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ABSTRACT During infectious entry, acidification within the endosome triggers un-
coating of the human papillomavirus (HPV) capsid, whereupon host cyclophilins fa-
cilitate the release of most of the major capsid protein, L1, from the minor capsid
protein L2 and the viral genome. The L2/DNA complex traffics to the trans-Golgi
network (TGN). After the onset of mitosis, HPV-harboring transport vesicles bud from
the TGN, followed by association with mitotic chromosomes. During this time, the
HPV genome remains in a vesicular compartment until the nucleus has completely
reformed. Recent data suggest that while most of L1 protein dissociates and is de-
graded in the endosome, some L1 protein remains associated with the viral ge-
nome. The L1 protein has DNA binding activity, and the L2 protein has multiple do-
mains capable of interacting with L1 capsomeres. In this study, we report that some
L1 protein traffics with L2 and viral genome to the nucleus. The accompanying L1
protein is mostly full length and retains conformation-dependent epitopes, which
are recognized by neutralizing antibodies. Since more than one L1 molecule contrib-
utes to these epitopes and requires assembly into capsomeres, we propose that L1
protein is present in the form of pentamers. Furthermore, we provide evidence that
the L1 protein interacts directly with viral DNA within the capsid. Based on our find-
ings, we propose that the L1 protein, likely arranged as capsomeres, stabilizes the vi-
ral genome within the subviral complex during intracellular trafficking.

IMPORTANCE After internalization, the nonenveloped human papillomavirus virion
uncoats in the endosome, whereupon conformational changes result in a dissocia-
tion of a subset of the major capsid protein L1 from the minor capsid protein L2,
which remains in complex with the viral DNA. Recent data suggest that some L1
protein may accompany the viral genome beyond the endosomal compartment. We
demonstrate that conformationally intact L1 protein, likely still arranged as capsom-
eres, remains associated with the incoming viral genome throughout mitosis and
transiently resides in the nucleus until after the viral DNA is released from the trans-
port vesicle.

KEYWORDS HPV entry, HPV16, L1 protein, L2 protein, mitosis, nuclear transport,
virus trafficking

apillomaviruses are a family of nonenveloped DNA viruses that infect a wide range
of hosts with a preference for epithelial cells. The papillomaviruses that infect
humans (HPVs) are a particular health burden. While most infections with HPVs are
cleared by the immune system, a persistent infection with the high-risk types is
associated with increased risk of carcinomas. The high-risk type 16 accounts for
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approximately 50% of the total cervical cancer cases and up to 90% of anogenital and
oropharyngeal cancers, causing significant morbidity and mortality in the human
population (1, 2). Due to this, HPV16 is the best-studied HPV type. The HPV genome is
8 kb in size and is a chromatinized, double-stranded DNA molecule protected within a
55 -nm icosahedral capsid. The capsid is comprised of two proteins: the major capsid
protein, L1, and the minor capsid protein, L2. In each capsid, there are 360 L1
monomers arranged into 72 pentamers, also called capsomeres, which compose the
capsid shell. It has been estimated that there can be up to 72 molecules of L2 per capsid
arranged as one L2 copy per capsomere (3). However, conservative estimates are likely
in the range of 12 to 36 copies per capsid. The majority of the L2 protein is hidden
within the mature capsid, whereas only a portion of the N terminus, residues 60 to 120,
is exposed on the surface (4). It has been proposed that the N terminus of the L2
protein adopts a loop-like structure where the first 60 or so amino acids on the N
terminus are not accessible in the capsid.

During the primary infection, the virion initially attaches to heparan sulfate pro-
teoglycans (HSPGs) located on the extracellular matrix and/or cell surface (5-9). Mul-
tiple engagements of the L1 proteins with HSPGs induce conformational changes in
both L1 and L2 proteins (10, 11). Host cell cyclophilin B, a chaperone found on the cell
surface and in luminal compartments, facilitates the exposure of the previously hidden
N terminus and reveals a furin convertase cleavage site (12-14). The cleavage and loss
of these 12 amino acids from the very N terminus are essential downstream in the entry
process for endosomal escape. In addition, a fraction of L1 protein is cleaved by
kallekrein-8 on the cell surface (15). Following these conformational changes, the virion
is reported to associate with a number of non-HSPG secondary receptors, including
integrins, tetraspanins, growth factor receptors, and annexin A2, that serve as a
platform for internalization (16-24). The virion is internalized via the endocytic route
and is trafficked to the endosome whereupon low pH triggers disassembly of the
capsid. Cyclophilins facilitate release of much of the L1 protein from the L2 protein,
which remains in complex with the viral genome (25). During this time, data suggest
that the L2 protein undergoes conformational changes resulting in translocation of the
majority of the protein across the endosomal membrane through possible solo or con-
certed efforts of a membrane-destabilizing (residues 445 to 467) and a transmembrane-like
(residues 45 to 65) domain (26-29). This translocation event allows for the cytoplasmic
region of the L2 protein (likely residues 65 to 473) to directly interact with cytoplasmic
factors, most notably, the retromer complex, which facilitates the trafficking of the
L2/DNA complex to the trans-Golgi network (TGN) (29-37). Residues 13 to 45 are
located on the luminal side of transport vesicles, whereas residues 45 through 65 span
the membrane. Incoming viral genomes take advantage of the structural reorganization
of the cell during mitosis for trafficking into the nucleus, where nuclear envelope
breakdown is a key rate-limiting step (38, 39). After the onset of mitosis, the viral
genome buds out of the TGN and/or endoplasmic reticulum (ER) in a transport vesicle
and lines up along microtubules to, presumably, migrate to the condensed chromo-
somes (38, 40). Once the cell has completed division and the nuclear envelope has
reformed, the viral DNA is released from this transport vesicle within the nucleus and
the viral genome colocalizes at promyelocytic leukemia (PML) nuclear bodies to estab-
lish infection (41).

After uncoating, it is almost completely unknown how the viral genome remains
associated with the L2 protein within the subviral complex. Since recent evidence
suggests that most of the L2 protein is transmembranous during this time, we hypoth-
esized that other proteins may be responsible for stabilizing the viral genome within
the subviral complex. It is established that the L1 protein plays dual roles in both
inter-L1 interaction between capsomeres and DNA binding (42-45). The C terminus of
the L1 protein is quite disordered and flexible, which allows it to invade the neighbor-
ing capsomeres to form disulfide bonds at highly conserved cysteine residues to
stabilize the interaction between capsomeres (46-48). It also has been shown to
interact with DNA and be required for encapsidation of viral DNA (49). Although the L2
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protein is essential for infection, its role in DNA packaging is controversial in that some
HPV types depend more on it than others (45, 50-52). Curiously, recent data from
several groups have observed that not all of the L1 protein is dissociated from the L2
protein during uncoating (34, 40, 53, 54). Based on these data, we hypothesized that
the L1 protein accompanies the viral genome, in association with the L2 protein, to the
nucleus during infectious entry. Here, we demonstrate that both L1 and L2 protein
transiently colocalize with the viral genome in the nucleus of infected cells after the
completion of mitosis. The loss of the L1 protein correlated with the release of viral
genome from transport vesicles. The L1 protein that accompanies the viral genome
throughout the entry process is mostly full length and retains conformational epitopes
that are recognized by well-characterized neutralizing antibodies. Although the exact
function of the L1 protein after uncoating is still a mystery, we provide biochemical
evidence that L1 protein interacts with encapsidated DNA when assembled into virions,
suggesting that L1 may help stabilize the L2/DNA complex during trafficking events
well beyond what was previously assumed.

RESULTS

TGN-localized L1 protein retains conformational epitopes. It has been hinted by
a few recent publications that some L1 protein remains associated with the L2/DNA
complex after uncoating (34, 40, 53, 54). We previously estimated that approximately
up to 75% of the L1 protein is dissociated after uncoating (25, 54). Based on these
findings, we sought to determine whether the remaining L1 protein would still be
arranged as capsomeres after the capsid has uncoated. To address this question, we
used well-characterized neutralizing monoclonal antibodies (MAbs) to probe for pro-
tein structure. First, we tested the reactivity of H16.V5, which recognizes a conforma-
tional epitope to which the FG and HI loops of two adjacent L1 molecules on the apical
surface of L1 capsomeres contribute (55-57). HaCaT cells were infected with HPV16
pseudoviruses (PsVs) harboring an 5-ethynyl-2’-deoxyuridine (EdU)-labeled pseudog-
enome. After 24 hpi, we fixed and stained the L1 protein using MAb H16.V5, followed
by staining of the pseudogenome using Click-iT reaction chemistry. We observed that
MAb H16.V5 showed reactivity colocalizing with the EAU puncta in the TGN (Fig. 1A).
As a control, we treated the cells with Click-iT reaction buffer before incubation with the
MAb H16.V5, which has been previously shown to denature the capsids and thus
eliminate the conformational epitopes (25). As we expected, we observed a complete
loss of MAb H16.V5 reactivity. We also tested a previously characterized neutralizing
MAb, H16.56E, which recognizes a conformational epitope that becomes accessible
only after the virions bind and undergo conformational changes on the cell surface (5,
8, 11). We observed that the reactivity of MAb H16.56E colocalized with EdU puncta
within the TGN (Fig. 1B). This reactivity was also lost after denaturing the capsids with
Click-iT reaction buffer prior to staining with the MAbs, as previously demonstrated
(25). To test whether most of the L1 protein trafficking with L2 and viral genome to the
TGN retains conformational epitopes rather than being denatured, we tested the
reactivity of L1 protein with another well-characterized MAb, 33L1-7, which recognizes
a linear epitope (residues 303 to 313) that emerges only after the virus has been
denatured or uncoats (17, 58). After infectious entry, we did not observe reactivity with
MAb 33L1-7 colocalized with EdU puncta in the TGN (Fig. 1C). Following denaturation,
we observed robust reactivity with 33L1-7 MAb. Taken together, these data suggest
that the subset of L1 protein that associates with viral genome in the TGN is likely still
arranged as conformationally intact L1 capsomeres.

L1 protein retains conformational epitopes throughout mitosis. It was previ-
ously demonstrated that mitosis is a key rate-limiting step in the HPV infection, and the
incoming viral genome associated with condensed chromosomes during mitosis (38,
39). Recent data from our lab suggest that the viral genome buds from the TGN during
prophase in a membrane-bound transport vesicle and associates with microtubules for
delivery to the nucleus during mitosis (40). We reasoned that if conformationally intact
L1 protein does remain associated with the L2 protein and the incoming viral DNA
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FIG 1 L1 protein localized in the TGN retains conformationally dependent epitopes. (A) At 24 hpi, HaCaT
cells infected with EdU-labeled pseudovirus were fixed, permeabilized, and treated with or without
Click-iT reaction buffer without dye. The cells were incubated with the L1 conformationally dependent
mouse MAb H16.V5 antibody (green), rabbit pAb anti-TGN46 (blue). Next, the cells were treated with
Click-iT reaction buffer with AF555 dye (red) to stain EdU-labeled pseudogenome and mounted in DAPI
(white). (B) HaCaT cells were infected and stained as described for panel A. Conformationally dependent
mouse MAb H16.56E antibody (green) was used for specific detection of the L1 protein. (C) HaCaT cells
were infected and stained as described for panel A. Mouse MAb 33L1-7 (green) was used for the specific
detection of the L1 protein. Triple colocalization is denoted as a white color.

within the TGN, then it may also remain associated throughout mitosis as well. To test
this, we infected HaCaT cells with HPV16 PsVs harboring an EdU-labeled pseudog-
enome for 24 h. We fixed and stained the cells using MAbs H16.V5, H16.56E, and 33L1-7
as described in Fig. 1A to C. We carefully restricted our analysis to cells in different
phases of the cell cycle. We observed that EdU puncta associated with condensed
chromosomes during mitosis were reactive with MAb H16.V5 (Fig. 2A). Pretreating the
cells with Click-iT reaction buffer prior to incubation with the primary antibody elimi-
nated MAb H16.V5 reactivity, as previously observed (Fig. 2B). Next, we tested MAb
H16.56E reactivity under the same conditions. Similarly, we observed reactivity with
MAb H16.56E colocalized with EdU puncta associated with condensed chromosomes
(Fig. 3A) and pretreatment with Click-iT reaction buffer destroyed the H16.56E epitope
(Fig. 3B). Lastly, we tested MAb 33L1-7 under the same conditions. Once again, we did
not observe reactivity with MAb 33L1-7 colocalized with EAU puncta associated with
condensed chromosomes (Fig. 4A). However, once we denatured the capsids using a
pretreatment with Click-iT reaction buffer, 33L1-7 reactivity was observed colocalizing
with the EdU puncta (Fig. 4B). Taken together, these data support the idea that intact
L1 capsomeres remain associated with the viral genome throughout mitosis.

The L1 protein is transiently present in newly formed nuclei after the comple-
tion of mitosis and is lost after egress of the viral genome from transport vesicles.
Our recently published data suggest that the viral genome resides in a membrane-
bound vesicle throughout mitosis and is released, in a time-dependent fashion, into the
nucleoplasm after the nuclear envelope has reformed (40). It was previously demon-
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FIG 2 L1 protein associated with condensed chromosomes retains the reactivity of the H16.V5 epitope. (A and B)
At 24 hpi, HaCaT cells infected with EdU-labeled pseudovirus were fixed, permeabilized, and treated with or
without Click-iT reaction buffer without dye. Next, the cells were incubated with L1 conformationally dependent
mouse MAb H16.V5 antibody (green) and AF488-conjugated anti-a-tubulin (white). Lastly, the cells were treated
with Click-iT reaction buffer with AF555 dye (red) to stain the EdU-labeled pseudogenome and mounted in DAPI
(blue). Note that colocalization of the EdU puncta and L1 protein is denoted as a yellow color.

strated that the L2 protein colocalizes at PML nuclear bodies, but no evidence was
reported that L1 protein also localizes in the nucleus during entry (41). However, these
experiments were analyzed at 48 h postinfection (hpi), whereupon cells have com-
pleted multiple rounds of division. Also, these findings preceded knowledge that
mitosis is a key rate-limiting step in the infection (38, 39). We reasoned that if the viral
genome is residing in the lumen of a vesicle during mitosis, then the L1 protein would
remain with the viral genome until after the completion of mitosis. Indeed, we
observed clear colocalization of L1 and viral genome in the nucleus of early interphase
cells, giving support for this reasoning (Fig. 5A to D). Quantification of overlapping L1
and EdU puncta revealed that ~85% of the L1 signal colocalized with EdU puncta
associated with condensed chromosomes and was comparable to colocalization within
the perinuclear region of interphase cells (Fig. 5E). However, when we analyzed nuclear
localized EdU puncta of interphase cells, colocalization between the L1 and EdU signals
varied greatly ranging from 0 to 100%, with an average of ~36% colocalization. These
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FIG 3 L1 protein associated with condensed chromosomes retains the reactivity of the H16.56E epitope. (A and B)
At 24 hpi, HaCaT cells infected with EdU-labeled pseudovirus were fixed, permeabilized, and treated with or
without Click-iT reaction buffer without dye. Next, the cells were incubated with L1 conformationally dependent
mouse MAb H16.56E antibody (green) and AF488-conjugated anti-a-tubulin (white). Lastly, the cells were treated
with Click-iT reaction buffer with AF555 dye (red) to stain the EdU-labeled pseudogenome and mounted in DAPI
(blue). Note that colocalization of the EdU puncta and L1 protein is denoted as a yellow color.
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FIG 4 The linear epitope of the 33L1-7 antibody is hidden in the L1 protein associated with condensed
chromosomes. (A and B) At 24 hpi, HaCaT cells infected with EdU-labeled pseudovirus were fixed, permeabilized,
and treated with or without with Click-iT reaction buffer without dye. Next, the cells were incubated with mouse
MAb 33L1-7 antibody (green) and AF488-conjugated anti-a-tubulin (white). Lastly, the cells were treated with

Click-iT reaction buffer with AF555 dye (red) to stain the EdU-labeled pseudogenome and mounted in DAPI (blue).
Note that colocalization of the EdU puncta and L1 protein is denoted as a yellow color.

data suggested to us that complete dissociation of the L1 protein from the L2/DNA
complex occurs within the nucleus after completion of mitosis. Based on these obser-
vations, we hypothesized that the L1 protein would likely be lost after the viral genome
becomes accessible in the nucleus. To test whether the L1 and L2 proteins colocalized
as a function of genome accessibility, we infected HaCaT cells with HPV16 PsV harbor-
ing an EdU-labeled pseudogenome. We first selectively permeabilized the plasma
membrane using a low concentration of digitonin. Next, we performed two sequential
Click-iT reactions using small-molecular-mass dyes, Alexa Fluor (AF)555 and AF647, as
previously described (40). AF555 (denoted in green) was used after digitonin treatment,
and AF647 (denoted in red) was used after Triton X-100 (TX-100) treatment. Staining in
this order results in differential staining of the viral genome based on limited mem-
brane accessibility. Lastly, we stained for the L1 protein (denoted as cyan) using our
MAbs and quantified colocalization (Fig. 6). As a control, we assessed the membrane
integrity in our digitonin-treated cells in a parallel experiment by testing the reactivity
of an antibody that recognizes a luminal epitope of TGN46 (denoted as cyan) compared
to TX-100-treated cells. We observed only reactivity of the luminal epitope of TGN46 in
the TX-100-treated cells, but not digitonin-treated cells, suggesting that the plasma
membrane but not the internal membranes were permeabilized (Fig. 6A). As a positive
control, we treated the cells with TX-100 prior to staining to completely permeabilize
the cells. Representative images of infected HaCaT cells in mitosis and interphase are
displayed (Fig. 6B and C). We quantified the total number of single red (inaccessible
[IN]) or dual green/red (accessible [AC]) EAU puncta and whether L1 colocalized (cyan)
(Fig. 6D and E). At 24 hpi, almost 90 and 35% of the EdU puncta were inaccessible in
mitotic and interphase cells, respectively (Fig. 6D). In mitotic cells, the vast majority of
inaccessible pseudogenome also colocalized with the L1 protein—to nearly compara-
ble levels, as previously observed in Fig. 5E. In contrast, less than 40% of accessible
genomes stained positive for the L1 protein (Fig. 6E). During interphase, approximately
35 and 68% of nuclear localized EAU puncta were inaccessible and accessible, respec-
tively (Fig. 6D). Of the inaccessible EdU puncta, 60% colocalized with the L1 protein
compared to only 20% of the accessible (Fig. 6E). Colocalization of L1 and genome in
interphase was more often observed in newly divided cells compared to “old” inter-
phase cells with fewer numbers of nucleoli. This may explain why we observed various
degree of colocalization between nuclear localized EdU and L1 puncta in Fig. 5E. Taken
together, our data suggest that, during an infection, the L1 protein does exist in the
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FIG 5 L1 protein accompanies the viral genome into the nucleus. (A) At 24 hpi, HaCaT cells infected with EdU-labeled
pseudovirus were fixed and permeabilized. Next, the cells were incubated with L1 conformationally dependent mouse
MAb H16.V5 antibody (green) and rabbit pAb anti-lamin B receptor (LBR) (white). Lastly, the cells were treated with Click-iT
reaction buffer with AF555 dye (red) to stain EdU-labeled pseudogenome and mounted in DAPI (blue). (B) At 24 hpi, HaCaT
cells infected with EdU-labeled pseudovirus were fixed, permeabilized, and treated with Click-iT reaction buffer without
dye. Next, cells were incubated with mouse MAb 33L1-7 antibody (green) and rabbit pAb anti-LBR (white). Lastly, the cells
were treated with Click-iT reaction buffer with AF555 dye (red) to stain EdU-labeled pseudogenome and mounted in DAPI
(blue). (C and D) Colocalization of L1 and EdU puncta within the nucleus was assessed by acquiring Z-stack images of
infected cells. The signal intensities of single puncta were assessed by analyzing the line profile of individual EdU puncta.
Note that the signal intensity is expressed in arbitrary units (AU). (E) Quantifications are from two repeat experiments
analyzing single slice images of Z-stacks (n = 25 to 30 cells, and >800 EdU puncta were counted). Data are reported as
percentages of the colocalization between L1 and EdU puncta as a function of the EdU localization within the cell. Puncta:
perinuclear localized EdU puncta within interphase cells = 87.3% * 2.2%; condensed chromatin-associated EdU puncta
within mitotic cells = 84.0% =+ 2.6%; and nuclear localized EdU puncta within interphase cells = 36.3% =+ 5.1%.

nucleus, albeit only transiently, and dissociates from the viral genome as it becomes
accessible in the nucleus. Next, we wanted to test whether L2 is lost in the same
manner (Fig. 7). Using the same experimental design as described in Fig. 6, we
differentially stained the viral genome based on limited accessibility to small molecular
dyes and quantified colocalization with the L2 protein. Once again, representative
images of infected HaCaT cells are displayed (Fig. 7A and B). In mitotic and interphase
cells, approximately 45% of inaccessible EdU puncta costained for L2 (Fig. 7C and D),
which is due to lower levels of L2 present in viral particles or lower affinity antibody
binding. Of the accessible EdU puncta, about 25% had L2 protein present. Taken
together, these data suggest that both the L1 and the L2 proteins transiently reside in
the nucleus after division is completed, whereupon L1 likely dissociates shortly after
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FIG 6 L1 proteins that accompany the viral genome into the nucleus dissociate after release of the viral genome.
(A) At 24 h, uninfected HaCaT cells were fixed, permeabilized with either digitonin at 0.625 ug/ml or 0.5% TX-100,
and treated with AF555 (green) in Click-iT reaction buffer. Next, the cells were incubated with pAb rabbit
anti-TGN46 (cyan), which recognizes a luminal epitope of TGN46. Lastly, the cells were permeabilized in 0.5%
TX-100, followed by incubation with goat anti-rabbit secondary antibody and subsequent mounting in DAPI
(white). Note the lack of reactivity of luminal anti-TGN46 antibody after digitonin treatment. (B and C) At 24 hpi,
HaCaT cells infected with EdU-labeled pseudovirus were fixed, permeabilized with digitonin at 0.625 ng/ml (B) or
0.5% TX-100 (C), and treated with AF555 (green) in Click-iT reaction buffer. The cells were permeabilized again with
0.5% TX-100 and treated with AF647 (red) in Click-iT reaction buffer. Lastly, the cells were incubated with mouse
MADb 33L1-7 (cyan) for specific detection of the L1 protein and mounted in DAPI (white). (D and E) The percent
accessibility of viral genome was determined by counting the number of red-only (inaccessible [IN]) or red/green
(accessible (AC) stained EAU puncta associated with condensed chromosomes on mitotic cells or nuclear localized
in interphase cells. Colocalization of L1 and EdU puncta was quantified by counting the number of EdU puncta
that colocalized with L1 signal. Quantifications are from two repeat experiments analyzing two to three
Z-stack images per cell (n = 30 to 40 cells, and >800 EdU puncta were counted per experiment). Mitosis:
%IN = 88.58% = 7.67%, %AC = 11.42% = 7.67%, %L1 of IN = 82.3% = 7.30%, %L1 of AC = 42.665% =+
9.335%. Interphase: %IN = 34.53% =+ 0.427%, %AC = 68.36% = 6.463%, %L1 of IN = 58.8% = 3.805%, %L1
of AC = 20.84% = 9.159%.

viral genome becomes accessible and the L2 protein remains for an undetermined
extended period of time.

Full-length L1 protein is present in mitotic transport vesicles. To analyze this
subset of L1 protein accompanying the viral genome to the nucleus further, we needed
to enrich for mitotic associated viral genomes. We previously showed that infection in
the presence of Eg5 inhibitor lll, a potent inhibitor of the Eg5 mitotic kinesin, results in
enrichment of viral genomes associated with condensed chromosomes in cells arrested
in mitosis. When cells were treated with Eg5i, they become arrested in a monoastral
phenotype, which we observed by live-cell tracking of infected Hela cells after 18 hpi
(Fig. 8A). We had previously shown that viral genome is retained in membrane-bound
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FIG 7 L2 proteins that accompany the viral genome into the nucleus remain associated with the viral genome. (A
and B) At 24 hpi, HaCaT cells infected with EdU-labeled pseudovirus were fixed, permeabilized with digitonin at
0.625 pg/ml of (A) or 0.5% TX-100 (B), and treated with AF555 (green) in Click-iT reaction buffer. The cells were
permeabilized again with 0.5% TX-100 and treated with AF647 (red) in Click-iT reaction buffer. Lastly, the cells were
incubated with mouse MAb 33L2-1 (cyan) for specific detection of the L2 protein and mounted in DAPI (white). (C
and D) The percent accessibility of the viral genome was determined by counting the number of red-only
(inaccessible [IN]) or red/green (accessible [AC]) stained EdU puncta associated with condensed chromosomes on
mitotic cells or nuclear localized in interphase cells. Colocalization of L2 and EdU puncta was quantified by
counting the number of EdU puncta that colocalized with L2 signal. Quantifications are from two repeat
experiments analyzing two to three Z-stack images per cell (n = 30 to 40 cells and >800 EdU puncta counter per
experiment). Mitosis: %IN = 83.67% = 8.435%, %AC = 16.34% * 8.435%, %L2 of IN = 46.15% *+ 6.15%, %L2 of
AC = 24.45% =+ 16.55%. Interphase: %IN = 42.15% * 1.35%, %AC = 57.85% = 1.35%, %L2 of IN = 44.65% =+
6.35%, %L2 of AC = 30.65% *+ 3.35%.

transport vesicles in monoastral cells (Fig. 8B) (40). However, what we did not know is
whether or not the L1 protein is still associated with the L2/DNA complex in these
mitotically arrested monoastral cells. To test this, we infected HaCaT cells, arrested
them in mitosis by treating them with Eg5i, and stained for the L1 protein and viral
genome. Analysis of arrested cells infected with pseudovirus depicted robust colocal-
ization between L1 and the EdU puncta associated with the condensed chromosomes
(Fig. 8Q). It is known that the DNA binding activity of L1 protein was mapped to the
carboxy-terminal overlapping with the nuclear localization signal. Recently, it was also
shown that L1 protein is partially proteolytically cleaved by kallekrein-8 on the cell
surface after conformational changes have occurred (15). This cleavage was suggested
to occur at a conserved consensus cleavage site in the carboxy-terminal arm of the L1
protein. To test whether L1 protein trafficking to the nucleus retains the DNA binding
domain on the C terminus, we enriched infected Hela cells by treating them with Eg5i.
Monoastral Hela cells were tapped off the plastic surface at 18 hpi in the presence of
Eg5i, treated with trypsin to remove remnant HPV particles attached to the cell surface,
and subsequently physically ruptured by passage through a syringe, followed by
another trypsin treatment. Even after extended trypsin digestion, a fraction of the L1
protein was running as full-length protein in SDS-PAGE. In addition, two proteolytic
fragments were observed, which is consistent with kallekrein-8-cleaved L1 protein (Fig.
8D) (15).
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FIG 8 Some full-length L1 protein accompanies the viral genome to the nucleus. (A) Hela cells were
infected with HPV16 pseudovirus with or without 1.5 wM Eg5 inhibitor Ill (Eg5i) and tracked via live-cell
imaging using the IncuCyte Zoom for 48 h. Note that the images are depicted at 18 hpi. (B) HaCaT cells
were infected with EdU-labeled HPV16 pseudovirus in the presence of 1.5 uM Eg5i. The cells were fixed
at 24 hpi and permeabilized with either digitonin at 0.625 wg/ml or 0.5% TX-100 and then treated with
AF555 (green) in Click-iT reaction buffer. The cells were permeabilized again with 0.5% TX-100 and
treated with AF647 (red) in Click-iT reaction buffer. Lastly, the cells were mounted in DAPI (blue). (C)
HaCaT cells were infected with EdU-labeled pseudovirus and treated with 1.5 uwM Eg5i. At 24 hpi, the cells
were fixed and permeabilized in 0.5% TX-100. Next, the cells were treated with AF555 (red) in Click-iT
reaction buffer, followed by incubation with AF488-conjugated anti-a-tubulin (white) and MAb 33L1-7
(green). Lastly, the cells were mounted in DAPI (blue). Note the colocalization between EdU and L1 signal
denoted by white arrows. (D) HeLa cells were infected with HPV16 pseudovirus in the presence of 1.5 uM
Eg5i. Cells were trypsinized for 2 min, and monoastral cells were collected. Next, the cells were treated
with 15 ul of 0.25% trypsin for 1 h at 37°C. The cells were lysed by passage through a 1-ml syringe with
a 25-gauge needle 40 times. Cell lysates were incubated for 1 h at 37°C once more, the trypsin was
inactivated, and the samples were analyzed by Western blot analysis with a cocktail of HPV16 L1-specific
mouse MAbs (IID5, 33L1-7, and 312F).

The L1 protein interacts with encapsidated DNA in virions. We hypothesized
that L1 protein may be stabilizing the viral DNA by a direct interaction in intracellular
transport vesicles. This hypothesis is supported by the notion that the C terminus of the
L1 protein has the propensity to bind DNA and was essential for DNA encapsidation (45,
49). However, it was unknown whether L1 protein directly interacts with encapsidated
DNA. To test whether this is the case, we generated HPV16 PsVs that encapsidate a
reporter plasmid (pseudogenome). Using these purified PsVs, we partially disassembled
the capsid structure by treating them with or without dithiothreitol (DTT) to disrupt
inter-L1 disulfide bonds between capsomeres (44). Next, we treated the capsids with or
without DNase |, performed sedimentation using a linear sucrose gradient fraction-
ation, and analyzed the protein by Western blot analysis (Fig. 9). To determine how
disassembly affects sedimentation of L1 and L2 in the absence of packaged DNA, we
also generated DNA-free virus-like particles (VLPs). The VLPs were purified by buoyant
density gradient centrifugation to remove any DNA-harboring particles. DTT treatment
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FIG 9 L1 protein interacts with the viral DNA within the capsid. (A) Purified DNA-free HPV16 L1/L2 VLPs
were incubated with 20 mM DTT for 15 min at room temperature. Samples were layered on the top of
a 20 to 60% sucrose linear gradient and subjected to ultracentrifugation. Collected fractions were
analyzed by Western blotting for specific detection of the L1 and L2 proteins using MAbs. (B and C)
Cesium chloride-purified DNA-free HPV16 L1/L2 VLPs were analyzed by electron microscopy with or
without 20 mM DTT treatment. (D) HPV16 L1/L2 pseudoviruses were incubated with 10 mM MgCl,, with
or without 20 mM DTT, and with or without 2 U of DNase | for 30 min at 37°C. Samples were layered on
the top of a 20 to 60% sucrose linear gradient and subjected to ultracentrifugation. Collected fractions
were analyzed by Western blotting for the specific detection of L1 and L2 proteins using MAbs.

of DNA-free VLPs released a large fraction of L1 protein, which remained close to the
top of the gradient (Fig. 9A). Surprisingly, the L2 protein and some L1 protein sedi-
mented far into the gradient in a broad peak. When we analyzed DTT-treated VLPs by
electron microscopy, we confirmed disassembly of VLPs but also found that L1 cap-
someres were still present in large clusters with a rather regular spacing (Fig. 9B and C).
Underlying was a density, which we assume is due to L2 protein. When we analyzed
untreated and DTT-treated pseudovirions by sucrose gradient sedimentation, we ob-
served that the L1 and L2 proteins cosedimented in the middle of the gradient
(fractions 8 to 12) (Fig. 9D). Slightly slower sedimentation of DTT-treated pseudovirions
is consistent with previously observed expansion of HPV virions in the absence of
stabilizing disulfide bonds (59). Only additional treatment with DNase | resulted in L1
protein being released and fractionated near the top of the gradient (fractions 1 to 3)
(Fig. 9D). Treatment with DTT and DNase | did not result in release of the L2 protein, as
observed with L1. Instead, the L2 protein cosedimented with a subset of the L1 protein
in the middle fractions similar to what we observed with DNA-free VLPs (fractions 10 to
11). Successful digestion of pseudogenome after DNase treatment was confirmed by
PCR (data not shown). Taken together, these data suggest that there is an interaction
between the L1 protein and the viral DNA within the capsid.

DISCUSSION

The findings presented here suggest that a subset of the L1 protein, likely arranged
as capsomeres, accompanies the L2 protein and viral genome to the nucleus. During
infectious entry of pseudoviruses, we observed that conformationally intact L1 protein
remained associated with viral genome localized within the TGN and associated with
condensed chromosomes. Full-length L1 protein was present in HPV-harboring vesicles
throughout mitosis, suggesting that the known DNA binding domain at the C terminus
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of the L1 protein is retained. Furthermore, we provide biochemical evidence that DNase
| digestion of DTT-treated capsids releases some L1 protein from the capsid, suggesting
that the L1 protein interacts with encapsidated DNA. However, we cannot exclude that
structural changes of the capsid proteins after the removal of encapsidated DNA rather
than loss of DNA binding are responsible for the release of L1 protein. Quantification
revealed that the L1 protein dissociates after the viral genome is released from
transport vesicles and becomes accessible in the nucleus, whereas the L2 protein likely
remains longer.

We envision a scenario where, after internalization and cleavage of the N terminus
of L2 protein and partial cleavage of L1 protein by kallekrein-8, acidification of the
endosome triggers disassembly of the viral capsid. Host cell cyclophilins dissociate
the subset of L1 capsomeres that interact with the C terminus of the L2 protein via the
central hydrophobic core at the base of the capsomere. This release of the L1 capsom-
eres, which could be facilitated by cleavage of the carboxyl-terminal DNA binding
domain through the activity of kallekrein-8, frees up the C-terminal membrane-
destabilization domain of the L2 protein, which would allow it to penetrate the limiting
endocytic membrane for subsequent interactions with cytosolic factors. The N-terminal
putative transmembrane domain may serve as a stop-translocation signal and anchor
L2 protein in the membrane resembling type | transmembrane protein topology.

During preparation of the manuscript, two studies were published supporting the
hypothesis that L2 protein partially translocates across intracellular membranes to
complete trafficking to the nucleus (60, 61). Although the exact mechanism of how the
L2 protein translocates across intracellular membranes is unknown, the Schelhaas and
Campos groups provide two alternative hypotheses. (i) The L2 protein may ho-
modimerize through its GxxxG motif and form a pore that would be used for translo-
cation. (ii) The L2 protein may even span the TGN membrane twice, whereas both the
N and C termini and the viral genome reside in the lumen during trafficking. Theoret-
ically, this would allow for the L2 protein to interact with its cytosolic binding partners
needed for intracellular trafficking preceding true translocation of the L2/DNA complex
(29-31, 33-37), while at the same time allowing the carboxyl-terminal putative DNA
binding domain on the luminal side to interact with viral genome. However, at the
onset of mitosis, the carboxyl terminus has been shown by the Campos group to be
accessible in the cytosol, suggesting that at this time the L2 protein assumes the
possible type | transmembrane configuration previously suggested by us. If the L2
protein does translocate as recent data suggest, we wondered how the viral genome
would remain associated with the subviral protein complex.

Our previous work suggested that the majority of the L2 protein is accessible on the
cytosolic side, but the viral genome does not become fully accessible until after the
completion of mitosis (40). The new data presented here suggest that a subset of intact
L1 capsomeres, which interact with the encapsidated viral DNA, remains associated
throughout the entry process. Based on these findings, we speculate that these L1
capsomeres interact with both the L2 protein and the viral DNA and may act as a linker
that stabilizes the entire subviral complex within the lumen of intracellular vesicles. Our
previously published trypsin sensitivity assays suggest that essentially all the L2 protein
becomes sensitive to trypsin during infectious entry (27). These results were also
recapitulated in a recent publication (61). Here, we used a similar digestion assay, which
suggests that some of the L1 protein associated with mitotic cells is still full length. We
infected Hela cells instead of HaCaT cells to limit the amount of background signal
from the viral particles bound to the extracellular matrix. The reduction of total L1
protein we observed after trypsin digestion is likely due to digestion of uninternalized
particles located on the cell surface since the entry process is highly asynchronous.
Since we observed that some full-length L1 remains associated during mitosis, we think
these interactions between the L1 capsomeres and the viral DNA within the membra-
nous compartment would likely be facilitated by the C-terminal arm of the L1 protein.
However, further studies would need to address whether the C-terminal arm is indeed
involved in the entry process.
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At this time, we also cannot completely rule out that L1 trafficking is coincidental
and that interaction between the L2 protein and viral genome is mediated by L2
protein that has not yet penetrated the endocytic membrane or, as recently suggested,
may pass the limiting membrane twice, resulting in the carboxyl terminus facing the
lumen of transport vesicles. In addition, we cannot rule out accidental cotrafficking;
however, we deem this unlikely because essentially every HPV-harboring mitotic
transport vesicle also contains easily detectable L1 protein, all of which retains confor-
mational epitopes. Unequivocal proof for our hypothesis, however, would require
identification of L1 protein mutants that allow attachment, entry, uncoating, and
trafficking of L2 protein to condensed mitotic chromosomes but fail to deliver viral
genome into the nucleus. Due to the current lack of structural information detailing the
interaction of L1 and L2 on the capsid surface and the manifold roles the L1 protein
plays in cell surface events, such mutants will be difficult to identify.

Even though we do not have a very good understanding of the interactions of the
major and minor capsid proteins within the capsid, it has become clear that the C
terminus of the L2 protein engages with the central base of capsomeres. Some
published evidence suggests that L2 protein harbors sites capable of interacting with
L1 capsomeres (42-44). However, these have not been clearly mapped, and structural
data are not yet available. Recent high-resolution reconstruction of cryoelectron mi-
croscopic images of HPV16 pseudovirions provided evidence for L2 density present on
the outer capsid surface is suggestive of interaction between the L1 and L2 proteins
(62). This supports previous findings based on the accessibility of L2 epitopes, which
have suggested that L2 protein penetrates the capsid barrier allowing binding of L2
specific antibodies to N-terminal segments (residues 60 to 120) (4). The inaccessibility
of the very N terminus to antibody binding also suggested that the very N terminus
folds back into the capsid or engages with the surface of capsomeres. Passage through
the capsid base and inaccessibility imply that N-terminal portions of L2 protein directly
interact with L1 capsomeres providing a rationale for our model of how we envision
interactions within the subviral complex. We have unsuccessfully tried to demonstrate
interaction of L2 residues 13 through 44 with L1 capsomeres by pulldown assays or in
sandwich enzyme-linked immunosorbent assays (ELISAs). Our failure to measure this
interaction may be partially due to the fact that interactions of L2 protein with L1
capsomeres outside this region (residues 1 through 12 or further C terminal) may be
required to initiate and stabilize the additional binding via L2 residues 13 to 44.

Our data suggested that the L1 and L2 proteins and viral genome traffic as a subviral
complex to mitotic chromosomes residing in transport vesicles and are retained in the
nuclei of interphase cells. Although colocalization with the L1 protein and EdU-labeled
pseudogenome was very prominent and seen in ~85 to 90% of all inaccessible EdU
puncta associated with mitotic chromosomes, colocalization with the L2 protein was
observed to a lesser extent. However, we attribute this to lower sensitivity of L2
antibodies used, either due to the lower abundance of the minor capsid protein or to
lower affinity binding. At some point after the completion of mitosis, both the L1 and
the L2 proteins dissociate from the viral genome. Loss of L1 protein coincides with
egress of the viral genome from transport vesicles. At this time, we cannot rule out
whether the L1 protein is being degraded or simply dispersing within the nucleus
below our detection limits. While the reason for this loss is unknown, we speculate that
the L1 protein may only be required during trafficking to stabilize and hold the subviral
complex together. Once the viral genome is safely released in the nucleus, the L1
protein may no longer be required. In contrast, L2 protein seems to reside inside the
nucleus and stay associated with the viral genome for an extended period of time. The
longer residence of L2 protein after delivery of viral genome suggests that it may serve
functions important for subsequent events such as establishment of infection. It is well
established that incoming viral genome targets PML nuclear bodies. The Schiller group
had previously reported that the L2 protein but not L1 protein colocalizes with viral
genome within the nucleus of infected cells (41). These cells were analyzed at 48 hpi.
This late in infection, we also see a complete loss of L1 protein. It will be interesting to
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investigate the exact timing of PML nuclear body association in relation to the egress
of viral genome from transport vesicles and the loss of capsid protein. This may help us
to gain a better understanding of the role both capsid proteins play late in the entry
process.

In summary, we report that some full-length L1 protein, likely arranged as capsom-
eres, accompanies the viral genome to the nucleus following infectious entry. Further
analysis determined that the L1 protein remains associated with the viral genome until
after the completion of mitosis. Once the genome becomes accessible within the newly
formed nuclei, the L1 protein dissociates. Lastly, we provide biochemical evidence that
the L1 protein interacts with the encapsidated viral genome and the L2 protein. Taken
together, these data suggest that the L1 protein may be involved in trafficking events
well beyond the endosome as numerous studies have previously hinted at (34, 53, 54).
Our new findings open up the possibility of future studies to define the role the L1
protein in the less understood later trafficking events of HPV entry. It is also worth
noting that future studies should also include analyses of mitotic cells and early
interphase cells since it has become apparent in the recent years that cell division is a
key rate-limiting step for the nuclear entry of HPVs (38, 39).

MATERIALS AND METHODS

Cell lines. The 293TT cells used in the generation of pseudovirions were cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine, and
antibiotics. HaCaT cells used in the infection studies were grown in low-glucose DMEM supplemented
with 5% FBS and antibiotics. The HelLa cells used in this study were grown in DMEM supplemented with
10% FBS, L-glutamine, and antibiotics.

Generation of HPV16 pseudovirus. HPV16 pseudoviruses encapsidating a green fluorescent pro-
tein (GFP) expression plasmid, pfwB, were generated in the 293TT cell line as described previously using
expression plasmid pShell16L1L2HA-3" (50, 51, 59, 63). The pfwB plasmid was kindly provided by John
Schiller, National Cancer Institute, Bethesda, MD. The L1 and L2 expression plasmids harbor codon-
optimized genes, previously described, and were provided graciously by Martin Miller, Deutsches
Krebsfoschungszentrum, Heidelberg, Germany (64). Viral DNA within the virions was isolated using
NucleoSpin Blood QuickPure (catalog no. 740569.250; Macherey-Nagel) supplemented with 20 mM EDTA
and DTT. The genome copy number was quantified by quantitative real-time PCR using pfwB-specific
primers. Pseudovirus preparations in our hands have a particle/infectivity ratio of 1:100 to 1:300. For
pseudogenome detection by immunofluorescence microscopy, the growth medium during the gener-
ation of pseudoviruses was supplemented with 100 uM EdU at 6 h posttransfection, as previously
described (65). DNA-free VLPs were generated using recombinant vaccinia virus and were subjected to
buoyant density cesium chloride gradients as previously described (49, 66). DNA-free VLPs were collected
from 1.29- to 1.30-g/cm? light density fractions.

Antibodies and other reagents. The L1 protein was detected using mouse MAbs H16.V5, H16.56E,
and 33L1-7 for immunofluorescence microscopy. MAb H16.V5 is a type-specific neutralizing antibody
that recognizes an epitope that maps to several exposed loops on the apical surface of capsomeres
simultaneously and was generously provided by Neil Christensen (55, 67, 68). H16.56E is a conformational
HPV16 L1-specific neutralizing antibody. The binding site includes—but is not restricted to—the
N-terminal portion of the FG loop (HPV16 L1 residues 260 to 270) (58, 69, 70). The 33L1-7 MAb has been
previously characterized and recognizes a linear epitope at amino acids 303 to 313 that is buried inside
the capsid structure (11, 25, 58, 71). The L2 protein was detected with mouse MAb 33L2-1, which
recognizes an epitope at amino acids 163 to 170 (25, 27, 72). The TGN was detected using rabbit
polyclonal antibody (pAb) anti-TGN46, which recognizes a luminal epitope within amino acids residues
200 to 350 (PA5-23068; Thermo Fisher Scientific). The microtubule network was detected using mouse
MADb anti-a-tubulin conjugated to Alexa Fluor 488 (AF488; catalog no. 8058S; Cell Signaling). Primary
antibodies were detected using pAb goat anti-rabbit or anti-mouse AF488 or AF647 conjugated
secondary antibodies (A-11034, A-11029, A-21244, and A-21236; Thermo Fisher Scientific). The L1 and L2
proteins were detected by Western blot analysis using a cocktail of mouse MAbs 16L1-312F, 1ID5, and
33L1-7 and 33L2-1 in combination with the secondary peroxidase-conjugated AffiniPure pAb goat
anti-mouse (catalog no. 115-035-003; Jackson ImmunoResearch). Eg5 inhibitor Il (dimethylenastron) was
purchased from Calbiochem (catalog no. 324622).

Immunofluorescence microscopy. HaCaT cells were grown on coverslips for 24 h to approximately
50% confluence and infected with EdU-labeled HPV16 pseudovirus at approximately 106 viral genome
equivalents per coverslip. At 24 hpi, the cells were fixed with 4% paraformaldehyde (PFA) for 15 min at
room temperature, washed with phosphate-buffered saline (PBS; pH 7.5), and permeabilized with 0.5%
TX-100 in PBS for 10 min, washed, and blocked with 5% normal goat serum (NGS) for 30 min; the Click-iT
reaction mixture containing AF555 was used for specific detection of the EdU-labeled pseudogenome
(C10338; Invitrogen) for 30 min at room temperature protected from light (65). After cells were washed,
they were incubated with primary antibodies in 2.5% NGS for 1 h at 37°C in a humidified chamber. After
extensive washing, the cells were incubated with AF-tagged secondary antibodies for 1 h. After another
round of extensively washing the cells in PBS, the cells were mounted in ProLong Gold and SlowFade
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Antifade containing DAPI (4',6'-diamidino-2-phenylindole; catalog no. P36931; Invitrogen). Single-slice
images and Z-stacks were acquired with the Leica TCS SP5 spectral confocal microscope. All images from
each individual experiment were acquired under the same laser power settings and enhanced uniformly
in Adobe Photoshop. Quantifications are from two repeat experiments analyzing single-slice images of
Z-stacks (n = 25 to 30 cells, and >800 EdU puncta were counted).

Immunofluorescence microscopy using Click-iT reaction chemistry after selective permeabili-
zation. HaCaT cells were grown on coverslips for 24 h to ~50% confluence and infected with HPV16
pseudovirus encapsidating the EdU-labeled pseudogenomes. After 24 hpi, the cells were fixed with 4%
PFA for 10 min at room temperature, washed with PBS, and selectively permeabilized with 0.625 ug/ml
of digitonin in PBS for 10 min at room temperature. The cells were washed in PBS and blocked in 5% NGS
for 20 min. The cells were treated with the first round of AF555 in Click-iT reaction buffer for 30 min at
room temperature protected from light. (In a parallel experiment, the cells were incubated for 1 h with
primary rabbit pAb anti-TGN46 in 2.5% NGS at 37°C, followed by extensive washing and incubation with
a secondary pAb, goat anti-rabbit conjugated with AF488 in 2.5% NGS for 1 h at 37°C. This parallel
experiment acts as a permeabilization control, as previously described [27].) The cells were washed again
in PBS and permeabilized using 0.5% TX-100 for 10 min at room temperature. After another wash with
PBS, the cells were treated with a second round with AF647 in Click-iT reaction buffer for 30 min at room
temperature protected from light. The cells were washed extensively again in PBS and incubated with
mouse MAb 33L1-7 or 33L2-1 in 2.5% NGS for 1 h at 37°C. After a washing step, the cells were incubated
with a secondary pAb goat anti-mouse conjugated with AF488 in 2.5% NGS for 1 h at 37°C. The cells were
extensively washed in PBS one last time and mounted using DAPI. Differential staining of EdU-labeled
pseudogenome of selectively permeabilized HaCaT cells using two sequential Click-iT reactions was
previously described in greater detail (40). Single-slice images and Z-stacks were acquired with a Leica
TCS SP5 spectral confocal microscope. All images from each individual experiment were acquired under
the same laser power settings and enhanced uniformly in Adobe Photoshop. Colocalization of L1, L2, and
EdU puncta was quantified by selecting two to three Z-stack images per cell and counting the number
of nuclear puncta as a function of single or double EdU staining and colocalization with L1 or L2 signal.
The quantification data depicts the average of two independent experiments (n = 30 to 40 cells, and
>800 EdU puncta were counted for each experiment).

DNase | digestion and linear gradient fractionation. Purified HPV16 pseudoviruses were incu-
bated 10 mM MgCl,, with or without 20 mM DTT, and with or without 2 U of DNase | for 30 min (min)
at 37°C. Samples were transferred to ice, followed by incubation with 20 mM EDTA to stop the reaction.
A linear gradient of 20% to 60% sucrose in 1X PBS plus BSA at 10 wg/ml was prepared in advance using
a gradient mixer for a total of 12 ml. Each sample was layered on top of the gradient. The samples were
centrifuged at 36,000 rpm for 3.5 h in a SW40 rotor (prechilled) at 4°C; fractions of 750 ul were collected
from the top. Samples were concentrated using trichloroacetic acid (TCA) precipitation. Then, 750-ul
portions of 20% TCA were added to each fraction, followed by vigorous mixing and incubation on ice for
10 min. Proteins within samples were isolated via centrifugation at 13,000 rpm for 10 min, and the
supernatant was discarded. Pelleted proteins were then washed twice, first with 500 wl of 5% TCA and
then with chilled (—20°C) acetone. Proteins were isolated between washes via centrifugation at 13,000
rpm (5 and 10 min, respectively). Isolated proteins were finally dried out and resuspended in 20 ul of 1X
Laemmli buffer plus 10% 2-mercaptoethanol. Proteins from fractions were loaded onto two Novex
WedgeWell 4 to 20% Tris-Glycine Mini Gels (XP04200BOX; Thermo Fisher Scientific) and analyzed by
Western blot analysis.

Live-cell tracking. Hela cells were grown overnight at 37°C in a 24-well plate to 30 to 50%
confluence and infected with HPV16 pseudovirus in the presence or absence of 1.5 uM Eg5 inhibitor Il
Plates were incubated in the IncuCyte ZOOM system (Essen Bioscience) at 37°C. Images were obtained
every hour for up to 72 h for both phase-contrast and GFP excitation. Still composite images were taken
at 18 hpi.

Electron microscopy. Purified DNA-free HPV16 VLPs were spotted onto carbon grids and negatively
stained with 5% ammonium molybdate (pH 7.0) containing 1% trehalose. Samples were examined under
a Zeiss EM900 transmission electron microscope at an instrumental magnification of X30,000.

Trypsin digestion of HPV16-infected monoastral cells. Hela cells growing in a 6-well dish were
infected with HPV16 pseudovirus in the presence of 1.5 uM Eg5 inhibitor Ill. At 18 hpi, the cells were
washed with PBS and trypsinized for 2 min at room temperature. Monoastral cells were gently tapped
off the dish and collected. Trypsin was inactivated with DMEM containing FBS and spun down. The cells
were washed in PBS and resuspended in 85 ul of 10 mM EDTA in PBS. Next, 15 ul of 0.25% trypsin was
added to the cells or an equivalent buffer with no trypsin as a control, followed by incubation for 1 h at
37°C. The cells were lysed by passing cells through a 1-ml syringe with a 25-gauge needle 40 times. Next,
the lysates were incubated for 1 h more at 37°C. The trypsin was inactivated with trypsin inhibitor at 10
mg/ml, followed by incubation at room temperature for 15 min. Lastly, 4X Laemmli buffer containing
2-mercaptoethanol was added to the samples; the samples were then boiled for 10 min at 98°C and
analyzed by Western blotting.
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