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We have used viruslike particles (VLPs) of human papillomaviruses to study the structure and assembly of
the viral capsid. We demonstrate that mutation of either of two highly conserved cysteines of the major capsid
protein L1 to serine completely prevents the assembly of VLPs but not of capsomers, whereas mutation of all
other cysteines leaves VLP assembly unaffected. These two cysteines form intercapsomeric disulfides yielding
an L1 trimer. Trimerization comprises about half of the L1 molecules in VLPs but all L1 molecules in complete
virions. We suggest that trimerization of L1 is indispensable for the stabilization of intercapsomeric contacts

in papillomavirus capsids.

Papillomaviruses are widespread, highly species- and tissue-
specific viruses of higher vertebrates. They infect exclusively
the skin or the oral and genital mucosae, inducing warts (or
papillomas), condylomata, and other benign or malignant in-
traepithelial lesions. To date, over a hundred types of human
papillomaviruses (HPV) have been identified, and some of
them are strongly associated with invasive cervical carcinoma,
the second most frequent cancer of women worldwide (25).

Due to the low virus content of many lesions and our inca-
pacity to develop a tissue culture system for the large-scale
propagation of papillomaviruses, only few HPVs have been
purified in quantities sufficient for structural analysis. Recently,
however, several groups have obtained viruslike particles
(VLPs) by expressing the major capsid protein L1 either alone
or together with the minor capsid protein L2 by using vaccinia
virus (6, 24) or baculovirus expression systems (11, 15, 22).
VLPs do not contain a viral genome but are otherwise indis-
tinguishable from authentic virions according to cryoelectron
microscopy and three-dimensional image reconstruction at 3.5-
nm resolution (7). Moreover, VLPs are amenable to genetic
analysis. Therefore VLPs offer a promising approach to inves-
tigating the structure and the still-unknown mechanisms of
assembly, cellular uptake, and disassembly of papillomaviruses.

Papillomaviruses and the genetically unrelated polyomavi-
ruses are grouped together into the family Papovaviridae be-
cause they share a number of structural features, including a
circular double-stranded DNA genome, associated with his-
tones to form a minichromosome, and a spherical capsid of
icosahedral symmetry (7 = 7). Capsids consist of 72 capso-
mers, each a pentamer of the major capsid protein L1 or VP1
(1, 16). In addition, polyomavirus capsids contain one copy of
either of the minor capsid proteins, VP2 or VP3, per capsomer,
and papillomavirus capsids probably contain 12 copies of the
minor capsid protein L2 located at the 12 pentavalent capso-
mers (21).
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Although reducing agents are required to disassemble sim-
ian virus 40 (SV40) (3) and polyomavirus (23) in vitro, disulfide
bonds were, at best, considered to contribute somewhat to
virion stability and were proposed to form only after particle
assembly or even after viral release (9). Therefore, they should
play no role in viral assembly. In contrast, we have shown
previously that reduction of the disulfide bonds in VLPs of
papillomaviruses always leads to disassembly into capsomers
(18). This indicates that disulfide formation could be essential
for the assembly of papillomavirus capsids. To address this
issue, we have constructed L1 cysteine mutants and have ana-
lyzed their capacity for VLP assembly, using as the prototype
HPV type 33 (HPV-33), which has been cloned from an inva-
sive cervical carcinoma and is closely related to HPV-16 and
other genital HPVs (2).

L1 trimers cross-linked by disulfides are present in VLPs
and virions. Initially, we analyzed the degree of disulfide cross-
linking in VLPs and virions. VLPs of HPV-16, -18, and -33
were obtained by synthesis of the major capsid proteins L1 by
the baculovirus expression system. VLPs purified by cesium
chloride density gradient centrifugation banded at a density of
1.29 g/cm?® and were subsequently sedimented into a cesium
chloride cushion (1.29 g/cm?) to remove capsomers and free L1
molecules. Virions were isolated from vulgar warts collected
from the hands of a patient and banded at a density of 1.34
g/cm? in cesium chloride. VLPs and virions were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Western blot analysis. Monoclonal
antibody 33L1-7 served as the primary antibody (17). For SDS-
PAGE under nonreducing conditions B-mercaptoethanol was
omitted from the sample buffer and 8% polyacrylamide gels
were used. As previously described for HPV-11 and HPV-33
(14, 22), all VLPs yielded two broad bands when analyzed
under nonreducing conditions: about 50% of the L1 molecules
migrated as monomers with an apparent molecular mass of 50
kDa (Fig. 1A, left panel) and about 50% migrated as 150- to
160-kDa oligomers. Careful calibration using various molecu-
lar mass standards indicates that this oligomer corresponds to
L1 trimers (Fig. 1A, left panel). In contrast to VLPs, all of the
L1 proteins of virions from warts migrated as oligomers (Fig.
1A). The oligomeric L1 protein from virions (the HPV type of
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FIG. 1. Analysis of disulfide bonds in VLPs and virions. VLPs obtained by
using the baculovirus expression system and virions extracted from a hand wart
were purified by cesium chloride density gradient centrifugation and subse-
quently analyzed by nonreducing (A) and reducing (B) SDS-PAGE. L1 proteins
were visualized by immunoblotting using the cross-reactive monoclonal antibody
33L1-7 (17). The apparent molecular masses of marker proteins are indicated.
Lanes 16, 18, and 33 contain HPV-16, -18, and -33 VLPs, respectively.

which has not been determined) had an apparent molecular
mass of 180 kDa. Since a mass of 60 kDa was determined for
the monomer (Fig. 1B), the oligomeric L1 in virions should
also correspond to trimers. Under reducing conditions all of
the L1 proteins migrated as monomers, which demonstrates
that trimerization of L1 proteins occurs through disulfide
bonding in both virions and VLPs.

L1 trimer formation in VLPs is mediated by only two cys-
teines. To analyze if specific cysteines were involved in the L1
trimer formation, single point mutations, substituting serine
for cysteine, were constructed. HPV-33, which is related to
HPV-16, was used for this analysis. There are 13 cysteine res-
idues in the 499-amino-acid sequence of the HPV-33 L1 pro-
tein (4) (Fig. 2A), 10 of which occur frequently in other HPVs
as well. These were mutated one by one with an oligonucleo-
tide-directed mutagenesis kit obtained from Amersham (Sculptor
in vitro mutagenesis system). In all cases TGT was mutated to
AGT, and TGC was mutated to AGC. The mutations were
confirmed by sequencing, and the 10 mutants obtained were
expressed in Sf9 insect cells by using recombinant baculovi-
ruses, as previously described (22). Each of the mutants
yielded the expected 55-kDa protein, as shown by Western
blotting of cellular lysates (Fig. 2B). A few proteolytic break-
down products were always observed in all preparations. To
isolate VLPs, nuclei of infected cells were subjected to mild
sonication and fractionated by cesium chloride density gradi-
ent centrifugation. Mutant and wild-type L1 proteins were
obtained at 1.29 g/cm>. To probe for disulfide cross-linking in
these proteins, they were analyzed by SDS-PAGE in the ab-
sence of a reducing agent. Wild-type L1 and eight of the L1
mutants migrated in two bands, one of them corresponding to
monomers with an apparent molecular mass of 50 to 55 kDa
and the other corresponding to a protein of about 150 kDa cor-
responding to trimers, as shown above (Fig. 2C). The amount
of L1 protein recovered as trimers never exceeded 50% of the
total L1 protein. Surprisingly, none of our L1 preparations,
mutant or wild type, ever contained any disulfide-linked dim-
ers. Two of the mutants, the mutants carrying serine instead of
cysteine 176 or cysteine 427 (C176S and C427S, respectively)
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failed to form trimers (Fig. 2C). This demonstrates that a
single point mutation of either C176 or C427 in HPV-33 L1
converts all trimers in VLPs into monomers, whereas all other
cysteine mutants leave the trimerization unaffected. This is
best explained by exclusive disulfide bonds of C176 with C427
in neighboring L1 molecules. The most plausible structure for
a trimer formed by disulfides between only two cysteines is a
covalently closed, cyclical arrangement of three L1 molecules
around a threefold axis, in which each molecule donates two
cysteines to a total of three intermolecular disulfides. However,
a linear arrangement of three L1 molecules cannot be excluded
on the basis of our data.

L1 trimer formation is critical for VLP assembly. If trimer
formation is a critical step in the assembly of viral capsids, then
C176S and C427S should be unable to form VLPs. To examine
the effect of the mutations on the capacity of L1 proteins to
assemble into VLPs, wild-type and mutant L1 proteins from
the cesium chloride fractions were sedimented through sucrose
gradients. Whereas the wild type and the eight trimer-forming
mutants had high sedimentation coefficients, as expected for
VLPs, the C176S and C427S proteins sedimented only with
about 9 S, consistent with assembly into capsomers (not shown).
The structure of the L1 complexes was then examined by elec-
tron microscopy. Aliquots from the fractions of the cesium
chloride density gradient centrifugation corresponding to 1.29
g/cm? were dialyzed against phosphate-buffered saline, pH 7.3,

A

HPV-33L1

103 147 207 228 324 346 378 47
1

162

B h

R

67- :

43 BT ———

30- 3 -
c 100 158 162176 185 225 220 324 378 427

e bll- ~nii-
53- ..l.."...'

FIG. 2. Analysis of disulfide bonds in cysteine mutants and wild-type L1
protein by SDS-PAGE under reducing and nonreducing conditions. (A) Sche-
matic diagram of the positions of cysteine residues within the L1 protein of
HPV-33. *, cysteines conserved among papillomaviruses; aa, amino acids. (B)
SDS-PAGE under reducing conditions. Lysates of Sf9 insect cells infected with
recombinant baculoviruses are shown. In addition to the full-length L1 protein,
some degradation products are seen. (C) SDS-PAGE under nonreducing con-
ditions. L1 proteins extracted from nuclei of infected Sf9 cells were partially
purified by cesium chloride density gradient centrifugation. Fractions corre-
sponding to a buoyant density of 1.29 g/cm® were subjected to gel electrophore-
sis. Numbers between the two gels indicate the positions of the mutated cysteines
in the L1 protein. The apparent molecular masses of marker proteins are indi-
cated to the left of each gel (in kilodaltons). WT, wild type.
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FIG. 3. Electron micrographs of particles assembled from cysteine mutant or wild-type (wt) L1 protein. L1 proteins partially purified by cesium chloride density
gradient centrifugation were dialyzed against phosphate-buffered saline, spotted onto carbon-coated copper grids, and negatively stained with 5% ammonium
molybdate containing 1% trehalose (for wild type, C162S, C185S, and C378S) or with 2% phosphotungstic acid (for C176S and C427S). Photographs were taken with
a Zeiss EM900 transmission electron microscope at an instrumental magnification of X30,000 (for wild type, C162S, C185S, and C378S) or x50,000 (for C176S and

C427S). The bars represent 100 nm.

and spotted onto carbon-coated copper grids. They were neg-
atively stained with 5% ammonium molybdate, pH 7.0, con-
taining 1% trehalose and with 2% phosphotungstic acid, pH
7.0, respectively, as previously described (8). Samples were ex-
amined under a Zeiss EM900 transmission electron micro-
scope at an instrumental magnification of X30,000 and X50,000,
respectively. The wild type and the eight fast sedimenting mu-
tants formed mainly spherical VLPs with diameters of 50 to 60
nm and some tubular structures, but the C176S and C427S pro-
teins only formed capsomers (Fig. 3), in agreement with the
sedimentation analysis. This demonstrates that the assembly of
viral capsids requires disulfide bonds involving either of these
two cysteines.

We have previously shown that reduction of disulfides in
VLPs leads to disassembly into capsomers, not L1 monomers
(18). Now we have demonstrated that the cysteine mutants that
do not form trimers assemble into capsomers but not into
capsids. The L1 molecules present in these capsomers are not
disulfide bonded. Clearly, disulfides forming L1 trimers are in-
tercapsomeric; i.e., the three L1 molecules are from separate
capsomers.

It is interesting to analyze whether intermolecular disulfide
bonds between C176 and C427 of L1 molecules located in
separate capsomers are sterically compatible with the structure
expected for L1. Until now the structure of papillomaviruses
has only been studied by cryoelectron microscopy, the resolu-
tion of which is at the capsomer level. However, the crystal
structures of the related SV40 and polyomavirus have been
resolved at 3.8 A (13) and 3.65 A (19), respectively, and the
SV40 structure has recently been refined to a 3.1-A resolution
(20). Although there is only moderate sequence similarity be-
tween the L1 and VP1 proteins of papillomaviruses and poly-
omaviruses, the arrangement of B-strands found for VP1 and
that predicted for the L1 sequences of HPVs by using various
secondary-structure predictions and CLUSTAL-W for align-
ment (10) are similar. According to these predictions, the two
essential cysteines C176 and C427 are located in a loop and in
the C-terminal region, respectively. In SV40 both the corre-
sponding loop and the C terminus are located on the same side
of the VP1 structure. In HPV-33 both the potential loop (ami-
no acids 160 to 189) and the C-terminal arm (amino acids 348
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FIG. 4. Analysis of disulfide bonds in cysteine mutant 18L1-C429S (lanes
429) and wild-type HPV-18 L1 protein (lanes WT) by SDS-PAGE under reduc-
ing (B) and nonreducing (A) conditions. The apparent molecular masses of
marker proteins are indicated. B-ME, B-mercaptoethanol.

to 499) are considerably larger than in SV40, providing ample
flexibility for disulfide bonding.

Cysteine mutant of HPV-18. To probe for the generality of
the importance of these cysteines for the assembly of papillo-
mavirus capsids, we introduced a single point mutation corre-
sponding to C427S into the L1 protein of HPV-18. HPV-18 is
a more distantly related HPV type, a representative of the
high-risk viruses most often associated with genital carcinoma.
Since C427 of HPV-33 corresponds to C429 in HPV-18, the
C429S mutant of HPV-18 L1 was constructed and used to ob-
tain a recombinant baculovirus, as described above. When ex-
pressed in Sf9 cells, the mutant formed neither trimers (Fig. 4)
nor VLPs (not shown), in contrast to wild-type HPV-18 L1
(Fig. 4). This demonstrates that L1 trimer formation using the
two cysteines identified is not a privilege of HPV-33. Indeed,
C176 and C427 are conserved in all of the 103 L1 sequences
published to date, including even the distantly related animal
papillomaviruses. In addition, the corresponding C424 in HPV-11
is essential for virion stability and assembly (12). Taken to-
gether, these data suggest that the formation of trimers of L1
by way of disulfides between these two cysteines is a critical
step towards capsid assembly of all papillomaviruses.

It is interesting that only half of the L1 molecules in VLPs
produced in insect cells are disulfide bonded into trimers, where-
as all of the L1 molecules in virions isolated from warts are
disulfide bonded, indicating structural differences between
VLPs and virions that are not detectable by electron micros-
copy. Complete cross-linking of L1 proteins through disulfides
has previously been observed for HPV-1a virions, even though
the molecular weight of the complex was not determined (5).
Clearly, disulfide-linked L1 trimers are an important structural
feature of the papillomavirus capsid. The difference in the
degree of L1 cross-linking observed between virions and VLPs
cannot be explained by the presence of L2 in virions, since
incorporation of L2 into VLPs does not alter L1 cross-linking
(not shown, but see references 18 and 22). Possibly DNA
packaging or different reducing environments in keratinocytes
and insect cells can explain the additional disulfide bonds
found in virions.
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