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Events that lead to viral infections include the binding of the virus to the target cells, internalization of the
virus into the cells, and the ability of the viral genome to be expressed. These steps are mediated by cellular
and viral proteins and are temporally regulated. The papillomavirus capsid consists of two virally encoded
capsid proteins, L1 and L2. Much is known about the role of the major capsid protein L1 compared to what
is known of the role of the L2 protein. We identified the interaction of the L2 protein with SNARE protein
syntaxin 18, which mediates the trafficking of vesicles and their cargo between the endoplasmic reticulum, the
cis-Golgi compartment, and possibly the plasma membrane. Mutations of L2 residues 41 to 44 prevented the
interaction of L2 protein with syntaxin 18 in cotransfection experiments and resulted in noninfectious
pseudovirions. In this paper, we describe that syntaxin 18 colocalizes with infectious bovine papillomavirus
type 1 (BPV1) pseudovirions during infection but does not colocalize with the noninfectious BPV1 pseudoviri-
ons made with an L2 mutant at residues 41 to 44. We show that an antibody against BPV1 L2 residues 36 to
49 (�L2 36–49) binds to in vitro-generated BPV1 pseudoviral capsids and does not coimmunoprecipitate
syntaxin 18- and BPV1 L2-transfected proteins. �L2 36–49 was able to partially or completely neutralize
infection of BPV1 pseudovirions and genuine virions. These results support the dependence of syntaxin 18
during BPV1 infection and the ability to interfere with infection by targeting the L2-syntaxin 18 interaction and
further define the infectious route of BPV1 mediated by the L2 protein.

Papillomaviruses (PVs) induce a variety of lesions such as
cutaneous or genital warts in humans and exophytic papillomas
of cutaneous or mucosal epithelia in animals. Human PV
(HPV) infection is the most common sexually transmitted dis-
ease in the United States (approximately 5.5 million cases per
annum) (31), and specific HPV genotypes (high risk) are the
etiologic agents of cervical carcinoma, a major killer of women
worldwide (23, 37–39). Bovine PV (BPV) infection causes be-
nign tumors, which can result in squamous cell carcinoma in
the presence of environmental factors such as bracken (7).

The PV capsids consist primarily of two virally encoded
proteins, L1 and L2, at an estimated ratio of 30:1 (17, 49). The
L1/L2 ratio suggests that there is one L2 at each of 12 capsid
vertices (49). Each viral particle contains a single double-
stranded circular DNA genome of about 8 kb bound by histone
proteins (15, 24), and the virus is assembled in the nucleus of
squamous epithelial cells into particles that are 52 to 55 nm in
diameter (9).

The expression of the viral L1 protein in the absence of
other viral proteins results in the packaging of viral DNA at
inefficient levels (5, 50). The addition of L2 to viral particle
production increases DNA packaging into virions (28, 53) and
contributes to the infectious process of the virus (2, 18). An-
tibodies to L2 have proven to be neutralizing and have led to
the finding that a portion of L2 is exposed on the capsid surface

(8, 22, 29, 32, 42). By using antibodies to L2, it has been
possible to show by electron microscopy (EM) that residues 61
to 83 and 116 to 123 of BPV type 1 (BPV1) L2 are exposed on
the outer surface of viral particles (32). It has also been sug-
gested by enzyme-linked pseudovirion capture assay using an
L2 antibody that HPV type 16 residues 14 to 144 and in
particular residues 32 to 81 are likely to reside on the surface
of the viral capsid (30). These EM and neutralization data have
led to several studies addressing the use of papillomavirus L2
sequences as vaccine targets for specific and multiple PV ge-
notypes since the regions of L2 shown to be exposed on the
capsid surface are more conserved than the loops of the L1
protein (29, 30, 36, 43, 48). In addition, there is evidence that
upon cell binding, a conformational change allows for the
exposure of hidden L2 residues that can serve as neutralizing
epitopes (41, 46, 52). These latter experiments support the
hypothesis that L2 is in part mediating the process of infection
after viral binding to the cell surface, including the transloca-
tion of the encapsidated genome to the nucleus (1, 11, 18).

Recent improvements in the process to generate PV parti-
cles have made it possible to study the process of viral entry
and infection in detail (4, 40). These pseudovirions are capable
of encapsidating plasmid DNA containing transgenes and full
papillomavirus genomes. The pseudovirion production meth-
ods rely on the formation of DNA-containing capsids in the
artificial environment of the transformed cell line 293TT (4).
The resulting viral particles are not fully matured until an
overnight incubation at 37°C in which L1 disulfide bonds are
made (4, 5, 41), although the particles are still infectious (6). It
has been demonstrated that the addition of DNA into PV
capsids causes a change in viral morphology since it confers a
necessity for a second receptor for internalization (46), and
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DNA encapsidation renders the virions less susceptible to pro-
tease digestion, again suggesting that a tighter capsid is created
(19). These in vitro-generated pseudovirions have been used to
study viral infection and neutralization and dendritic cell acti-
vation and have been used in studies dealing with the role of
nuclear compartments, known as ND10s, and cellular proteins
such as dynein and syntaxin 18 (2, 12, 20, 21, 30). In addition,
pseudovirions containing the cottontail rabbit PV genome that
were generated in this fashion were recently shown to be in-
fectious in vivo, and papillomatous growths were induced (10).
Those studies suggest that the current strategy of pseudovirion
production in 293TT cells results in biology analogous to that
of genuine infectious virus particles.

In a previous study, we used a proteomics approach to iden-
tify L2 interacting cellular proteins (2). Our data showed the
interaction of L2 with syntaxin 18, which has been found to be
involved in endoplasmic reticulum (ER)-Golgi compartment
trafficking of vesicles (26) and recently shown to play a role in
phagocytosis (27). We identified that the region of L2 encom-
passing residues 41 to 44 was important for the interaction of
BPV1 L2 protein with syntaxin 18 protein and is needed for
infection. In the present study, we used an affinity-purified
antibody to BPV1 L2 residues 36 to 49 to demonstrate that this
region of L2 is exposed on viral particles after virus production
and during infection. Using this antibody, we observed greater
than 90% neutralization of infection by BPV1 pseudovirions
and greater than 70% neutralization by genuine BPV1 virions.
Our data show that this antibody interferes with both the
coimmunoprecipitation of L2 with syntaxin 18 and the colocal-
ization of pseudovirions with syntaxin 18, supporting the in-
volvement of syntaxin 18 during infection.

MATERIALS AND METHODS

L2 peptides and antibodies. The following peptides were made (ADI, Dallas,
TX): (i) WTP15L2 (CDTIADKILKFGGLA), corresponding to residues 36 to 49
of BPV1 L2, and (ii) SCR15L2 (CIDGLGKLATIDAKF), corresponding to the
same BPV1 L2 residues in random order. The peptides were resuspended in
serum-free Dulbecco’s modified Eagle’s medium (DMEM) at a 10 mM concen-
tration. Antibodies to L2 residues 36 to 49 (referred to as �L2 36–49 in this
paper) were made by ADI after conjugation of the 36- to 49-amino-acid peptide
to keyhole limpet hemocyanin (KLH).

Pseudovirion production and purification. The bicistronic BPV1 L1 and L2
plasmid pShell, the green fluorescent protein (GFP) cDNA-containing packag-
ing plasmid 8fwb, and the 293TT viral packaging cell line were a generous gift
from P. M. Day and J. T. Schiller (4). Pseudovirion production and titer analysis
were performed as described previously (4) (http://home.ccr.cancer.gov/lco
/default.asp). Two Optiprep purifications were performed on the virus prepara-
tions used for EM studies.

Affinity purification of L2 peptide antibody. Affinity purification of antibody
derived from the rabbits immunized with the BPV1 L2 peptide corresponding to
residues 36 to 49 was performed using a Hi-trap NHS column (GE Healthcare,
Piscataway, NJ). Once ligand-peptide was bound according to the manufacturer’s
instructions, 10 ml of immune serum diluted in 15 ml of phosphate-buffered
saline (PBS) was circulated through the column for a period of 6 h on ice. The
column was then washed with 20 volumes of ice-cold PBS. Bound antibody was
eluted from the column using elution buffer (50 mM glycine, 150 mM NaCl) at
pH 2.5, and fractions were neutralized to pH 7 using a 1/10 volume of 1.0 mM
Tris (pH 7.5). Bicinchoninic acid protein assays were performed to determine the
peak elution fraction and to determine the concentration of purified immuno-
globulin G (Pierce, Rockford, IL). Western blots were used to determine that
L2-specific antibody was purified.

Western blots. COS-7 cells were transfected using Lipofectamine 2000 accord-
ing to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Cells were
harvested in ice-cold radioimmunoprecipitation assay buffer (1% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 1% bovine hemoglobin,

1 mM iodoacetamide, 10 mM Tris HCl [pH 8.0], 140 mM NaCl, 0.025% NaN3)
containing protease inhibitors (GE Healthcare). Samples were run on a 10%
sodium dodecyl sulfate-polyacrylamide gel as described previously (2). The anti-
L2 antibody BL2 (a gift from Richard Roden, John Hopkins University, MD),
anti-actin (Sigma), �L2 36–49, M2 FLAG (Sigma), and the anti-L1 antibody
1-H8 (GeneTex, San Antonio, TX) were used for Western analysis at a 1:1,000
dilution. Fluorescent secondary antibodies were used at 1:20,000 dilutions for 30
min at room temperature. Blots were scanned using the Odyssey imaging system
(Li-Cor Inc., Lincoln, NE). Data were analyzed using software provided with the
Odyssey system.

Neutralization experiments. In assays using immune and preimmune sera, the
sera were diluted in DMEM–10% fetal bovine serum (DMEM-10) to 1/150, 1/60,
and 1/30. These dilutions were incubated with BPV1 pseudovirions for 30 min at
37°C prior to their addition to 100,000 chilled (ice-cooled) cells/well on a 24-well
plate. These infected cells were incubated on ice for 2 h and then washed with
DMEM-10 two times to remove excess sera. Five hundred microliters/well of
37°C DMEM-10 was added, and the plates were incubated at 37°C in 5% CO2 for
24 h. Infection levels were measured by fluorescence-activated cell sorter
(FACS): 10,000 cells were counted by FACS, and the number of GFP-positive
cells was used to determine percent infection. Assays using affinity-purified
antibodies were carried out as described above except that antibodies were used
at 2, 10, and 20 �g and preincubation of virus with antibody was done for an hour
on ice. The infections in the presence of the affinity-purified antibody were
allowed to proceed for up to 48 h.

Focus-forming assays. Focus-forming assays were done using a modification of
a well-established protocol described previously by DiMaio (16) (D. DiMaio,
Yale University, personal communication). In brief, C127 mouse fibroblasts were
plated onto 60-mm2 cell culture dishes at around 33% confluence and allowed to
reach 75% confluence prior to infection with genuine BPV1 virions (ATCC,
Manassas, VA). Twenty-four hours postinfection, cells were split 1:3 and kept at
37°C in 5% CO2 for 2 weeks, with medium changes every 3 days. Cells were fixed
with 70% isopropanol and stained with 1% methylene blue so that foci could be
scored as described previously (45).

Immunofluorescence. Infected cells grown on glass coverslips (catalog number
12-545-80; Fisher Scientific, Piscataway, NJ) were fixed in 4% paraformaldehyde
for 10 min at 4°C at the appropriate time points. Coverslips were treated as
described previously (2). Working dilutions of the primary antibodies were as
follows: rabbit anti-syntaxin 18 (a generous gift from M. Tagaya, Japan) was used
at a 1:100 dilution, mouse anti-L1 antibody 5B6 hybridoma, which binds to fully
formed viral particles and L1 pentamers (a gift from Richard Roden) was used
at a 1:100 dilution, goat anti-EEA1 was used at a 1:100 dilution (Santa Cruz,
Santa Cruz, CA), and goat anti-LAMP1 was used at a 1:100 dilution. EEA1 is a
molecule found on early endosomes associated with Rab5 and with transferrin
entry (34), a clathrin-mediated process of endocytosis (25); LAMP1 is a marker
of the lysosomes and late endosomes (44). The fluorescently labeled Alexa Fluor
secondary donkey anti-rabbit 488 antibody, donkey anti-mouse 594 antibodies,
and chicken anti-goat 488 antibody were diluted to 1:2,000, and donkey anti-
rabbit 647 antibody (Molecular Probes/Invitrogen, Eugene, OR) was diluted to
1:1,000. All antibodies were diluted in blocking buffer (0.2% fish skin gelatin,
0.2% Triton X-100, PBS). The nucleus was visualized using DAPI (4�,6�-dia-
midino-2-phenylindole) or TOPRO-3 (Invitrogen, Carlsbad, CA). Fluorescence
confocal microscopy was performed with an Olympus Fluoview 300 microscope
with Fluoview software (Olympus, Melville, NY) at the microscopy core of the
Rosalind Franklin University of Medicine and Science.

Negative staining of viral particles for EM. Double-purified pseudovirions
were bound to carbon-filmed nickel grids (Electron Microscopy Sciences, Hat-
field, PA) by placing the grids face down onto a 20-�l drop of viral suspension for
15 min at room temperature, and the viral titer was �5 � 106 infectious units/ml.
After blocking (PBS, 5% bovine serum albumin, 5% rabbit serum, 5% mouse
serum, 0.1% fish skin gelatin), grids were placed onto droplets containing either
affinity-purified antibody �L2 36–49 and the hybridoma anti-L1 antibody 5B6 or
affinity-purified glutathione S-transferase (GST) (ADI) as an isotypic control and
5B6 overnight at 4°C. Affinity-purified antibodies were used at 400 ng, and the
hybridoma-derived 5B6 antibody was used at a 1:10 dilution in incubation buffer
(PBS, 0.2% bovine serum albumin, 0.02% Na azide). After washing in incubation
buffer, grids were floated on 20-�l droplets of secondary donkey anti-rabbit
6-nm-immunogold-labeled antibody and donkey anti-mouse 10-nm-immuno-
gold-labeled antibody (Electron Microscopy Sciences) at a 1:20 dilution for 1 h
at room temperature. Grids were washed extensively in incubation buffer and
then fixed with 2% glutaraldehyde for 5 min, washed in incubation buffer, and
negatively stained using 2% phosphotungstitic acid. Analysis was performed
using a JEOL JEM-1230 transmission electron microscope at an accelerating
velocity of 80 kV at the Rosalind Franklin University of Science and Medicine.
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Other reagents. Syntaxin 18 constructs were provided by M. Tagaya (Tokyo
University, Tokyo, Japan) and K. Hatsuzawa (Fukushima Medical University,
Fukushima, Japan). M2 FLAG beads were purchased from Sigma. L2 mutant
constructs were described previously (2). Control DNA vector control pA3M, a
derivative of pCDNA3 (Invitrogen), was a gift from E. Robertson (University of
Pennsylvania, Philadelphia, PA). DNA gel was stained with SYBR green
(Molecular Probes/Invitrogen), and the GFP primers used for reverse tran-
scription-PCR and PCR were obtained from Integrated DNA Technologies
(Coralville, IA).

RESULTS

BPV1 L2 residues 41 to 44 are not involved in the formation
of viral particles, DNA packaging, or initial viral entry but are
necessary for infection. We previously demonstrated the co-
immunoprecipitation and in vivo colocalization of wild-type
BPV1 L2 (wtL2) protein and syntaxin 18, a resident protein of
the ER (2). We showed that this interaction did not occur with
BPV1 L2 protein that was mutated in residues 41 to 44
(L2ANS) and that pseudovirions generated with L2ANS were
noninfectious. In order to understand the biological reason
for the loss of infection using L2ANS, we reanalyzed the
pseudovirions’ ability to incorporate L2ANS, package DNA,
and infect cells. As described previously (2), the L2ANS-puri-
fied pseudovirions had equivalent levels of L2 and L1 (Fig. 1
A) and an equivalent level of benzonase-resistant encapsidated
DNA by real-time PCR: 1.39 � 0.18 � 1010 for L2ANS and
1.77 � 0.31 � 1010 for wtL2 (Fig. 1B) (the PCR sample is
shown at cycle 35), and we observed no infection by FACS
analysis with the L2ANS pseudovirions (Fig. 1C). Infection is
measured as the number of GFP-transduced cells, since the
encapsidated plasmid 8fwb has the GFP cDNA.

Since PV entry has been shown to occur primarily via clath-
rin-mediated endocytosis in which the pseudovirion staining
overlaps with EEA1, an endosome marker involved in clathrin-
mediated entry (25), and subsequently with the late endosome
lysosome marker LAMP1 (3, 13, 44, 47, 51), we decided to
compare the trafficking of wtL2 to that of defective L2ANS
pseudoviral particles (Fig. 1D). The colocalizations of BPV1
pseudovirions stained with 5B6 (Fig. 1D, red arrows) and
EEA1 (Fig. 1D, green arrows) or with LAMP1 (Fig. 1D, green
arrows) were indistinguishable using either wtL2 (Fig. 1D,
rows 1 and 3) or L2ANS (Fig. 1D, rows 2 and 4) pseudovirions
(Fig. 1D, merged images). z stacks are shown to support the
overlap in fluorescence from multiple viewing planes. This
assay was performed with the hybridoma antibody 5B6, which
recognizes L1 in intact L1 pseudoviral particles and in L1/L2
pseudoviral particles. Although our virion particle analysis
shown in Fig. 1 confirms that the pseudoviral particles contain
L2 and packaged DNA, we cannot exclude that there may be
some L1-only pseudoviral particles. Studies have shown that
the initial entry of L1 and L1/L2 particles is identical (46) and
that L1-only pseudoviral particles are very poor at packaging
DNA compared to L1/L2 pseudovirions (5, 50). Thus, these
data demonstrate that although BPV1 pseudovirions made
with L2ANS are similar to wtL2 pseudovirions in their capsid
viral contents, abilities to package DNA, and initial entry into
the endocytic pathway, they are noninfectious.

BPV1 pseudovirion interaction with syntaxin 18 during in-
fection. Although we previously identified that a dominant
negative syntaxin 18 disrupted BPV1 pseudovirion infections

and that mutation of L2 residues 41 to 44 resulted in a loss of
the interaction of L2-transfected protein with syntaxin 18 as
well as a loss of infection (2), we had not addressed if there was
a relationship between syntaxin 18 and infecting pseudovirions.
The role of syntaxin 18 has been defined as an intracellular
vesicle mover that can associate with EEA1 (27). In this study,
we used confocal microscopy to address if syntaxin 18 inter-
acted with wtL2- and/or L2ANS-generated BPV1 pseudoviri-
ons during infection (Fig. 2). Staining for endogenous syntaxin
18 (Fig. 2A, D, and G) in COS-7 cells that were infected with
wtL2 pseudovirions (BPV1 wtL2) (Fig. 2A to C1) and
pseudovirions with anti-L1 5B6 demonstrates the overlap of
infectious wtL2 pseudovirions and syntaxin 18 (Fig. 2C and C1,
yellow arrow) at 4 h. In contrast, the staining for endogenous
syntaxin 18 and the noninfectious L2ANS pseudovirions
(BPV1 L2ANS) does not overlap at 4 h (Fig. 2D to F1) or even
after 24 h (Fig. 2G to I1). Syntaxin 18 has also been identified
as being an ER marker (26). We used a second ER marker,
calnexin (Fig. 2J and M), to confirm the results of our colo-
calization analysis. Cells infected with and stained for wtL2
pseudovirions (Fig. 2K) demonstrated overlap with calnexin at
4 h (Fig. 2L and L1), whereas cells infected with BPV1 L2ANS
(Fig. 2N) do not show colocalization between the mutant virus
and calnexin at 4 h (Fig. 2O and O1).

It has recently been described that syntaxin 18 is involved in
the process of phagocytosis (27). Hatsuzawa et al. confirmed
the role of syntaxin 18 using a fusion of a derivative of GFP
called VENUS to syntaxin 18 (VENUS syn 18). We transfected
COS-7 cells with 500 ng of VENUS syn 18 in order to further
analyze the interaction of syntaxin 18 with PV pseudovirions
(Fig. 2P to X1). In these experiments, VENUS syn 18 was
transfected 12 h before viral infections in order to allow for its
expression. We observed the overlap of VENUS syn 18 with
the wtL2 pseudovirions at 4 h (Fig. 2I and I1), demonstrating
a similar signal overlap as was observed with the staining for
endogenous syntaxin 18 and calnexin. Infection with BPV1
L2ANS mutant pseudovirions (Fig. 2V) displayed a lack of
overlap between 5B6 and VENUS syn 18 at 4 h (Fig. 2U,
merge) and 24 h (Fig. 2X, merge). Although we observed
continued staining of L2ANS pseudovirions using 5B6, none
was observed for wtL2 pseudovirions past 6 h (data not
shown). These data demonstrate that infectious pseudovirions
interact with syntaxin 18 during infection and that the nonin-
fectious pseudovirions made with L2 residues 41 to 44 do not
overlap with syntaxin 18.

Production of BPV1 L2 antibodies using synthetic peptide
corresponding to residues 36 to 49. Our data showed that
capsids made with L2 mutated at residues 41 to 44 were non-
infectious. We wanted to address if this epitope could be neu-
tralizing and used as a tool to understand and define the
infectious BPV1 pathway further. We generated antibodies to
a peptide corresponding to BPV1 L2 residues 36 to 49 (Fig.
3A) conjugated to KLH by the addition of a cysteine at the N
terminus of the peptide. To determine the antibody’s specific-
ity of L2 binding, BPV1 L2 lysates corresponding to full-length
L2 and L2 deletion mutants described previously (2) were
made from transfected COS-7 cells. Figure 3B depicts the 469
residues of BPV1 L2. Shown is the previously described region
of DNA binding at the N terminus at residues 1 to 30, the two
L1 interacting domains for capsid formation at residues 129 to
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FIG. 1. Analysis of viral production and early trafficking of pseudovirions generated with L2 mutated at residues 41 to 44. (A) Protein lysates
of benzonase-treated and overnight-matured BPV1 pseudovirions generated with wtL2 or the L2ANS mutant (L2ANS) protein were blotted for
L2 (top) using BL2 and L1 (bottom) using 1-H8. (B) DNA extracted from L2 and L2ANS pseudovirions was PCR amplified for GFP cDNA
sequences found in the packaged 8fwb plasmid. The PCR DNA gel was stained using SYBR green (top). Lane 1, 8fwb plasmid (positive control);
lane2, 8fwb plasmid without Taq polymerase; lane 3, DNA extracted from BPV1 wtL2; lane 4, DNA from the BPV1 L2ANS pseudovirions. The
table shows the number of encapsidated genomes obtained from real-time PCR analysis of the DNAs extracted from wtL2 and L2ANS
pseudovirions. (C) FACS analysis (encapsidated 8fwb DNA encodes the GFP cDNA) was performed on COS-7 cells infected using equivalent
numbers of genomes determined by real-time PCR of wtL2 BPV1 pseudovirions (black bar) (17.4%) or mutant L2ANS BPV1 pseudovirions (0%
infection). The experiment shown was done in triplicate, and the error bar represents the standard deviation. (D) COS-7 cells infected with BPV1
wtL2 or L2ANS pseudovirions for 5 min were stained with antibody to EEA1 and the anti-L1 antibody 5B6 (top two rows, green arrows and red
arrows, respectively). The wtL2 pseudovirions (top row) and the L2ANS pseudovirions (second row) show colocalization between 5B6 and EEA1
(yellow overlap in merged and enlarged panels). COS-7 cells infected with BPV1 wtL2 or L2ANS pseudovirions for 2 h were stained with the
antibody to LAMP1 and the anti-L1 antibody 5B6 (bottom two rows, green arrows and red arrows, respectively). The wtL2 pseudovirions (third
row) and the L2ANS pseudovirions (last row) show colocalization between 5B6 and LAMP1 (yellow overlap in merge and enlarged panels). The
nuclei in the merge and enlarged images in all rows are stained with TOPRO-3 (blue). z sections are shown on the sides and bottoms of enlarged
images.
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FIG. 2. The observed colocalization of BPV1 wtL2 pseudovirions and syntaxin 18 in COS-7 cells is lost when residues 41 to 44 of L2 are
mutated. (A to C1) Cells infected with wtL2 BPV1 infectious pseudovirions for 4 h were stained with anti-syntaxin 18 (A, green arrow) and anti-L1
5B6 (B, red arrow) antibodies. At 4 h, the overlap of wild-type pseudovirions and endogenous syntaxin 18 is shown (C and C1, yellow overlap).
(D to F1) Cells infected with BPV1 L2ANS noninfectious pseudovirions for 4 h were stained with anti-syntaxin 18 (D, green arrow) and 5B6 (E,
red arrow). At 4 h, no overlap of endogenous syntaxin 18 and mutant pseudovirions was observed (F and F1). Even up to 24 h (G to I1),
colocalization was not observed between endogenous syntaxin 18 (G, green arrow) and mutant BPV1 L2ANS pseudovirions stained with 5B6 (H,
red arrow). Calnexin staining for the ER (J and M, green arrows) showed the overlap with wtL2 BPV1 (K, red arrow) at 4 h (L and L1, merged
images, yellow arrows) but not with the L2ANS BPV1 (N, red arrow) at 4 h (O and O1, merged images). Cells transfected with venus (a GFP
derivative)-tagged syntaxin 18 (P and S, green arrows) were infected for 4 h with wtL2 BPV1 pseudovirions (P to R1) or with L2ANS BPV1
pseudovirions (S to U1). wtL2 pseudovirions stained with 5B6 (P, red arrow) overlapped with venus syn 18 fluorescence (yellow arrows in merged
images R and R1). There was no overlap of L2ANS pseudovirions stained with 5B6 (T, red arrow) and venus syn 18 (U and U1, merged images).
Cells transfected with venus syn 18 were infected for 24 h with L2ANS pseudovirions (V to X1). There was no overlap of L2ANS pseudovirions
stained with 5B6 (W) and venus syn 18 (X and X1, merged images). Nuclei (blue) were stained with DAPI (first and third rows) or TOPRO-3
(second and last five rows).
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246 and 384 to 460, and the C-terminal DNA binding domain
from residues 460 to 469 (14, 35). Also shown are the residues
changed/deleted in the mutant constructs corresponding to
amino acids 41 to 54, 31 to 44, or 41 to 44 (Fig. 3B, lanes 2 to
4, respectively). The constructs were made using standard PCR
techniques to add an EcoRI (residues ANS) at the newly made
junction as described previously (2). Lysates were run on a
10% resolving gel and blotted using the following four anti-
bodies: (i) BPV1 antibody BL2 made against full-length BPV1
L2 (Fig. 3C, top panel); (ii) the antibody that we generated
against residues 36 to 49, �L2 36–49 (Fig. 3C, second panel);
(iii) the preimmune serum from the immunized rabbit (Fig.
3C, third panel); and (iv) anti-actin (Fig. 3C, bottom panel) to
serve as the loading control. The various L2 constructs are
expressed equally well compared to full-length L2 and are all
recognized by the antibody generated against full-length L2
(Fig. 3C, top panel). �L2 36–49 detects the 62-kDa full-length
capsid protein (Fig. 3C, second panel, lane 1) and detects both

L2 mutants deleted of residues 31 to 44 and 41 to 44 (Fig. 3C,
second panel, lanes 3 and 4, respectively). �L2 36–49 does not
detect L2 with the deletion of amino acids 41 to 54 (Fig. 3C,
second panel, lane 2). There is no detection of L2s using
preimmune sera (Fig. 3C, third panel). The data for the anal-
ysis of the binding of �L2 36–49 show that we have an antibody
that is specific for L2 at residues 36 to 49 and is dependent
primarily on residues 45 to 49.

Antibody to L2 residues 36 to 49 binds to the outer surface
of BPV1 pseudovirions. We used immunogold EM to analyze
if affinity-purified �L2 36–49 could bind to pseudovirions.
Double-Optiprep-purified BPV1 pseudovirions bound to car-
bon-filmed nickel grids were extensively blocked (see Materials
and Methods) and incubated overnight at 4°C with anti-L1 5B6
and affinity-purified �L2 36–49 antibody (Fig. 4A) or 5B6 and
affinity-purified rabbit anti-GST antibody as an isotypic control
(Fig. 4B). Immunogold (10-nm)-labeled anti-mouse secondary
antibody was used to detect 5B6, and immunogold (6-nm)-
labeled anti-rabbit was used to detect �L2 36–49 or anti-GST
antibodies. Grids were negatively stained to allow the visual-
ization of the BPV1 pseudovirions at the expected diameter of
50 nm, and the gold particles were visible due to their higher
density and are represented by black dots (Fig. 4). Analysis of
the grids at a magnification of �120,000 demonstrated the
double labeling of particles with 5B6 (Fig. 4A, black double
arrowhead) and affinity-purified �L2 36–49 (Fig. 4A, open
arrowhead). When the pseudovirions were incubated with 5B6
and anti-GST, only 10-nm gold particles were observed (Fig.
4B, black double arrowhead), showing the binding of 5B6 but
not of the isotypic affinity-purified control GST antibody.
These results demonstrate that L2 residues 36 to 49 are ex-
posed on viral particles that are properly formed as evident by
the costaining with 5B6, and the EM images confirm that our
viral preparation contains L1/L2 viral particles. We did not find
any evidence that we had L1 pentamers in our double-purified
pseudovirion preparations recognized by 5B6.

BPV1 infection is neutralized by antisera to BPV1 L2 resi-
dues 36 to 49. Since it was observed that the affinity-purified
antibody against L2 residues 36 to 49 was binding to benzo-
nase-treated, overnight-matured, and double-Optiprep-puri-
fied pseudoviruses, we wanted to address the effect that this
antibody might have in neutralizing the infection of BPV1
pseudovirions and genuine virions (Fig. 5). We first tested the
ability of the antisera obtained from the immunized rabbit to
neutralize infection (Fig. 5A, black bars) and compared this to
that of its preimmune serum (Fig. 5A, white bars). BPV1
pseudovirions containing GFP as a transgene were incubated
with the sera for 30 min at 37°C and then added to �100,000
COS-7 cells. Our titer was based on GFP-positive cells (ob-
tained by FACS analysis), and experiments were performed
with sufficient virus to infect approximately 5,000 cells. Infec-
tions were analyzed by FACS after 24 h. We observed a dose-
dependent decrease in infection with the incubation of im-
mune antisera compared to the preimmune sera: 13.3%,
30.5%, and 58.4% at 1/150, 1/60, and 1/30, respectively, (Fig.
5A). Our data demonstrate that an immune response to a
single injection of residues 36 to 49 is capable of generating a
modest level of neutralizing antibody.

We then wanted to address if this neutralization was indeed
antibody specific and if it could be reproduced in C127 cells, a

FIG. 3. Specificity of binding of �L2 36–49 antibody. (A) BPV1 L2
residues 36 to 49 with the addition of a C at the N terminus were linked
to KLH for antibody production. (B) Lane 1, diagram of L2 indicating
the DNA binding domains and the L1 interacting domains. A diagram
of BPV1 L2 deleted of residues 41 to 54 (lane 2), 31 to 44 (lane 3), and
41 to 44 (lane 4) is shown. (C) Western blot of COS-7 cell lysates
transfected with BPV1 full-length L2 (lane 1) or L2 deleted of residues
41 to 54 (lane 2), residues 31 to 44 (lane 3), or residues 41 to 44 (lane
4). Antibodies used were anti-full-length BPV1 L2 (top row), �L2
36–49 (second row), and preimmune serum (third row). Anti-actin,
shown at the bottom, served as the loading control.
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nontumorigenic mouse mammary tumor cell line susceptible to
BPV1 infections (Fig. 5B). The infections with pseudovirions
were analyzed at 48 h by FACS analysis (i.e., GFP-positive
cells). We used the isotypic affinity-purified rabbit anti-GST
antibody that did not bind to purified pseudovirions in our EM
analysis as a control. C127 cells infected with BPV1 pseudoviri-
ons with the addition of 20 �g of anti-GST antibody (Fig. 4C,
white bar) did not result in any decrease in infection. In con-
trast, the addition of 2, 10, and 20 �g of affinity-purified �L2
36–49 resulted in a 73.9%, 95.2%, and 98.2% loss of infection,
respectively, compared to virus alone (Fig. 4C, gray bar). Each
bar represents the average of three experiments counted by
FACS, and error bars demonstrate the standard deviations in
the experiments. These data demonstrate that our �L2 36–49
antibody can partially and fully neutralize infection of BPV1
pseudovirions in a susceptible cell line in a dose-dependent
manner.

Since the integrity of the pseudovirions may be of concern
(see Discussion), we addressed whether infection of genuine

BPV1 virions obtained from warts could be affected by �L2
36–49. To determine if affinity-purified �L2 36–49 antibody
could effectively reduce infection of genuine BPV1 virions, a
focus-forming assay was performed on C127 cells (Fig. 5D).
The genuine virions were Optiprep purified from a wart extract
obtained from the ATCC and incubated with 50 or 100 �g of
affinity-purified �L2 36–49 or with 100 �g of anti-GST control
antibody for 1 h on ice before addition to cells. After 2 weeks,
virally transformed C127 cells formed foci that were stained
and counted. The addition of 50 �g and 100 �g of �L2 36–49
decreased the number of foci by 34% and 73%, respectively
(50 �g, 32 foci; 100 �g, 13 foci) (Fig. 5D), compared to cells
infected with virus alone (48 foci) (Fig. 5D, gray bar). Cells
preincubated with 100 �g of anti-GST had 38 foci (Fig. 5D,
white bar). Error bars demonstrate the standard deviations of
three experiments. Similar dose-dependent and statistically
significant results were observed in multiple experiments, and
infection could be blocked by more than 73% by changing the
virus-to-antibody ratio to favor the antibody and vice versa to

FIG. 4. EM analysis of affinity-purified �L2 36–49 binding to BPV1 pseudovirions. Double-Optiprep-purified BPV1 pseudovirions generated
in 293TT cells were bound to carbon-filmed grids and incubated with affinity-purified rabbit �L2 36–49 and mouse anti-L1 5B6 antibodies (A) or
the isotypic control affinity-purified rabbit anti-GST and 5B6 antibodies (B). The smaller black dots represent the 6-nm gold particle-labeled
anti-rabbit secondary antibody used to detect �L2 36–49 or anti-GST (open arrowhead), and the larger black dots are the 10-nm anti-mouse
immunogold secondary antibody used to detect 5B6 (black double arrowhead). The virus is seen as approximately 50 nm in diameter. The scale
bar represents 100 nm. Magnification, �120,000.
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favor the number of foci. The block of the ability of genuine
BPV1 to infect C127 cells supports the hypothesis that residues
36 to 49 are important in the infectious process and validates
�L2 36–49 as a viable neutralizing antibody.

Neutralization of infection with affinity-purified �L2 36–49
is inhibited by a peptide of residues 36 to 49. In order to
further demonstrate the specificity of inhibition of infection by
the affinity-purified �L2 36–49 peptide, we performed a com-
petition experiment with the peptide corresponding to BPV1
L2 residues 36 to 49 (wild-type peptide) and a control peptide
of the same 15 residues in scrambled order. If neutralization
was indeed targeted to residues 36 to 49, then incubation with
the wild-type peptide sequence should block neutralization,
and no block should be observed using the scrambled version
of this sequence. Increasing concentrations of peptide were
mixed with 20 �g of affinity-purified antibody prior to infection
with BPV1 pseudovirions carrying the GFP transgene (Fig. 6A
and B). For these experiments, we increased the infectious
titer used to 20,000 infectious units in order to ensure that a
linear dose-dependent effect on the block of infection was
observed. Partial neutralization (�50%) of infection was ob-
served with the addition of 20 �g of the affinity-purified �L2
36–49 antibody compared to virus alone (Fig. 6A and B, com-
pare white bars with gray bars). The addition of the wild-type
peptide corresponding to BPV1 L2 residues 36 to 49 resulted
in a 6.9% loss of neutralization at 10 nM, a 45% loss at 100 nM,
and a complete loss of the neutralizing activity of �L2 36–49 at
1 �M (Fig. 6A, 10 nM, 100 nM, and 1 �M bars). This dose-
dependent loss in the inhibition of infection with the wild-type
peptide was not observed when the affinity-purified �L2 36–49
antibody was incubated with the scrambled peptide at concen-
trations ranging from 10 nM to 1 �M (Fig. 6B, 10 nM, 100 nM,
and 1 �M bars), nor was it observed at 10 and 100 �M (data
not shown). These data confirm that the antibody was made
against residues 36 to 49 and that the binding was dependent
on a specific sequence order of the amino acids and not just
amino acid content, i.e., charge or other peptide characteristic.

We then confirmed the results of the peptide competition
assay in a focus-forming assay to determine the specificity of
�L2 36–49 against genuine BPV1 virions. Optiprep-purified
genuine infectious units added to C127 cells were increased in
order to obtain an average of 122.7 foci with no antibody (Fig.
6C, first gray bar). When 200 �g of affinity-purified �L2 36–49
antibody was preincubated with the genuine virions, the num-
ber of foci was effectively reduced to 34, a 72% decrease (Fig.
6C, second white bar). This neutralization was not competed
with the scrambled peptide (32 foci) (Fig. 6C, bar 3). In con-
trast, the addition of 10 �M wild-type sequence L2 peptide at
residues 36 to 49 resulted in 116 foci, comparable to infection
with virus alone and thus a complete block or competition of
neutralization (Fig. 6C, bar 4). The numbers of foci from three
separate 60-mm2 dishes from a single experiment were aver-
aged, and standard deviations are represented by the error
bars. These data show that the neutralization of genuine BPV1
was also specifically blocked with �L2 36–49, i.e., targeted to
L2 residues 36 to 49.

Addition of affinity-purified antibody after pseudovirions
have bound to the cell surface enhances neutralization. In the
above-described neutralization experiments with affinity-puri-
fied �L2 36–49, unbound virus and antibody were not removed

FIG. 5. Dose-dependent neutralization of BPV1 infections with af-
finity-purified �L2 36–49 antibody. (A and B) Pseudovirus-encapsi-
dated 8fwb DNA encodes GFP cDNA. (A) FACS analysis of the
percentage of COS-7 cells infected with pseudovirus preincubated with
preimmune serum (PI) (white bars) compared to cells infected with
pseudovirus preincubated with �L2 36-49-immunized sera (BL1)
(black bars). Sera were used at 1/150, 1/60, and 1/30 dilutions.
(B) FACS analysis of the percentage of C127 cells infected with BPV1
pseudovirions (gray bar); BPV1 pseudovirions and 2, 10, and 20 �g of
affinity-purified �L2 36–49 (black bars); or 20 �g of the affinity-purified
isotypic anti-GST antibody control antibody (white bar). Each bar
represents an average of three infections, and error bars show the
standard deviations. (C) A focus-forming assay was performed using
C127 cells and genuine BPV1 virions. Two weeks after infection, the
cell cultures were fixed and stained, and foci were counted. The num-
bers of foci from genuine virus-infected cells without the addition of
antibody (gray bar), infection with the addition 100 �g of the isotypic
control anti-GST (white bar), and 50 and 100 �g of �L2 36–49 (black
bars) are shown. Error bars show the standard deviations from three
experiments.

7442 LANIOSZ ET AL. J. VIROL.



prior to allowing the infection to proceed. This prevented us
from determining whether the observed neutralization was due
to the initial binding of the antibody to the viral capsid or if
there was a conformational change in the viral capsid after it
had bound to the cellular receptor, making the epitope more

accessible to the antibody (41, 46, 52). BPV1 pseudovirions
carrying the GFP transgene were allowed to bind to the surface
of C127 cells on ice for 2 h, unbound virus was removed by
washing the cells with medium, and plates were placed at 37°C
for virus internalization. Twenty micrograms of affinity-puri-
fied �L2 36–49 was added at various time points after viral
entry had begun. As shown in Fig. 7 (gray bar), the addition of
BPV1 pseudovirions without antibody resulted in the infection
of 11.94% of cells. As described above, preincubating the virus
with the antibody followed by washing of excess virus and
antibody lowered the infection level to 9.75% (Fig. 7, white
bar). In contrast, the addition of �L2 36–49 antibody immedi-
ately after the 2-h infection at 4°C, i.e., when cells were moved
to 37°C, lowered infection to 7% of cells (Fig. 7, ab-t0 bar).
The addition of �L2 36–49 antibody 30 min and 1 h postincu-
bation lowered the infection levels to 5.2% and 4.8%, respec-
tively, a 60% decrease in infection when added after 1 h com-
pared to an 18% decrease in infection when the antibody was
preincubated (Fig. 7). The addition of antibody after 4 h, which
has been described as the half-life of entry for BPV1 (13),
lowered the infection to 6.21%, a loss of neutralization from
the addition of antibody after 1 h. These data support the
finding that although binding to free virus by �L2 36–49 par-
tially neutralizes infection, a more robust neutralization is ob-
served after the pseudovirus binds to the cell membrane. This
increase in neutralization may be due to a conformational
change of the viral capsid after binding to the cells that in-
creases the affinity of antibody binding or makes the epitope
more accessible to the antibody. These data also support the
finding that after 4 h, much of the bound PVs have internalized
(13) due to a decrease in the ability of �L2 36–49 antibody to
block infection.

�L2 36–49 interferes with the coimmunoprecipitation of
BPV1 L2 and syntaxin 18 proteins and the colocalization of
BPV1 pseudovirions with syntaxin 18 during infection. We
previously showed that BPV1 L2 and FLAG-syntaxin 18 co-

FIG. 6. Neutralization of BPV1 infection by �L2 36–49 antibody
can be competed with a peptide corresponding to residues 36 to 49. (A
and B) Pseudovirus-encapsidated DNA of 8fwb encodes the GFP
cDNA, and infections were analyzed by FACS. C127 cells were in-
fected with pseudovirions alone (gray bar) (same data in A and B) in
the presence of affinity-purified �L2 36–49 antibody (white bar) (same
data in A and B) or (A) antibody that was preincubated with BPV1 L2
peptide at residues 36 to 49 in increasing concentrations of 10 nM, 100
nM, and 1 �M (black bars). An increase in infection signifies a loss of
neutralization in the presence of the added peptide. (B) Antibody was
preincubated with scrambled BPV1 L2 peptide at residues 36 to 49 in
increasing concentrations of 10 nM, 100 nM, and 1 �M (black bars).
No increase in infection was observed; thus, scrambled peptide does
not interfere with the neutralization by �L2 36–49. Data bars represent
the averages of three experiments, and standard deviations are dem-
onstrated by error bars. (C) Focus-forming assay of C127 cells infected
with genuine BPV1 virions. Bar 1, number of foci formed from the
addition of virions alone; bar 2, foci formed with the addition of �L2
36–49; bar 3, foci formed with antibody and scrambled BPV1 L2
peptide at residues 36 to 49 (no loss of neutralization was observed);
bar 4, foci formed with antibody and 10 �M wild-type BPV1 L2
peptide at residues 36 to 49. A complete loss of neutralization was
observed. C127 cell foci were visible after staining with methylene blue.
Data represent average numbers of foci formed in three plates under
the same conditions. Standard deviations are shown by error bars.

FIG. 7. The ability of �L2 36–49 to neutralize infection is increased
after virus has bound to the target cells. C127 cells were infected with
BPV1 pseudovirions containing the 8fwb GFP plasmid and analyzed by
FACS. In all conditions, pseudovirions were incubated with cells for
2 h on ice, and unbound pseudovirions (and antibody in preincubation)
were removed prior to returning cells to 37°C and 5% CO2. The gray
bar represents the percentage of cells infected with pseudovirus alone;
the white bar represents the percentage of cells incubated with
pseudovirus that was preincubated with �L2 36–49 for 1 h. Data for the
addition of �L2 36–49 to infected cultures immediately after the 2 h
incubation on ice (ab-t0) and after 30 min (ab-t30 min), 1 h (ab-t1 h),
and 4 h (ab-t4 h) postinfection, i.e., after cells were returned to 37°C
and 5%CO2, are shown. Data represent the means of three experi-
ments; standard deviations are shown by the error bars.
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immunoprecipitated when cotransfected (2). Our coimmuno-
precipitation pull-down experiments again demonstrate the
following: (i) FLAG-syntaxin 18 can coimmunoprecipitate with
untagged BPV1 L2 (Fig. 8A, lane 4), (ii) the M2-FLAG anti-
body bound to Sepharose beads does not precipitate L2 non-
specifically (Fig. 8A, lane 2), (iii) we did not precipitate a
nonspecific band at the size of BPV1 L2 in vector control-
transfected cells (Fig. 8A, lane 1), and (iv) M2-FLAG-coated
beads do immunoprecipitate the FLAG-syntaxin 18 protein
(Fig. 8A, lanes 3 and 4). To determine if �L2 36–49 was
interfering with the ability of L2 to interact with syntaxin 18, we
attempted to coimmunoprecipitate BPV1 L2 and FLAG-syn-
taxin 18 with �L2 36–49 antibody. BPV1 L2 was immunopre-
cipitated specifically with �L2 36–49 antibody (Fig. 8B, lanes 2
and 4), and FLAG syntaxin 18 did not nonspecifically bind to
the protein A/G beads and �L2 36–49 (Fig. 8B, lane 3). We did
not coimmunoprecipitate FLAG-syntaxin 18 with BPV1 L2
(Fig. 8B, lane 4). Preimmunoprecipitation blots show 2.5% of
input lysates, and vector control-transfected cell are shown in
Fig. 8 (lanes 1). Antibodies to full-length BPV1 L2 and anti-
FLAG-M2 antibody were used to detect the proteins in West-
ern blots. The Western blot shows that the L2 �L2 36–49
antibody interferes with the interaction of syntaxin 18 protein
with BPV1 L2 protein. In vitro cell-free work is in progress to
determine if the interaction of the L2 protein with syntaxin 18
is direct or indirect.

Since we observed that �L2 36–49 interfered with the coim-
munoprecipitation of the L2 protein with syntaxin 18, we
wanted to determine if neutralization was a result of �L2 36–49
preventing the interaction of pseudovirions with syntaxin 18 (as
shown in Fig. 2). We first addressed if the addition of this
neutralization antibody was interfering with the early entry of
the pseudovirions. Our data determined that the addition of
�L2 36–49 did not interfere with the movement of BPV1 wtL2
pseudovirions into an EEA1- or a LAMP1-positive vesicle
(Fig. 8C). Staining for pseudovirions that were preincubated
for 1 h on ice with �L2 36–49 demonstrated overlap with
EEA1 at 5 min (Fig. 8C, top row, merge) and LAMP1 at 2 h
(Fig. 8C, bottom row, merge). Under these conditions, cultures
had a �95% loss of infection at 48 h (data not shown). These
data show that �L2 36–49 was not blocking the initial endocy-
tosis of the virions, and, as with our L2ANS pseudovirion, the
data show that residues 36 to 49 are not involved in the initial
entry of the pseudovirions.

To address whether the addition of �L2 36–49 resulted in
the lack of interaction between BPV1 pseudovirions and syn-

taxin 18 during infection, we performed confocal immunoflu-
orescence analysis of the infection of COS-7 cells transfected
with 500 ng of venus syn 18 in the presence of �L2 36–49.
VENUS syn 18-transfected cells were incubated with BPV1
pseudovirions that were preincubated with �L2 36–49. After
4 h of infection, cells were fixed and stained for 5B6 and
secondary donkey anti-rabbit antibodies (Alexa Fluor 647) to
detect the presence of �L2 36–49. Samples were viewed by
confocal microscopy using 488-, 597-, and 642-nm exciting la-
sers in order to see all three colors. Syntaxin 18 (Fig. 8D1,
green arrow) and 5B6 (Fig. 8D2, red arrow) did not show
overlap at 4 h (Fig. 8D, merge 1). Overlap was observed be-
tween 5B6 and �L2 36–49 (Fig. 8D3, blue arrow), shown by the
image in which VENUS syn 18 fluorescence has been omitted
(Fig. 8D, merge 2, violet arrow). The overlay of venus syn 18,
5B6, and �L2 36–49 fluorescence suggests that there is no
colocalization of the virus with syntaxin 18 in the presence of
�L2 36–49 (Fig. 8D, merge 3 and enlarged image). The data in
this experiment showing that the loss of the interaction of the
5B6-stained pseudovirion with syntaxin 18 in the presence of
�L2 36-49-bound pseudovirions correlate with a loss of infec-
tion, confirming that the infection of BPV1 is in part depen-
dent on syntaxin 18 and mediated by L2 residues 36 to 49.

DISCUSSION

The PV L2 minor capsid protein has been demonstrated to
be involved in facilitating infection and to contribute to DNA
packaging (28, 52). Our laboratory previously identified the
interaction of the BPV1 L2 protein with the intracellular traf-
ficking protein syntaxin 18 (2). Syntaxin 18 was originally iden-
tified as having a role in vesicle trafficking between the ER, the
intermediate compartment, and the cis-Golgi compartment
(26) and has recently been purified from phagosomes contain-
ing endocytic markers including EEA1 (27). We had shown
that the loss of an L2 protein interaction with syntaxin 18 was
achieved by replacing residues 41-DKILK-44 of BPV1 L2 with
41-ANS-44 (L2ANS, where ANS is an EcoRI site). This sug-
gested that L2 residues 41 to 44 were directly or indirectly
mediating the interaction with syntaxin 18 or were responsible
for the trafficking of L2 to a cellular region where this inter-
action occurred. In addition, although the DNA packaging
efficiency, L1-to-L2 capsid ratio, and morphology by EM of
pseudovirions generated with L2ANS were similar to those of
pseudovirions generated with wtL2, L2 ANS BPV1 pseudoviri-
ons were noninfectious.

FIG. 8. �L2 36–49 antibody interferes with the interactions of syntaxin 18 with L2 protein and wtL2 pseudovirions. (A and B) Cells were
transfected with control vector pA3M (lane 1), pA3M and BPV1 L2 (lane 2), pA3M and FLAG-syntaxin 18 (lane 3), or BPV1 L2 and
FLAG-syntaxin 18 (lane 4). Samples were immunoprecipitated (IP) with FLAG M2 antibody-coated beads (A) or �L2 36–49 (B). Western blots
for L2 (top) and FLAG-syntaxin 18 (bottom) are shown. (C) �L2 36–49 antibody does not interfere with early viral entry. COS-7 cells were infected
with wtL2 BPV1 pseudovirions preincubated with �L2 36–49 antibody for 5 min (top row) or 2 h (bottom row). Cells infected for 5 min (top row)
were stained with anti-EEA1 (first panel, green arrow) and 5B6 (second panel, red arrow); cells infected for 2 h (bottom row) were stained with
anti-LAMP1 (panel 1, green arrow) and 5B6 (panel 2, red arrow). Colocalization of the wtL2 pseudovirions and EEA1 or LAMP1 was not impeded
by the presence of �L2 36–49 (top and bottom rows, panels 3 and 4, yellow arrows in the merged and enlarged images). (D) The addition of �L2
36–49 prevents the colocalization of BPV1 pseudovirions with syntaxin 18 at 4 h. Shown are VENUS syn 18 fluorescence (D1) (green arrow), BPV1
pseudovirions stained with 5B6 (D2) (red arrow), and staining of the �L2 36–49 pseudovirion-bound antibody (D3) (blue arrow). Merge 1 shows
the overlay and lack of signal overlap of VENUS syn 18 and 5B6; merge 2 shows the overlap of signals for 5B6 and �L2 36–49, which results in
a violet color (violet arrow); merge 3 and the enlarged image show the overlay of VENUS syn18, 5B6, and �L2 36–49 staining. The overlap of 5B6
and �L2 36–49 antibody staining (violet arrow) does not overlap with VENUS syn 18 (green arrow).
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In this study, we analyzed the process of viral entry/infection
by defining the relationship of pseudovirions and syntaxin 18.
We were able to observe the overlap fluorescence of infectious
BPV1 pseudovirions made with wtL2 with syntaxin 18 at 4 h as
well as the ER marker calnexin. In contrast, overlap of syntaxin
18 (and calnexin) staining and staining of the noninfectious
L2ANS BPV1 pseudovirions were not observed at any time
point (Fig. 2). These data suggested that syntaxin 18 was play-
ing a role during infection and that L2 residues 41 to 44 were
contributing to the movement of viral particles into syntaxin
18-positive vesicles. We tested the possibility that the L2ANS
pseudovirions were unable to use the entry mechanism used by
wtL2 pseudovirions, specifically, the endocytic mechanism me-
diated by clathrin and involving the endocytic and lysosome
marker EEA1 or LAMP1 as described previously (13) (Fig. 1
and 2). To our surprise, L2ANS and wtL2 were indistinguish-
able in their initial entries; i.e., L2ANS noninfectious
pseudovirions interacted with both EEA1 and LAMP1, dem-
onstrating that L2 residues 41 to 44 were not responsible for
the initial entry of the pseudovirions into the target cells. We
concluded that L2 residues 41 to 44 do not mediate the initial
entry of the pseudovirions but rather mediate a later process
involving syntaxin 18 that is necessary for infection.

Although L2 antibodies have been previously shown to neu-
tralize infection, (8, 22, 29, 32, 42), the exact mechanism of this
block has not been defined. Roden et al. and Gaukroger et al.
(22, 42) previously identified that the N terminus of L2 was a
sufficient target for neutralization that did not prevent binding
or entry into cells. No mechanism of neutralization was shown
in the previous works mentioned above, and thus, we cannot
comment if their observed neutralization is occurring by the
same mechanism as what we found. Our data are consistent
with the finding that targeting the N terminus is neutralizing at
a stage after binding and entry. The role of L2 during early
entry has been shown to be primarily after virus binding and
has been attributed to the findings that parts of the N terminus
of L2 seem to loop out of the viral capsid in the fully formed
particle or are exposed after a conformational change that
occurs after the virus binds to the target cells (29, 30, 32, 36, 41,
43, 46, 48, 52). It was previously suggested that the L2 region
encompassing residues 41 to 44 was exposed on the outside of
pseudoviral particles using an enzyme-linked immunosorbent
trap assay (30), but this has not been confirmed by EM. In this
study, we demonstrate by EM that an antibody against L2
residues 36 to 49 (�L2 36–49) can bind to free BPV1
pseudovirion particles that have undergone an overnight mat-
uration step. Our Western blotting analysis suggests that the
�L2 36–49 antibody may require primarily L2 residues 45 to
49, since we observed binding to L2 mutants deleted of resi-
dues 31 to 44 and not of residues 41 to 54, leaving residues 45
to 49 as the necessary residues. Although it has been suggested
that immature particles are fragile and may not survive the
purification process (6), we cannot ignore the possibility that
some of the double-purified viral particles in our EM analysis
that are bound by �L2 36–49 have not fully matured. Regard-
less, even if these fragile particles may not be mature, they
have been shown to retain their infectious capability (6), and as
we show in Fig. 4, binding to residues 36 to 49 occurs simul-
taneously with the binding of 5B6, a neutralizing anti-L1 anti-
body that is dependent on the proper formation of viral par-

ticles. We are attempting to purify sufficient genuine BPV1
virions from warts to confirm our EM data.

Although we show that the affinity-purified antibody �L2
36–49 can bind to free viral particles and may thus neutralize
infection (Fig. 4, 5, and 6), our data support previously de-
scribed observations by others that there is a conformational
change after the virus binds to the target cells that exposes the
L2 N terminus (41, 46, 52). In our studies, neutralization was
increased when �L2 36–49 was added after pseudovirions had
bound to the target cells (Fig. 7). These neutralization data
suggest that (i) the antibody can be bound to the viral particles
with higher affinity after the virus has bound to the target cells,
(ii) a conformational change occurs upon binding to the cell
membrane that further exposes L2 residues 36 to 49, and/or
(iii) incubation of pseudovirions at 37°C after Optiprep puri-
fication (for 30 min or 1 h) confers further maturation and
changes in the regions of L2 that are exposed. We are address-
ing these three scenarios. The maturation status of genuine
BPV1 virions obtained from warts from the ATCC is not
known. However, the ability to neutralize these genuine BPV1
preparations that are capable of transforming cells, as evident
by the decreasing number of foci in our focus-forming-unit
assay, suggests that residues 36 to 49 are a real-life target for
neutralization regardless of any virion maturity or virion con-
formational changes at the cell surface.

We hypothesize that syntaxin 18 is required for PV infection
and that L2 mediates this interaction. Our analyses of the
initial events in PV internalization showing the overlap of
pseudovirions with EEA1 and LAMP1 recapitulate previously
described studies (13, 41). Those studies could not distinguish
between the staining of infectious and noninfectious viral par-
ticles. In our experiments, we show that infectious and nonin-
fectious pseudoviral particles (wt L2 versus L2ANS pseudoviri-
ons) can overlap with EEA1- and LAMP1-positive vesicles, but
we indeed show that only the infectious pseudoviral particles
overlap with syntaxin (Fig. 2 and 8). To our knowledge, this is
the first clear demonstration using a cellular marker for a
cellular compartment of a difference in trafficking/localization
between infectious and noninfectious PV virions or pseudoviri-
ons. Furthermore, to our knowledge, the loss of the colocal-
ization of infectious pseudovirions with syntaxin 18 is the first
data describing a mechanism of how a neutralizing antibody to
L2 prevents infection intracellularly.

PV pseudoviruses have been shown to undergo an L2 furin
cleavage event in the endosome during infection that allows for
endosomal escape (41). Our data suggest that after endosomal
escape, the next possible step is the association of the cleaved
viral particle with a syntaxin 18-positive vesicle for trafficking
towards the nucleus. More work needs to be done to determine
if only L2 remains intact after endosomal escape and whether
it is L2’s trafficking to the nucleus with the bound encapsidated
genome that is being mediated by syntaxin 18 rather than a
modified partially denatured virion as occurs with adenovirus
(reviewed in reference 33). Our staining of noninfectious viri-
ons with L1 antibody 5B6 at 24 h (Fig. 2) suggests that the
L2ANS noninfectious pseudovirions have not undergone the
disassembly event that results in the loss of 5B6 staining of
the infectious pseudovirions at around 5 to 6 h. In addition, we
were able to costain for L1 with 5B6 and bound �L2 36–49 with
rabbit secondary antibody after 24 h, suggesting that the anti-
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body was perhaps also preventing the disassembly of the wtL2
pseudovirion (data not shown). By use of EM of infected cells,
we are addressing whether a loss of disassembly results in the
loss of infection or if the observed staining pattern is of disas-
sembled L1 and L2 components in an inappropriate vesicle,
suggesting an error in trafficking. It is interesting that the
amino acid sequence of L2 described as being important for
the interaction with syntaxin 18, mainly DKILK, is identical to
sequences found in capsid/envelope proteins of numerous vi-
ruses including picornavirus, human immunodeficiency virus,
and blue tongue virus and is highly conserved in all PV geno-
types.
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