 ml of PBS and sonicated for 2
min, and 2.1 g of cesium chloride was added. The nuclear
suspension was placed into ultracentrifuge tubes, and the
density was adjusted to 1.340 g/ml. Samples were spun at
45,000 rpm for 36 h at 4°C in an SW5S5 rotor. Fractions were
collected by puncturing the bottom of the tube or by needle
aspiration of the capsid band. Density of the resultant
fractions was determined with a Bausch & Lomb refractom-
eter. Fractions were dialyzed against three changes of PBS,
and HPV proteins were detected by Western blot. Fractions
containing 11 and 1L.2 proteins were analyzed for capsid
formation by electron microscopy. The yield was approxi-
mately 10'° particles.

SDS-PAGE and Western immunoblot assay. Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot were performed as described by Jenison et
al. (17, 18). Murine monoclonal antibodies specific for 1L.1
and 1L2 were obtained from David Baker at SUNY Stony
Brook and have been characterized by Yaegashi et al. (37).
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Immunofluorescent staining of HPV-1 L1 and L2. Recom-
binant cells were grown on microscope slides (Nunc, Naper-
ville, Ill.) to confluency and then infected with recombinant
vaccinia vectors at a multiplicity of infection of 10 to 30 for
16 h. The cells were then fixed in methanol-acetone, air
dried, and washed in PBS-0.05% Tween. A 1/25 dilution of
primary antibody (mouse monoclonal antibody to L1 or L2)
was layered on the slides and incubated at 37°C for 60 min.
This was followed by washing in PBS and then adding a 1/50
dilution of fluorescein-conjugated goat anti-mouse antibody
(Sigma Chemical Co., St. Louis, Mo.) for 30 min at 37°C.
Slides were washed, mounted in Dapco [a-1,4-diazabicy-
clo(2,2,2)-octane (25 mg/ml), spectrograde glycerol (90%),
PBS (0.1x)], sealed with fingernail polish, and viewed on a
Zeiss microscope equipped with epiluminescence.

Electron microscopy. Samples to be assayed for the pres-
ence of HPV-1 capsids were spun onto carbon-coated 300-
mesh copper grids in a Beckman Airfuge at approximately
100,000 x g for 10 min. Negative staining was done with 3%
uranyl acetate. Samples were observed in a JEOL 1005X
electron microscope. Pictures were taken at 50,000x at 80
kV.

For immunogold antibody labeling, after being spun onto
grids, the samples were blocked in a drop of BLOTTO
(nonfat powdered milk [5%], NaCl [0.9%], antifoam A
[0.1%], sodium azide [0.1%]) for 10 min. The samples were
incubated with a 1/25 dilution of first antibody for 30 min or
overnight. Mouse monoclonal antibodies to HPV-1 L1,
HPV-1 L2, or HPV-16 E7 (Triton Diagnostics, Alameda,
Calif.) were used. Samples were then washed with BLOTTO
and incubated for 60 min in a 1/25 dilution of gold-conjugated
(5-nm particles) goat anti-mouse antibodies (Ted Pella, Inc.,
Redding, Calif.). The samples were then washed twice with
water and negatively stained as above.

The number of HPV particles produced was estimated by
filtering through a 0.45-pm-pore-size filter. A known amount
of 0.31-pm latex spheres were added, and samples were
spun onto grids as above. Grids were dropped onto cacody-
late buffer briefly and then fixed for 15 min in one-half
strength Karnovsky’s fixative. Grids were washed twice
with water and negatively stained as above.

RESULTS

Expression of the HPV-1 L1 and L2 proteins from recom-
binant vaccinia virus vectors was initially confirmed in cell
lysates. BSC-1 cells were infected overnight with both the
GS and MIJ series of vaccinia virus vectors. Cells were
collected, lysed by sonication, and analyzed by Western blot
utilizing monoclonal antibodies to 1L.1 and 11.2. As can be
seen in Fig. 2A, lanes 4 and 6, vac-GS1L1- and vac-GS1L1/
1L.2-infected cells showed a band at 55 kDa that reacted with
the 1L.1 monoclonal antibody «-L1. Similarly, infection with
vac-GS1L2 and vac-GS1L1/1L2 (Fig. 2B, lanes 5 and 6)
showed a band at 72 kDa that reacted with the 1.2 mono-
clonal antibody a-L2. No bands were seen in uninfected
cells (lane 1) or in cells infected with vNY (lane 2). The
molecular weights for the 1L1 and 1L2 proteins are in
accordance with sizes reported previously with authentic
virus (8). Thus, the recombinant vaccinia virus vectors
appear to be making correctly sized HPV-1 capsid proteins.

Vectors utilizing the vaccinia virus late promoters were
similarly analyzed (Fig. 2). These vectors also produced
capsid proteins of the correct size. There appeared to be
approximately 10 to 100 times more protein produced with
the late promoters (lanes 8 to 10). Also, minor additional
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FIG. 2. Expression of recombinant vaccinia virus vectors in cell
extracts. Western blot with monoclonal antibody to 1L1 (A) and
monoclonal antibody to 1L2 (B). Lanes contain similar concentra-
tions of cell extracts from vaccinia virus-infected cells or bacterial
fusion proteins. Lanes: 1, mock infected; 2, vNY (wild-type vac-
cinia virus); 3, trplL1; 4, vac-GS1L1; 5, vac-GS1L2; 6, vac-GS1L1/
1L2; 7, vac-trplL2; 8, vac-MJ1L1; 9, vac-MJ1L2; 10, vac-MJ1LY/
1L2. Molecular weight markers are shown (x10%).

bands of 48 and 50 kDa could be seen (Fig. 2A, lanes 8 and
10), which are likely to be proteolytic degradation products
of L1.

The location of the HPV-1L1 and L2 proteins produced in
the vaccinia virus-infected cells was analyzed by indirect
immunofluorescence. BSC-1 cells infected with vac-MJ1L1/
1L2 demonstrated nuclear fluorescence when utilizing mon-
oclonal antibodies to L1 or L2 (Fig. 3A and B). Omitting the
first antibody revealed no fluorescence (data not shown).
Infection with vac-MJ1L1 or vac-MJ1L2 also demonstrated
nuclear fluorescence, indicating that both the L1 and L2
proteins are able to transport independently into the nucleus
(Fig. 3C and D).

To determine whether the L1 and L2 proteins could
self-assemble to form capsids, cells infected with vac-
GSI1L1/1L2 or vac-MJ1L1/1L2 were collected and nuclei
were isolated, lysed, and layered onto cesium chloride
gradients. After centrifugation for 48 h, fractions were
collected and analyzed for 1L1 and 1L2 protein by Western
blot. A typical gradient is illustrated in Fig. 4. The majority
of the L1 and L2 protein was located in fraction 5, which had
a density of 1.30 g/ml. This corresponded to the density of
virus isolated from clinical specimens (9). Fraction 5 was
also analyzed by electron microscopy. Particles that were 55
nm and icosahedral were found (Fig. 5B).

Approximately 100 to 1,000 more particles were produced
from vac-MJ1L1/1L2-infected cells than from vac-GS1L1/
1L2-infected cells. Comparison of these particles with par-
ticles purified from authentic HPV-1 warts showed them to
be identical in appearance (Fig. 5). The HPV-1 virions from
authentic warts appear to contain two sorts of particles:
those that appear to be more electron dense and presumably
contain HPV DNA in a nucleoprotein core, and those that
are less dense and are likely to be empty capsids lacking
DNA. The HPV-1 capsids produced in vitro resemble the
empty capsids in the virion preparation. Particle counts of
the capsids produced in vitro demonstrated approximately
10° particles per ml.

Cells infected with vaccinia virus vectors expressing only
the major capsid protein L1 were also analyzed by cesium
chloride centrifugation. vac-MJ1L1 produced a large amount
of L1 protein migrating at a density of approximately 1.30
g/ml. When analyzed by electron microscopy, 55-nm icosa-
hedral particles were found (Fig. 6, bottom panels). The
quantity was approximately 100-fold less than the vac-
MI1L1/11.2-produced capsids. No particles could be found
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FIG. 3. Localization of vaccinia virus-produced HPV proteins. BSC cells were infected with the noted recombinant vaccinia virus, and
immunofluorescence was performed with the monoclonal antibody noted. (A) vac-MJ1L1/1L2, anti-L1; (B) vac-MJ1L1/1L2, anti-L2; (C)

vac-MJ1L1, anti-L1; (D) vac-MJ1L2, anti-L2.

by using recombinants expressing only L2 (vac-MJ1L2) or
by using wild-type vaccinia virus (VNY) (data not shown).

The HPV capsids were further characterized by immuno-
electron microscopy (Fig. 6). Capsids purified by cesium
chloride centrifugation from vac-MJ1L1/112- and vac-
MI1L1-infected cells were compared with authentic HPV-1
virions isolated from plantar warts. As can be seen in Fig. 6
(left-hand panels), gold particles were associated with L1 in
the vac-MJ1L1/1L2 and vac-MJ1L1 panels as well as the
authentic warts. This confirmed the presence of L1 in the
capsid particles. Similarly, gold particles associated with L2
(Fig. 6, middle panels) were seen in vac-MJ1L/1L2 capsids
and authentic warts, but no L2 was found in the capsids
produced by vac-MJ1L1. As a control, no gold labeling was
seen ‘with a monoclonal antibody against a nonstructural
protein, HPV-16 E7 (right-hand panels). These experiments
confirmed the presence of L1 and L2 in the vaccinia virus-
produced HPV capsids.

DISCUSSION

This study demonstrated the successful production of
HPV-1 capsids utilizing a vaccinia virus expression system.
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FIG. 4. Western blot of fractions from cesium chloride centrifugation of vac-GS1L1/1L.2-infected cells. Numbers 1 to 10 represent various

gradient fractions. pre designates sample before centrifugation, and trpL1 and trpL2 represent bacterial fusion proteins producing 1L1 and
1L2, respectively. Molecular weight markers are shown (x10%). (A) anti-1L1; (B) anti-L2.

The genes coding for the two structural proteins L1 and L2
were inserted into vaccinia virus recombinants and used to
infect monkey kidney cells. L1 and L2 proteins were pro-
duced in high quantity, and their molecular weights were as
previously described from naturally occurring HPV infec-
tions. Examination with the electron microscope demon-
strated 55-nm particles that were icosahedral. The in vitro-
synthesized capsids were indistinguishable from the empty
capsids that were plentiful in similarly purified specimens of
HPV-1 obtained from plantar warts. Finally, immunoelec-
tron microscopy demonstrated that the capsids contained
both L1 and L2. For these reasons, it is concluded that the
vaccinia virus expression system produced authentic HPV-1
capsids in vitro.

Vaccinia virus vectors expressing only the major capsid
protein L1 also demonstrated capsid formation. The parti-
cles were also 55 nm, icosahedral, and shown to possess
only L1 by immunoelectron microscopy. This finding is
similar to results with other papovaviruses. It has been
shown that polyomavirus can assemble into particles with
only the major structural protein, VP1 (32). The roles of the
other structural proteins, L2 or VP2 and VP3, are less well
defined. There appeared to be greater size and shape heter-
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ogeneity among the capsids containing only L1, as well as a
quantitative difference, with the L1 capsids producing 10- to
100-fold fewer particles. This implies that .2 may be impor-
tant in stabilization of the capsid structure. The immunoelec-
tron microscopy data suggest that at least an epitope of L2 is
exposed in the intact capsid, although some denaturation of
the capsid during purification or preparation for microscopy
cannot be ruled out. The exact location of L2 in the capsid is
still unknown.

The data described here differ somewhat from those
obtained by Zhou et al. (38), using a vaccinia virus system

anti-1L1

pMJ1L1/1L2
CAPSIDS

HPV1
WARTS

pMJiL1
CAPSIDS

anti-1L2
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FIG. 5. Comparison of isolated warts and vaccinia virus-produced HPV-1 capsids. (A) purified warts; (B) vac-GS1L1/1L2.

expressing HPV-16 L1 and L2. They demonstrated 40-nm
particles migrating at the proper density for capsids by
cesium chloride density gradient centrifugation but could not
demonstrate any particle formation with vectors expressing
L1 alone. No clinical specimens of HPV-16 with abundant
virions are available, so it is impossible to compare the in
vitro-synthesized HPV-16 capsids with authentic HPV-16
virions. In addition, no immunoelectron microscopy was
performed to indicate which viral proteins were actually in
the capsids. It is possible that HPV-16 capsids are inherently
less stable, leading to the smaller particle and the inability to
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FIG. 6. Immunoelectron microscopy of warts and vaccinia virus-produced HPV-1 capsids.
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produce capsids containing L1 only. Chimeric capsids of
HPV-1 and HPV-16 vaccinia virus-produced structural pro-
teins could help answer this question.

The immunofluorescent staining presented here demon-
strated nuclear localization of both the L1 and L2 proteins.
In addition, constructs containing L1 alone or L2 alone also
localized to the nucleus. This implies that both the L1 and L2
proteins contain sequences that will localize them to the
nucleus. L1 demonstrated a generalized nuclear staining
with increased uptake in the nucleolus, whereas L2 demon-
strated a more punctate pattern. In contrast, a more diffuse
nuclear staining has been seen for both L1 and L2 in thin
sections from clinical specimens (8, 20, 33, 34). This different
pattern of fluorescence, especially for L2, may be due to the
vaccinia virus expression system but may be due to the
overexpression of the HPV proteins, differences in magnifi-
cation, or differences in specimen preparation. Recent stud-
ies have identified a nuclear localization sequence in L1 of
HPV-16 (39). The actual site of assembly has not been
defined by these studies, but electron microscopy of thin
sections of infected cells have not demonstrated HPV cap-
sids in the cytoplasm (data not shown). This is consistent
with previous studies showing HPV particles confined to the
nucleus (28).

Finally, the number of particles produced was on the order
of 10'° from fifty 100-mm plates. This can easily be scaled up
for large-scale preparation. The uses for HPV capsids are
numerous, and the capsids will likely be important in dis-
secting many aspects of the pathogenesis of HPVs, including
identification of the cellular receptor for HPVs, the require-
ments for capsid assembly and perhaps packaging of viral
DNA, and characterization of the host immune response
with more-authentic antigen targets.
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