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ABSTRACT 

The bovine papilloma virus type 2 (BPV-2) L2 open 

reading frame (ORF) was cloned into a A pL promoter 

expression vector. This clone was shown to express a 

fusion protein which comprised 75% of the BPV-2 ORF linked 

to the first 13 N-termInal amino acids of the A cII gene 

product. 

proteIn 

product 

Antisera was generated 

and subsequently used to 

as a 64,000 dalton protein 

against 

identify 

in BPV-2 

this fusion 

the L2 gene 

virions. It 

was also demonstrated that the L2 viral protein was present 

in full caps ids, but only in very limited amounts in empty 

caps ids. Densitometer analysis indicated that the L2 

protein comprised only 8~o of the total L1 + L2 "Coomassie 

blue stainable" protein in full capsids. The antisera was 

also used to demonstrate that the BPV-2 L2 gene product is 

antigenically related to the BPV-1 L2 gene product. 

Finally, an attempt was made to determine the location of 

the L2 gene product within the capsid structure. 

Hemagglutination inhibition and enzyme-llnked

immunosorbent-assay data both indicate that the L2 protein 

is exposed on the surface of the capsid. Immune electron 

microscopy data was inconclusive in determining the 

location of the L2 gene product. 

ix 



INTRODUCTION 

The Papovaviridae 

The virus family, Papovaviridae, is dlvided into two 

genera, the Polyomaviruses and Papillomaviruses. All 

members possess a naked icosahedral capsid containing a 

double-stranded circular DNA genome, usually associated 

with host histones ln a minichromosome structure. Cellular 

histones H2a, H2b, H3, and H4 are associated with the viral 

DNr\. These histones appear to be modified from the normal 

host cellular histones since they migrate differently in an 

acetic acid/urea gel system compared to the host histones 

and it is believed that they may be acetylated (Pfister, 

1987). The human papillomavirus type 4 and the bovine 

papillomavirus type 3 apparently do not contain histones in 

association with the genome (Pfister, 1987). 

The two genera are separated based upon the size of 

the viral capsid and genome. 

approximately 45 nanometers 

genome of approximately 

(nm) in 

3 x 10 6 

Polyomaviruses are 

diameter containing a 

daltons (about 5.25 

kilobase pairs). The papillomaviruses are approximately 

55nm in diameter and have a genome of approximately 5 x'10 6 

daltons (ranging from 7.25 to 8.4 kilobase pairs). The 

capsid structure is similar between the two genera wlth a 

1 
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triangulation number of 7 arranged in a skew structure, in 

either a levo or dextro configuration. The capsids have a 

density of 1.34 gm/cm 3 in cesium chloride. 

All members of the Papovaviridae have been shown to 

cause tumor formation either in their natural host (the 

papillomaviruses), or in species which the virus is not 

naturally isolated (the polyomaviruses) (Tooze, 1981). 

Considerable interest in these viruses has been generated 

due to their oncogenic nature. In 1935, Rous and Beard 

(1935) demonstrated that the papillomaviruses have the 

ability to cause tumors. However, due to the lack of a 

suitable cell culture system for propagation of virus 

particles information concerning the molecular biology of 

these viruses is limited. In contrast, the polyomaviruses 

can be grown efficiently in cell culture systems, and 

consequently far more information concerning the 

molecular biology of these viruses is available. 

The Papillomaviruses 

The papillomaviruses comprises a relatively large 

group of viruses which infect a broad range of animal 

species, including humans. The classification scheme of 

the papillomaviruses is presently based un the host range 

and nucleic acid relatedness. Generally a viral isolate is 



3 

named after its natural host. Viruses from a particular 

species are then subdivided into types, subtypes, and 

varient strains according to DNA homology. Liquid phase 

DNA hybridizations are performed and those viruses which 

display less than 50% homology are considered different 

types and given a designated number (1, 2, 3, etc.). 

Viruses showing greater than 50% homology are considered 

subtypes and assigned letters following the type number 

(1a, 1b, 1c, etc.). Finally, viruses which differ by only 

a few restriction sites are considered varient strains and 

are given numbers after the subtype letter (a1' a2' a3' 

etc.). 

The papilloma viruses appear to be very host-specific 

as well as very tissue specific. Individual types induce 

benign epithelial proliferations called papillomas (warts), 

which often regress spontaneously. Occasionally these 

lesions may undergo malignant conversion, with certaIn 

papillomavirus types demonstrating a greater propensity for 

oncogenesis (Lancaster and Olson, 1982; Gissman, 1984). 

Those lesions that have been characterized to undergo 

malignant transformation are induced by the Shope 

papillomavirus, bovine papillomavlrus type 4, and several 

of the human papillomavirus types (Schwarz et a1., 1983). 
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The virus replication cycle appears to be tightly 

linked to the state of differentiation of the infected 

epithelial cells. Mature virus particles are only found in 

the highly differentiated keratinocytes. Despite the lack 

of a suitable in vitro cell culture system the molecular 

cloning of several papillomavirus genomes, as well as 

their association with cancer, has initiated extensive 

research generating much information about the molecular 

biology of these viruses. The human and bovine 

papillomaviruses are currently the best understood of all 

the papillomavirus types. 

The Human Papillomaviruses 

There are nearly 50 different human papillomavirus 

(HPV) types identified (Pfister, 1987). All of the HPV's 

induce pure epithelial proliferations, without fibroblastic 

Involvement, characterized as usually benign, showing 

llmited growth, and typically spontaneously regress 

(Pfister, 1987). The HPV have been divided into several 

g r 0 ups 0 nth e bas i s t hat m e m b e r s d e m 0 n s t rat e 1 e sst han 1 ~6 

DNA-DNA crosshybridization. Members within each group 

demonstrate between 1% to 30% crosshybridization. 

This classification scheme is also reflected in the 

biological properties of each HPV type. Group members tend 
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to infect similar tissue types, however, each individual 

type within a group produces lesions differing in 

morphology and histo~~gy (Pfister, 1984). For example, HPV 

types 6, 11, and 13, are all designated group E members, 

and each infect mucosal tissue but usually at different 

sites resulting in lesions with different morphologies and 

histologies. This does not preclude warts from different 

papillomavirus types from having similar morphologies. 

The different HPV's also vary as to the amount of 

virus particles produced within the warts they induce. 

Laryngeal papillomas contain very few virus particles while 

common warts and plantar warts contain an abundance of 

virus particles. Virus yields may be influenced by host 

cell factors since the Shope papillomavirus results in high 

virus yields in cottontail rabbits while in domestic 

rabbits very few virus particles are obtained (Pfister, 

1984). While low yields of many HPV's has greatly hindered 

the study of these viruses, with the recent molecular 

cloning of several HPV genomes increasing knowledge of 

their molecular biology is emerging. 

Malignant Conversion Ei Warts 

Several HPV types have been strongly Implicated in the 

malignant conversion of the benign papillomas in which they 



6 

induce. Malignant conversion of genital warts (condylomata 

acuminata) has repeatedly been reported (zur Hausen, 1977). 

Analysis of these tumors reveals the presence of HPV-6 and 

HPV-11 DNA sequences (Gissmann et aI., 1982; Gissmann et 

aI., 1983). Recently, the DNA sequences of HPV-16 and HPV-

18 have been demonstrated in greater than 70% of malignant 

genital tumors and are currently the most prevalent 

papillomaviruses present in genital cancers (Durst et al., 

1983, zur Hausen and Schneider, 1987). The state of the 

viral DNA within these tumors is almost exclusively 

integrated into the host chromosomal DNA, and usually at 

selected sites within the viral genome (zur Hausen and 

Schneider, 1987). Schwarz et ale (1985) demonstrated that 

HPV-18, which is found in HeLa cells (a common laboratory 

cell line derived from a human cervical carcinoma), 

integrates within the E1 or E2 open reading frames of the 

virus genome, and that substantial deletions are present 

within the viral genome. They also demonstrated that the 

virus integrated within several sites of the host genome. 

About one-third of patients with epidermodysplasia 

verricuformis (EV), a rare dlsease which is characterized 

by dlsseminated skin warts, develop squamous cell 

carcinomas. Of the approximately twenty papillomaviruses 

which have been isolated from EV lesions, only three HPV 
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types (types 5, 8, and 14) have been demonstrated from 

papillomas with high tumor risk (Gissmann, 1984). 

Laryngeal papillomas are a third type of human 

papilloma which shows an increased tendency towards 

malignancy. HPV members associated with these carcinomas 

include HPV-6 and HPV-11. Therefore, only certain human 

papillomaviruses apparently demonstrate a propensity for 

malignant conversion of the papillomas in which they 

induce. Certain environmental factors have been suggested 

to influence the progression of the papilloma to a 

cancerous state (Pfister, 1987). Smoking appears to 

increase the risk of cervical cancer to develop in lesions 

containg HPV-16 and HPV-18 DNA, while exposure to sunlight 

appears to increase the likelihood of EV lesions 

developing into cancers. Additionally, a long latency 

period of 1 to 40 years also suggests the need for 

additional events to occur for tumor progression (Pfister, 

1987). 

The Bovine ~llomaviruses 

There are numerous animal species which are infected 

by papillomaviruses, including rabbits, hamsters, mice, 

sheep, goats, deer, finches, cattle, horses, dogs, elk, 

pigs, opossums, reindeer, beavers, coyotes, monkeys, and 
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elephants (zur Hausen, 1977, Pfister, 1984, Pfister, 1987). 

The most extensively studied members of the animal 

papillomaviruses are those isolated from cattle, the bovine 

papillomaviruses (BPV). There are six different types 

currently recognized which can be differentiated on the 

basis of their biological and physical properties. BPV-1 

and BPV-2 have repeatedly been isolated from cutaneous 

fibropapillomas (Lancaster and Olson, 1978; Pf1.ster et aI., 

1979) Unlike BPV-1, BPV-2 has also been isolated from 

fibropapillomas of the upper alimentary tract (Jarrett et 

a!., 1984) as well as from bladder tumors (Campo and 

Jarrett, 1986). BPV-3 has been isolated from atypical 

papillomas of the skin and has only been isolated from 

cattle in Australia (Pfister et a!., 1979). BPV-4 is 

isolated from alimentary tract papillomas and exhibits a 

tendency to transform into a malignant cancer (Campo et 

a1.,1980). BPV-5 is isolated from a common papilloma of 

the teat and udder and is often termed "rice grain" 

papilloma due to the morphological appearance of the 

papilloma (Campo et a!., 1981). BPV-6 is isolated from 

frond ep1.thelial papillomas of the udder (Jarrett et aI., 

1984). All BPV types have been shown to be d1.fferent by 

nucleic acid hybridization studies, restriction 

endonuclease cleavage patterns, and serologically. The 
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morphology, histology, and location of the lesions which 

they induce are also different. 

The BPV are divided into two groups. Group A members 

include BPV-1, BPV-2, and BPV-5, with each of these viruses 

inducing fibropapillomas, and possessing a genome of 

approximately 5 x 10 6 daltons in size. DNA sequence 

homology has also been demonstrated between these viruses. 

Approximately 50% of DNA sequences are homologous between 

BPV-1 and BPV-2 based upon DNA-DNA reassociation klnetics 

(Lancaster and Olson, 1978) while BPV-2 and BPV-5 share 

less than 5~o DNA homology (Campo et a!., 1981). 

Group B members include BPV-3, BPV-4, and BPV-6. These 

viruses lnduce true epithelial papillomas, contain a genome 

of approximately 4.4 x 10 6 daltons in size, and share some 

DNA sequences ln common (Jarrett et a1., 1984). BPV-3 and 

BPV-4 share approximately 50% of their DNA sequences while 

BPV-6 shares approximately 20% DNA sequence homology to 

either BPV-3 or BPV-4 (Jarrett et a1., 1984). There does 

not appear to be any DNA sequence homology between members 

of group A and group B. No seroreactivity occurs between 

members of the two BPV groups either. 

Of the bovine papillomaviruses, BPV-1 has been the 

most extensively studied. DNA saturation hybridization 

studies indicate that BPV-1 and BPV-2 share between 52 -
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58% of their sequences in common while DNA-DNA 

reassociation kinetics demonstrates 45% homology (Lancaster 

and Olson, 1978). These two viruses are also 

antigenically cross-reactive, however, they differ in their 

ability to hemagglutinate mouse erythrocytes and differ by 

a fa c tor 0 f 1 0 i n h em a g g 1 uti nat ion i n h i bit i on and 

complement fixation assays (Lancaster and Olson, 1978). On 

the basis of restriction endonuclease sites both the BPV-1 

and BPV-2 genomes appear to be colinear when aligned at the 

single HindII! site (Lancaster, 1979; Murphy et a1., 1981; 

Potter et a1., 1981; Campo and Coggins, 1982). 

The entire DNA sequence of BPV-1 has been determined 

(Chen et a1., 1982) as well as the putative late region of 

BPV-2 (Potter and Meinke, 1985). Analysis of these two DNA 

sequences indicates that these two viruses share 82% of 

their nucleotide bases in this region. The BPV-1 genome is 

organized in a manner where all major open reading frames 

are located on one strand of the DNA. This is in striking 

contrast to the genomic organization of the polyomaviruses 

where both strands are used for coding purposes. The 

organlzation of the open reading frames is extremely 

compact with considerable ORF overlap and only 10% of the 

coding strand does not contaln any major ORF's. This 

noncoding region covers approximately 900 base pairs 
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(ranging from nearly 400 base pairs in HPV-8 to 982 base 

pairs in HPV1a) (Petterson et a1., 1987). This noncoding 

region contains many of the transcriptional control signals 

for the virus as well as signals for DNA replication. 

Transformation and the Early Region 

With most viruses the genome can be divided into an 

early region, which is expressed before DNA replication 

initiates, and a late region, which is expressed after DNA 

replIcation has Initiated. However, with the 

papillomaviruses no tissue culture system exists and the 

distinction between early and late regions has not been 

clearly defined. Instead, the papillomavirus genome has 

been divided into an early region and a late region, based 

upon the ability of the viral genome to transform cells in 

vitro. The early region comprises 69% of the viral genome 

(including the noncoding region) and is capable of 

transforming cells in vItro. There are two large open 

reading frames, E1 and E2 along with six smaller open 

reading frames, designated E3 through E8 located in the 

early region. The late region, which is not required for 

in vitro transformation, contaIns two large open reading 

frames, L1 and L2, which are believed to code for viral 

structural proteins. There have been numerous 
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papillomavirus genomes sequenced, with a striking number of 

genetic similarities between them, including the number and 

location of the open reading frames and the noncoding 

region. This suggests that the papillomaviruses have all 

evolved from a common ancestor, and thus a probable 

relationship exists among the functions of corresponding 

genes from one virus to another. Therefore, most of the 

current research with these viruses has been done with BPV-

1 and this has become the prototype virus for this family 

of VIruses. 

The BPV appear to be very oncogenic papillomaviruses 

and capable of Infecting several animal species. Those 

animals which are susceptible to BPV infection includes 

cattle, horses, mice, hamsters, and the pika (Olson, 1987). 

BPV-1 and BPV-2 DNA sequences have repeatedly been 

demonstrated in naturally occuring 

(Lancaster et a1., 1977; Lancaster et a1., 

equine sarcoids 

1979; Amtmann et 

a1., 1980). Experimentally, BPV 1 and 2 can induce equine 

sarcoids (Lancaster et a1., 1977). Following injection of 

BPV 1 or 2, fibromas have been observed in mice (C3H/eB) 

(Boiron et al., 1964) and in hamsters (Robl and Olson, 

1968; Breitburd et al., 1981) at the site of injection. 

Inoculation of hamsters with BPV 1 or 2 results In the 

formation of fibroblastic tumors within six months to one 
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year, which are often malignant and metastasize to the 

lungs, tail, and legs (Olson, 1987). BPV 1 or 2 are also 

capable of In vitro cellular transformatlon in cells of 

bovlne (Black et a1., 1963; Boiron et a1., 1965; Meischke, 

1979), murine (Thomas et a1., 1964; Dvoretzky et a1., 198U; 

Lowy et a1., 1980) and hamster origins (Geraldes, 1969; 

Geraldes, 1970; Morgan and Meinke, 1980). 

A quantitative tissue culture assay in mouse cells (NIH 

3T3 and C127) has been developed for the BPV (Meischke, 

1979; Dvoretzky et a1., 1980). Following infection with 

BPV-1 or BPV-2 virus particles, or transfection with 

genomic DNA (Lowy et a1., 1980), focus formation develops. 

The foci are capable of growth in low serum concentrations 

and in soft agar, and are tumorigenic in nude mice; typical 

characteristics for transformed cells. Focus formation 

follows single hit kinetics, meaning one virus particle or 

one genome is capable of the induction of one foci. Only 

the 69% HindIII/BamHI subgenomic fragment of the BPV-1 

genome (the early region) is required for cellular 

transformation (Lowey et al., 1980). Several other 

papillomaviruses have subsequently been shown to transform 

cells. This includes BPV-4, HPV-6b, HPV-16, and HPV-18 

transformation of NIH 3T3 cells (Campo and Spandidos, 1983; 

Kaur and McDougal, 1987; Laimins et a1., 1987) and HPV-1, 
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HPV-5, HPV-16, and HPV-18 transformation of C127 cells 

(Watts et a1., 1984; Watts et a1., 1917). 

Two independent regions of the BPV-1 genome have been 

shown to be required for the expression of the fully 

transformed phenotype in cells. The first region maps to 

the 3'-end of the 69% transforming region and includes the 

E2, E3, E4, and E5 ORF's (Nakabayashi et a1., 1983; Sarver 

et a1., 1984; Schiller et a1., 1984). This region by 

itself does not result in a fully transformed phenotype as 

cells are not anchorage independent, and are not highly 

tumorigenic in nude mice (Sarver et a1., 1984). The second 

transforming region maps to the E6/E7 region of the BPV-1 

genome and this is required for full expression of the 

transformed phenotype (Sarver et a1., 1984). 

To exclude the possibility that the above data may 

represent the existence of two exons coding for 

transforming functions, Yang et al. (1985a) constructed 

cDNA librarys from BPV-1 transformed C127 cells. They 

found two different cDNA clones each of which possessed 

transforming functions, therefore, suggesting that the BPV-

1 genome contains two transforming genes. The first 

transforming cDNA clone contained the E6 ORF. Those cDNA 

clones expressing the E6/E7 hybrid or E7 ORF did not posses 

transforming functions. Supporting the the data that the E6 
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ORF is a transforming gene, DiMaIo et ale (1987) 

demonstrated that mutations in [6 but not in [7 prevented 

growth of transformed cells in soft agar. A second cDNA 

clone contained all of the 3' ORF's intact ([2, [3, [4, and 

(5) and unspliced and was demonstrated to induce cellular 

transformation. Both of the cDNA transforming clones acted 

synergistically in transformlng C127 cells, for example, 

foci appeared in less time and were larger than those 

induced by eIther of the single cDNA clones alone. 

Mutational analysis has mapped the 3' transforming gene to 

the [5 URF using in frame termination codons (Rabson et 

a!., 1986) and by frame shift mutations (Schiller et a!., 

1986; Groff and Lancaster, 1986; DiMaio et aI., 1986b). 

The [6 ORF is one of the BPV-1 transformlng genes 

(Schiller et al., 1984; Yang et al., 1985) and can 

transform C127 cells when linked to a heterologous promoter 

(Schiller et a!., 1984; Yang et aI., 1985). The [6 gene 

acts in a synergistic manner with the [5 transforming gene 

in the transformation process of C127 cells, but not with 

NIH 3T3 cells (Yang et aI., 1985a). Additionally, this 

gene is required for anchorage independent growth and for 

full tumorigenicity in nude mice (Sarver et al., 1984). 

Recently Androphy et ale (1985) has identified the [6 

transforming protein within transformed cells as a 15.5 
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kilodalton protein found within nuclear and membrane 

fractions of the cells. This protein displays low amino 

acid homolog~.between the papillomavirus genomes sequenced 

so far, but does have a conserved location of four Cys-X

X-Cys motifs (Baker, 1987). This is similar to those found 

in the SV40 virus and polyomavirus small t antigen genes 

(Baker, 1987) and suggests a DNA binding role, which has 

not yet been demonstrated. Additionally, the E6 protein 

has a high lysine and arginine content (Howley and 

Schlegel, 1987). 

The second transforming gene, E5, is capable of 

transforming NIH 3T3 cells as well as C127 cells. This 

protein has been identif1ed in transformed cells (Schlegel 

et aI, 1986) as a 7 kilodalton protein of 44 amino acids 

and is very hydrophobic. The E5 protein is located 

primarily within the cellular membranes. While the E5 ORF 

is not well conserved between all papillomav1rus genomes, 

it is well conserved between those papillomaviruses which 

induce both epithel1al and fibroblast1c cell proliferations 

(Howley and Schlegel, 1987; Baker, 1987), such as the BPV-

1, BPV-2, and the deer papillomav irus (DPV) of which 48~o of 

the nucleotide bases are identical in the E5 ORF (Baker, 

1987). Therefore, it is possible that the E5 protein 1S a 

fibroblast specific transforming protein. The E5 proteins' 



17 

role in stimulatIng fibroblasts is supported by the 

observation that the BPV-1 E5 ORF can readily transform NIH 

3T3 cells which are of fibroblastic origin, whereas the 

transformation of C127 cells, which are of epithelial 

origin displays a slightly different phenotype (Howley and 

Schlegel, 1987). 

The state of the viral DNA in natural lesions or In 

transformed cells appears to be non-integrated, and is 

found as free supercoiled or circular episomes with some 

catenated forms observed (Lancaster, 1981; Law et aI., 

1981; Moar et aI., 1981a; Moar et aI., 1981b). The viral 

DNA does not appear to be methylated (Pfister et aI., 1981; 

H. Potter, personal communication). Within the transformed 

cells there exists between 50 - 800 genone equivalents per 

cell, with an average of approximately 100 (Lancaster et 

al., 1976; Lancaster et al., 1977; Law et al., 1981; 

Lancaster, 1981). Law et a1. (1981) and Turek et a1. 

(1982) showed that integration into the host genome was not 

required for the induct ion of transformat ion. In the 

latter study SPV-1 transformed cells were treated with 

interferon and after time cells were isolated which had 

lost the transformed appearance. Subsequent analysis of 

these cells faIled to demonstrate the presence of SPV 
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sequences, and upon retransformation of the revertant cells 

the typical transformed phenotype was reestablished. 

Viral Repl ication 

Upon entry of the papillomavirus genome into the cell 

the genome undergoes two phases of replication (Botchan et 

al., 1986). The initiation phase is characterized by an 

over-replication of the genome out of synchrony with 

cellular genomic replicat1on. Once the copy number of the 

papillomavirus genome reaches approximately 100 the 

initiation phase is modulated, and viral DNA repl1cation 

becomes that of a latent plasmid which is regulated to 

replicate in synchrony with the host cell genome, once per 

cell division. It is believed that the initiation of the 

latent phase of replication 1S due to the accumulation of a 

repressor, which has yet to be identified. 

In order to locate the orig1n of replication of the 

papillomavirus genome, Lusky and Botchan (1984) developed 

numerous plasmlds containing various fragments of the BPV-1 

genome linked to the neomycin resistance gene, which was 

used as a marker gene. Assuming that a resident BPV would 

supply the necessary functions for the recombinant plasmids 

to repllcate, if they contained ori regions, they 

transfected the recombinant plasmids into previously BPV 
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transformed cells. Two BPV fragments were found capable of 

providing ori functions. One, PMS-1 (plasmid maintainance 

sequence), is located within a 521bp fragment within the 

noncoding region. The other, PMS-2, is located within a 

140bp fragment located within the E1 ORF. Both PMS-1 and 

PMS-2 display sequence homology and are orientated in 

opposite directions. Adjacent to each PMS slte are two 

negative control regions (NCOR) which appear to be required 

for repllcation maintenance and control (Schiller, 1987). 

Each NCOR site shares sequence homology with each other. 

Recently, it was demonstrated that the BPV-1 ori requires 

an enhancer to function (Lusky and Botchan, 1986). They 

demonstrated that the 3'-distal enhancer by itself will 

provide the necessary function, and also that another 

replication enhancer maps within the late region. 

In another study to locate the papillomavirus origin 

of replication, Waldeck et ale (1984) used the electron 

microscope to study BPV DNA molecules obtained from 

transformed cells. They found Cairns type of molecules 

with the replication bubble mapping to the same location as 

the PMS-1 site described above. No replication origins 

were observed which mapped to the PMS-2 slte suggestlng the 

PMS-1 slte is the origin of replication which is normally 

utillzed by the papillomavirus. 
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Besides the CIS acting elements of the papillomavirus 

genome described above, several papillomavirus derived 

trans actIng elements are involved in the replication of 

the viral genome. The E1 ORF encodes for two gene products 

(Howley, 1987). The 3'-end of the E1 ORF, called R (for 

replication), appears to encode a positive factor required 

for replication (Schiller, 1987). Mutational analysis has 

indicated that mutations within the 3'-end of the E1 ORF 

abolishes episomal plasmid replication, and results in the 

viral genome being integrated into the host genome 

(Nakabayashi et a1., 1983; Sarver et a1., 1984; Lusky and 

Botchan, 1985). The second gene, M (for modulation of 

replication), is encoded by the 5'-end of the E1 ORF. 

Mutants in this segment will replicate, but replication 

does not enter the latent phase and is not brought under 

the control of the cell cycle. So far the Rand M proteins 

have not been identified within transformed cells. 

Bacterial fusion proteins have been generated containing 

these gene products. The M portion displays ds-DNA binding 

activity and the R portion exhibits an ATP binding activIty 

(Schlller,1987). The significance of these findings are 

still unknown. The carboxy terminus of the E1 ORF appears 

to be highly conserved among the papillomaviruses, 

especially over the last 60% of the ORF (Clertant and Seif, 



21 

1984; Baker, 1987). This region also displays homology 

with the SV40 and polyomavirus large T antigen at the amino 

acid level, and includes the regions of the large T antigen 

which are involved with nucleotide binding and ATPase 

activity (Clertant and Seif, 1984). 

Additionally, mutations within the E6 and E6/E7 ORF's 

result in replication of the viral genome as a plasmid, 

however, the copy number is greatly reduced to less than 5 

copies per cell (Lusky and Botchan, 1985; Berg et a!., 

1986). These mutants will undergo the initial 

amplification of the viral genome, but cannot maintain the 

high copy number of the wild type virus after the 

initiation phase (Botchan et a1., 1986; Schiller, 1987). 

VIral TranscrIption 

Analysis of the transcriptlonal pattern in BPV 

transformed cells, and in the fibropapillomas induced by 

the BPV has been accomplished by using Northern blot 

analysis, S1 nuclease analysis, primer extension studies, 

and electron microscopic heteroduplex analysis. These 

studies have indicated that a very complex pattern exists 

for the production of mRNA's. Only between 0.006 - 0.2% of 

the total mRNA in transformed cells is BPV-1 derived 

(Heilman et a1., 1982, Yang et a1., 1985). This low level 
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of BPV specific transcripts has made it difficult to 

establish a complete transcriptional map, which is still 

incomplete. Analysis of viral specific transcripts from 

BPV-1 naturally induced lesions, and in C127 transformed 

cells shows that at least five transcripts are detected, 

with two transcripts of about 1100bp's and 1300bp's being 

present in much higher quantities than the others (Amtmann 

and Sauer, 1982; Engel et aI., 1983; Freese et aI., 1982). 

In transformed cells all of the transcripts map within the 

69% transforming fragment of the genome. Each of the major 

mRNA's in the transformed cells consist of at least two 

exons and, therefore, a complex pattern of splicing events 

exist (Ahola et aI., 1983; Yang et aI., 1985; Stenlund et 

al., 1985). Four splice acceptor sites and two splice 

donor sites have been identified by S1 nuclease analysis 

and by sequencing cDNA clones (Stenlund et aI., 1985; Yang 

et aI., 1985). All of the transcripts isolated from the 

transformed cells are polyadenylated and share a common 3'

terminus, but possesses different 5'-ends. The early 

region mRNA's have been divided into five categorles 

primarily based upon their 5'-ends (Petterson et a1. 1987). 

Of the mRNA's identified in the viral producing 

fibropapilloma's all appear to be a subset of those found 

in the transformed cells (Engel et ale 1983) except for two 
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additional messages. These two transcripts are believed to 

encode for the viral structural proteins (Pfister, 1984). 

All of the ORF's of the BPV-1 genome and other 

papillomavirus genomes appear to be represented by mRNA's, 

except for the E3 ORF which has no ATG codon in the BPV 

genome, and is absent in the other papillomavlrus genomes 

sequenced so far (Pettersson et a1., 1987). Additionally, 

no mRNA corresponding to this ORF or the E8 ORF has yet 

been identified in the BPV system (Petterson et a1., 1987). 

Furthermore, there has not been an mRNA specie 

characterIzed for the E1 ORF, except in two nuclear RNA's 

in whlch the E1 ORF is subsequently spliced out in the 

cytoplasmic messages (Petterson et a1., 1987). This may be 

due to the low abundance of this message which is escaping 

detection. 

The control of gene transcription within the 

papillomavirus genome also appears to be complex. There 

e xis t sat 1 e a s t six pro mot e r sin B P V - '), f i v e uti liz e din 

transformed cells and at least one additIonal promoter used 

for late gene transcription (Howley and Schlegel, 1987). 

The activation of these promoters is suspected to be under 

a temporal control scheme which is regulated by posltive 

and negative controls factors (Schiller, 1987). 
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Promoters and Terminators 

Several TATA motifs exist within the genome of BPV-1 

(Chen et al., 1982). These are characteristic of 

eukaryotic promoters and are important. for localIzing the 

5'-end of mRNA's. Two are located just upstream of the 

early region, within the noncoding region. A potential 

cap site for mRNA is located after each TATA box and 

potentIal splice donor sequences shortly follow. This 

could give rise to leader sequences of six nucleotides with 

the first TATA box and a 125 nucleotIde leader sequence 

with the second TATA box. Four transcripts hybridize to a 

DNA fragment in which these possible leader sequences are 

located (Amtmann and Sauer, 1982); thus supporting the idea 

that mature messages are produced via splicing events. 

Functional assays for promoter activity using 

subgenomic fragments of the BPV-1 genome inserted into a 

plasmid containing a promoter deficient HSV-1 thymIdine 

kinase OK) gene have been performed (Campo et a1., 1983). 

Two fragments, each contaIning one of the BPV-1 TATA boxes 

located just upstream of the early region, were found to 

stimulate TK gene expression indIcating that both TATA 

boxes are functional promoters. The activity of these two 

fragments were much greater when orientated in the 5' to 3' 

dlrection relative to transcriptlon of the TK gene than in 
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DNase I hypersensitivity 

correlates with active transcriptional control elements 

(Elgin, 1981). A DNase I hypersensitive region has been 

identifled in the BPV-1 genome which maps to the same 

region as the TATA boxes (Rosl et al., 1983). Several 

other promoter regions are located within the coding 

regions of the genome, and are also believed to be active 

since several mRNA's appear to have their 5'-ends mapping 

to these regions. 

There are also four polyadenylation signals located 

within the BPV-1 genome, only two of which appear to be 

functional (Petterson et a1., 1987). These sequences are 

important in determining the 3'-ends of mRNA's (Proudfoot, 

1982). One is used for the early region transcripts, and 

is located at the 3'-end of the transforming region where 

all early region messages appear to terminate (Yang et al., 

1985). The other is used for the late region transcripts, 

and is located at the 3'-end of the late region, 

immediately next to the noncoding region (Engel et al., 

1983). 

Enhancer Elements 

There also exists two transcriptional enhancer 

sequences within the BPV-1 genome (Lusky et a1., 1982; 
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Lusky et a1., 1983; Weiher and Botchan, 1984; Spalholz et 

al., 1985). Enhancer sequences are unusual transcriptional 

control elements in that they may be located and function 

in different locations and in different orientations 

relative to the promoter in which they influence. They may 

activate gene transcription from distances greater than two 

kilobases away. While enhancers are required for 

transcription of several genes, there are examples of 

genes which appear to be resistant to enhancement (Khoury 

and Gruss, 1983). Many enhancers can also be tissue 

specific, functioning more efficiently in some cells than 

in others. For example, the SV40 enhancer functions more 

efficiently in monkey cells than in mouse cells, however, 

the polyoma enhancer functions more efficiently in mouse 

cells than in monkey cells (deVilliers et a1., 1981). 

The distal enhancer is located within a 60bp region 3' 

to the early region, and within the late region coding 

sequences. This is in striking contrast to the location of 

other characterized enhancer elements which are usually 

located at the 5' end of the promoter which they influence, 

or within noncoding regions, as with the immunoglobulin 

enhancer which is located within an intron. The distal 

enhancer has been demonstrated to substitute for the SV40 

enhancer in large T antigen expression (Lusky et al., 1983; 
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Weiher and Botchan, 1984). This enhancer increases the 

efficiency of transformation of TK- cells to the TK + 

phenotype when linked to the Herpes simplex virus thymidine 

kinase gene (Lusky et a1., 1982; Lusky et al., 1983). 

SpandIdos and Wilkie (1983) demonstrated that thIS enhancer 

exhibited a preference for bovine cells. Howley et al. 

(1985) have demonstrated that this distal enhancer is not 

cis essential for plasmid maintenance or for transformation 

in mouse C127 cells. Therefore, the role of this enhancer 

in the biology of BPV-1 remains unknown. 

The second BPV-1 enhancer identified is located within 

the noncoding region and is transactivated by the E2 ORF 

gene product (Spalholz et a1., 1985). The E2 gene product 

has been shown to be a DNA binding protein which 

specifically bInds to the sequence ACCN 6GGT (Moskaluk and 

Bastia, 1987). This sequence is present at two sites 

within the nonconding region to which the E2 protein bInds 

(Howley, 1986). This sequence is conserved in the 

noncoding regions of other papillomavirus genomes sequenced 

as well. The BPV-1 E2 gene product can also transactivate 

the HPV-16 enhancer and the HPV-16 E2 product can 

transactivate the BPV-1 enhancer (Phelps and Howley, 1987; 

Howley and Schlegel, 1987). Mutations within the E2 ORF 

result in a marked decrease in transformation (Sarver et 
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a1., 1984, Lusky and Botchan, 1985; DiMaio et 81., 1986a). 

This effect may, however, be indirect by inhibiting the 

transcription of those genes directly responsible for the 

transformation process, specifically the [5 and [6 genes. 

Additionally, the [2 product may play an indirect role in 

replication by influencing those genes responsible for 

replication, the E1, E6 and [6/E7 gene products (Lusky and 

Sotchan, 1986). Mutations in the E2 gene leads to the 

integration of the viral genome (Sarver et a!., 1984; 

Rabson et aI, 1986; DiMaio et al., 1986a; Groff and 

Lancaster, 1986). When the [2 gene is supplied in trans, 

episomal maintenance of the genome is continued (Rabson et 

al., 1986). Recently, Lambert et a1., (1987) have 

demonstrated that the E2 ORF encodes two dIfferent 

proteins. The first includes the entire E2 ORF, and acts 

as a transcriptional activator binding at the E2 activated 

enhancer sequence. The second protein only spans the 

carboxy terminus of the E2 ORF and acts as a 

transcriptional repressor. The carboxy terminus portion of 

the protein will bind to DNA (Schiller, 1987). Neither of 

the two [2 proteins have been identified in SPV transformed 

cells. It is speculated that the carboxy terminus binds to 

the consensus sequence, and the amino terminus interacts 

with host cell factor(s) to activate transcription. Both 
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the amino and carboxy termini of the E2 ORF are strongly 

conserved among the sequenced papillomavirus genomes 

(Baker, 1987). 

BPV ~ ~ Cloning Vector 

Because the papillomaviruse genome replicates 

episomally and maintains a relatively high copy number, the 

desire to use this system as a cloning vector has been 

developed with success. Numerous genes have been linked to 

the 69% transforming region of the BPV-1 viral genome and 

transfected into cells. In most cases the DNA remains both 

unrearranged and episomal, and the recombinant plasmid may 

be readily rescued if desired. The gene of interest is 

usually expressed in high levels when heterologous 

promoters are used, in contrast to the low abundance of BPV 

specific messages. Additionally, post-transcriptional and 

post-translational modifications are correctly carried out 

within the transformed cells. There also does not appear 

to be major size limitations using the BPV cloning vector 

system, as a 16,OOObp plasmid has been reported (DiMaio et 

aI., 1982). Instability of the recombinant BPV vectors are 

commonly reported. Transformation with linear DNA usually 

results in rearrangements particularily at the ends of the 

molecule upon recircularization and this is often 
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accompanied by the acquisition of new host derived 

sequences (Law et a1., 1981; Sarver et a1., 1981; Zim et 

al., 1982). Deletions can also occur with these 

recombinant molecules, especially within the bacterIal 

sequences (DiMaio et a1., 1982). Finally, using certain 

promoters, or the location of the desired insert within the 

cloning vector integration may occur (Ostrowski et al., 

1983; DiMaio et a1., 1984; Sarver et a1., 1985; Allshire 

and Bostock, 1986). 

The Late Region 

The late region of BPV is not required for cellular 

transformation and appears to be transcribed only in virus 

producing cells of the fibropapilloma (Amtmann and Sauer, 

1982; Baker and Howley, 1987). Two large open reading 

frames, L1 and L2, are located within the late region. 

Within BPV induced fibropapillomas two late region 

specific messages have been isolated (Baker and Howley, 

1987). The first message spans the L1 ORF and has its 5'-

end located within the noncoding regIon. This late region 

promoter appears only to be active in producing this L1 

message. The second late region message spans the L2 and 

L1 ORF's, and has its 5 1 -end located just prior to the 

start of the L2 ORF where a TAT A box is located. This 
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message is believed to encode for the L2 ORF gene product. 

Transcription analysis from the cottontail rabbit 

papillomavirus (Nasseri et a1., 1984), HPV-1 (Chow et a1., 

1987a), and from HPV 6 and 11 (Chow et al., 1987b) 

demonstrates that several messages span the L2 ORF, some of 

which have 5'-ends located within the early region and one 

with the 5'-end located immediately before the start of the 

L2 ORF. Baker and Howley (1987) have indlcated that only a 

few cDNA clones were obtained and analyzed which correspond 

to the putative L2 message, and futher indicated that the 

L2 message they examined may have been a truncated L2 

message. Therefore, the transcription map for the late 

region, and especially for the L2 ORF appears incomplete. 

Papillomavirus Structure 

Due to the lack of a tissue culture system which would 

enable the propagation of papillomavirus particles, and to 

low yields of virions from wart tissue, little information 

is known regarding the structural proteins of the 

papillomaviruses. The BPV-2 L1 and L2 ORF's have the 

capacity to encode for proteins of 55,600 and 49,500 

daltons, respectively (starting from the first MET codon) 

(Potter and Meinke, 1985). Upon disruption of BPV-1 and 

BPV-2 virions, followed by 50S-polyacrylamide gel 
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electrophoresis, a major protein of approximately 55,000 

daltons is observed as well as several minor proteins 

including the histones (Favre et a1., 1975; Favre et a1., 

1977; Lancaster and Olson, 1978; Meinke and Meinke, 1981; 

Pfister et a1., 1979). Amino acid analysis of the major 

protein from BPV-1 (Meinke and Meinke, 1981) compared with 

the DNA sequence (Chen et al., 1982) demonstrated that this 

protein was encoded by the L1 ORF. In addition, a wart 

specific mRNA which hybridizes to the L1 ORF also directs 

the systhesis of a 55,000 dalton protein (Engel et al., 

1983). Thus, it seems reasonable to conclude that the L1 

ORF encodes the 55,000 dalton major capsid protein. The L1 

ORF is one of the most highly conserved of the 

papillomavirus genes with approximately 29~o of the amino 

acid residues being identical between those 

papillomaviruses which have been sequenced (Baker, 1987). 

The L2 ORF gene product has not yet been identified in 

the bovine papillomaviruses. Data from HPV-1a and HPV-6b 

(Door bar and Gallimore, 1987; Komly et a1., 1986; Tomita et 

al., 1987) have demonstrated that the L2 protein from these 

viruses corresponds to a 70,000 to 76,000 dalton viral 

protein. Doorbar and Gallimore (1987) demonstrated that 

this protein was not a fusion proteIn from possible early 

region ORF'S which could contributre to a fusion protein 
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with L2. Therefore, a discrepancy exists between the 

predicted molecular weight from the nucleotide sequence of 

the HPV L2 gene product to that which is observed ln 

polyacrylamide gels. To identify and characterize the L2 

ORF gene product we cloned the BPV-2 L2 ORF in an 

Escherichia coll expression vector resulting in a cloned 

protein being produced. Antisera was developed to this 

cloned protein product, which was then used to identify and 

characterize the L2 protein from BPV-2 virions. 



MATERIALS AND METHODS 

Bacterial Strains and Plasmids 

E. coli straIn DC646 ~Mallon et al., 'J986) contalnlng 

an exclsion defective lysogenic A phage with a wild-type 

A Cl repressor was used for plasmld propagation. E. coli 

strain MZ1 (Mallon et al., 1986) carrying an excision 

defective A lysogen, containing a temperature sensitive cl 

repressor (ts cI857) was used as a host for protein 

expression studies. Bacterial strains were grown in L-

broth supplemented with 50 ug/ml ampicillin when required. 

The plasmid expression vector pRA10 (Mallon et a1., 

1986) contains the pL promoter linked to the A cII gene 

translational start signals including the first 13 N

terminal amino acids of the ciI gene, followed by the 

M13mp19 polylinker region. The plasmid pHP85 (Harold 

Potter, personal communication) contains the entire BPV-2 

genome cloned (at the single HindI!I site) into the single 

HindIII site of pBR322. Techniques for plasmid preparation 

were from Maniatis et a1. (1982). 

Construction of Recombinant Plasmids 

The recombinant plasmid pB2L2-35 was constructed by 

removing a 2030bp BamHI fragment from pHP85 and ligating 

34 
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this fragment into the single BamHI site of pRA10. 

Restriction endonuclease digestion was accomplished by the 

recommended procedure of the manufacturer (Bethesda 

Research Laboratories, Bethesda, MD.). The digestion 

mixture was electrophoresed in a 1.0% agarose gel using a 

Tris-borate buffer, pH 8.3 at 25 0 C (Maniatis et aI., 1982) 

until the tracking dye reached the bottom of the gel. The 

gel was stained using a 1.0 microgram per milliliter 

solution of ethidlum bromide and visualized using long wave 

UV light at 366 nanometers (Transilluminator Model TM-36, 

Ultra-Violet Products, Inc., San Gabriel, CA.). The 

desired DNA fragment was eluted from the gel using the 

agarose extraction procedure. The DNA band was excised 

from the gel using a razor blade and minced to an almost 

liquid consistency. This was then placed into a 1.5 

milliliter microfuge tube and an equal volume of 

equilibrated phenol was added. The phenol was equilibrated 

by melting phenol in a boiling water bath, adding an equal 

volume of a 25X NTE (20mM Tris-HCI, pH8.0, 0.1M NaCl, bmM 

EDTA) then vortexing for approximately one minute. After 

the phases separated, the aqueous phase was discarded and 

an equal volume of a 1X NTE solution added to the phenol. 

This again was vortexed and the aqueous phase discarded. 

The microfuge tube containing the gel and phenol mixture 
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was vortexed for one minute then frozen at -70 o C for 15 

minutes. The tube was thawed and vortexed again for one 

minute, then centrifuged in an Eppendorf microfuge for 15 

minutes at 4 o C. The aqueous phase, containing the DNA, was 

collected and 200 microliters of TE buffer (10mM Tris-HC1, 

1mM EDTA) added to the microfuge tube containing the phenol 

and agarose. The tube was then vortexed, frozen, and 

centrifuged, as above, and the aqueous phases pooled. To 

the DNA containing aqueous solution an equal volume of 

phenol-chloroform (chloroform contained chloroform with 

isoamyl alcohol, 24:1) was added and the mixture vortexed 

and briefly centrifuged to separate the phases. The 

aqueous phase was collected and placed in a new microfuge 

tube to which 1/10 volume of 3M sodium acetate and 2.5 

volume of 95% ethanol was added to precipitate the DNA. 

The tube was chilled at -70oC for 30 minutes, and then 

centrifuged for 15 minutes in an Eppendorf microfuge at 

4 o C. The supernatant was then decanted and the DNA dried 

under vacuum. Afterwards, the DNA was suspended in TE 

buffer (10mM Tris-HCL, pH 7.5, 1mM EDTA) and stored at -

20 oC. 

The ligation reaction contained insert and 

dephosphorylated vector at a 5:1 ratio (picomoles of ends) 

with a total DNA concentration of 200 nanograms, ligase 
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buffer (50mM Tris-HCl, pH 7.6, 10mM MgCl 2 , 5% PEG 8000, 

1.0mM ATP, and 1.0mM dithiothreitol), with one unit of T4 

DNA ligase in a final volume of 20 microliters. The 

phophatase reaction involved incubating 50 picomoles of 5 1
-

terminal phosphorylated DNA with 0.5 unit of alkaline 

phophatase from calf intestine at 37°C for 30 minutes. 

Subsequently, the mixture was phenol extracted twice with 

equilibrated phenol and then extracted twice with ether. 

The DNA was then precipitated by the addition of 1/10th 

volume 3M sodium acetate and 2.5 volume of 95% ethanol and 

chilled at -70°C for 30 minutes. After centrifugation in 

an Eppendorf microfuge for 15 minutes at 4°C the 

supernatant was decanted, and the DNA dried under vacuum 

and then suspended in TE buffer. The ligation reaction was 

incubated overnight at room temperature, and then 

transformed into I. coli DC646 using the rubidium chloride 

method described by Kushner (1978). Briefly, L-broth was 

inoculated with the bacteria to a Klett value of 10. The 

culture was then incubated at 37 0 C at 250 RPM until a Klett 

value of 75 was reached. Two milliliters of the culture 

were then centrifuged for 10 minutes at 8000 RPM in an SS-

34 rotor. The supernatant was decanted and the pellet 

suspended in one milliter of buffer A (10mM MOPS, pH 7.0, 

10mM RbCl). The tube was centrifuged, as above, the 
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supernatant decanted and the pellet suspended in one 

milliliter of buffer B (100mM MOPS, pH 6.5,50 mM CaCI 2 , 10 

mM RbCI). The tube was then incubated on ice for 30 

minutes, then centrifuged, as above. After centrifugation 

the tube was decanted thoroughly and the cells gently 

suspended in 0.2 milliliter of buffer B. To the cells, 3 

microliters of DMSO and 200 nanograms of DNA were added, 

the mixture incubated on ice for 30 minutes, then the tube 

was heated for 45 seconds at 42 0 C in a waterbath. Five 

milliliters of L-broth was added and the tube incubated for 

one hour at 37 0 C without shaking. Aliquots of the 

transformation mixture were then applied to L-plates 

containing 50 ug/ml of ampicillin and the plates incubated 

at 32 0 C overnight in order to isolate transformants. 

The transformants obtained were screened for 

appropriately sized plasmids by the boiling miniscreen 

procedure of Maniatis et ale (1982). Individual 

transformants were inoculated into culture tubes containing 

three milliliters of L-broth containing 50 ug/ml amplcillin 

and incubated overnight at 32 0 C shaking 250 RPM in a New 

Brunswick G-25 Controlled Environment Incubator Shaker (New 

Brunswick Scientiflc, Edison, N.J.). The cells were 

pelleted by centrifuging at 2500 RPM in an International 

Centrifuge Model HN-S (International Equipment Co., Needham 
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Heights, Mass.), and the supernatant decanted. The cell 

pellet was suspended in 350 microliters of miniscreen lysis 

solution (10mM Tris-HCl, pH 8.0~ 50mM EDTA, 0.5% Triton

X100, and 8% sucrose), the solution transferred to 1.5 

milliliter microfuge tubes, and 25 microliters of a 10 

mg/ml solution of lysozyme (prepared in 10mM Tris-HCl, pH 

8.0) was added. The tubes were then placed in a boiling 

water bath for 45 seconds, then immediately centrifuged in 

an Eppendorf microfuge for 10 minutes at 4°C and the pellet 

removed using a toothP1Ck. The nucleic acid was 

precipitated adding 40 microliters of a 3M sodium acetate 

solution and 420 microliters of isopropanol, and the tubes 

were placed at -20oC for 15 minutes. The plasmid DNA was 

pelleted by centrifugation for 10 minutes at 4°C in an 

Eppendorf microfuge, the supernatant decanted, and the 

nucleic acid suspended in 30 mlcroliters TE buffer 

containing 250 micrograms RNase A. After incubating for 30 

minutes at 37°C, the DNA was applied to a 1.09~ agarose gel 

and electrophoresed until the dye reached the bottom of the 

gel. The gel was stained with ethidium bromide and 

visualized using short wave UV light. 

Construction of pB2L2-12/1 involved cleaving the 

plasmid pB2L2-35 with Ball, isolating a 4801 base pair 

fragment, followed by ligation using T4 DNA ligase, by the 
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procedures described above. The ligation mixture was 

transformed, as above, into E. coli DC 646 and 

transformants screened for appropriately sized plasmids, as 

above. For the examination of protein expression, pB2L2-35 

and pB2L2-12/1 were subsequently transformed into E. coli 

MZ1, as described above. 

The cloning and expression of the 51-end of the L2 ORF 

involved digesting the plasmid pB2L2-12/1 with PvuII. The 

DNA fragments generated were separated in a 1% agarose gel 

and the largest DNA fragment of 3400 base pairs isolated 

from the gel, as described above using the agarose 

extraction method. The fragment was then ligated together 

using T4 DNA ligase. This reaction contained 2UO nanograms 

of DNA, ligase buffer, and 1 unit of T4 DNA ligase in a 

final volume of 20 micorliters. After incubation overnight 

at room temperature the mixture was transformed, as above, 

into E. coli DC646. After screening transformants for 

appropriately sized plasmids and correct orientation, the 

plasmid was then transformed into E. coli MZ1 for analysis 

of protein expression. 

The cloning and expression of the 31-end of the L2 ORr 

involved digesting pB2L2-12/1 with SstI and partially with 

PvuII. The partial PvuII digestion was accomplished by 

reducing the amount of enzyme added to the reaction mixture 
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and by reducing the digestion time. A 1255 base pair DNA 

fragment was then purified by the agarose extraction method 

as previously described. The vector pRA10 was also 

digested with 5stI and PvuII and a 3055 base pair fragment 

isolated from agarose, as above. The 3055 base pair vector 

fragment was then phosphatased, as described above. The 

two isolated DNA fragments were then ligated together, as 

above, and the ligation mixture transformed into E. coli 

DC646. After confirmation of appropriate size and insert 

orientation the plasmid was transformed into I.coli MZ1 for 

analysis of protein expression. 

Virus Purification 

BPV-1 and BPV-2 virions were isolated from different 

bovine fibropapillomas essentially by the method as 

described by Morgan and Meinke (1980). Virus particles 

were extracted by homogenizing about 6 grams of outer 

papillomatous material in extraction buffer (50mM Tris-HCl, 

pH 7.5, 1M NaCl) using a Virtis homogenizer at 50,000 RPM 

for 2.5 minutes at 4 0 C. Cellular debris was removed by 

centrifugation in an 55-34 rotor at 8000 RPM for 20 minutes 

at 4 0 C. The supernatant was collected and the pellet 

suspended in extraction buffer, homogenized, and 

centrifuged, as above. These steps were repeated twice. 
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The three supernatants were pooled and centrifuged at 

15,000 RPM for 30 minutes at 4°C to further clear the fluid 

of cellular debris. The supernatant was decanted and the 

pellet, containing virus, was suspended in CsCl to a 

density of 1.33 in 20mM Tris-HC1, pH 7.5, 0.1% sarkosyl, 

and 1mM EDTA, and dounce homogenized. The viral suspension 

was centrifuged at 15,000 RPM for 10 minutes at 4°C in an 

55-34 rotor. The supernatant was collected and centrifuged 

at 35,000 RPM for 24 hours at 25 0 C in an 5W50.1 rotor. 

This yielded two visible virus bands, which were collected 

separately, and the density gradient centrifugation step 

repeated. The viral bands were again collected, 

separately, and dialyzed against 20mM Tris-HCl, pH 7.5, 

o.no sarkosyl, 1mM EDTA for 24 hours at 4 o C. Afterwards, 

the virus was pelleted by centrifugation in an 5W50.1 rotor 

at 35,000 RPM at 20 0 C for 3 hours. The virus pellet was 

suspended in 20mM Tris-HCl, pH 7.5, o.no sarkosyl, 1mM 

EDTA, and further purified by banding in a 10-40~o sucrose 

gradient as described by Meinke and Meinke (1980) except 

that o.no sarkosyl was added to the gradient. After 

centrifugation the virus band was collected and dialyzed 

against 20mM Tris-HCl, pH 7.5, o.no sarkosyl, 'ImM EDTA, at 

4 0 C for 24 hours. The virus was again pelleted by 

centrifugation in an 5W50.1 rotor at 35,000 RPM at 4 0 C for 
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3 hours, and subsequently suspended in 10mM Tris-HCl, pH 

7.5, 1mM EOTA, and stored at -ZOoC. 

Protein Analysis Ei Viral and Bacterial Proteins 

Viral proteins were analyzed in 8% 50S-polyacrylamide 

gels using a similar procedure as described by Laemmli 

(1970). Purified virions were diluted 1:1 in 2X 

solubilizing solution (Z5mM Tris-HC1, pH 6.8, 1mo 50S, 20~o 

glycerol, 0.002~o bromophenol blue, and 10~o 2-

mercaptoethanol), heated at 56°C for 15 minutes, then 

boiled 5 minutes before application to the gel (3% stacking 

gel, 8% resolving gel). After electrophoresis the gels 

were stained using a Coomassie blue R-Z50 staining 

procedure as described by Cleveland et ale (1977). 

To examine bactrial proteins, the bacteria were grown 

at 3Z o C shaking at 250 RPM in a New Brunswick Scientific G-

25 Controlled Environment Incubator Shaker (New Brunswick 

Scientific, Edison, N.J.) to a Klett value of 60. Aliquots 

of the culture were then shifted to 4Z o C and cultures 

incubated for one additional hour. One milliliter of each 

culture was then centrifuged at 4 0 C in an Eppendorf 

microfuge for one minute, the supernatant decanted, and the 

pellet suspended in 100 microliters of 2X solubilizing 

solution (without Z-mercaptoethanol in non-reducing gels) 



and boiled for 5 minutes. 

44 

The proteins (20 microliter 

samples) were separated in 50S-polyacrylamide gels, either 

8~o or 12% resolving gels, and stained with Coomassie blue 

R-2S0, as described above. 

Densitometer scans of the gels which were stained with 

Coomassie blue R-2S0 were performed using a Helena 

Laboratories Quick scan R&D densitometer, Model #1052. To 

determine the ratio of the protein bands the corresponding 

peaks from the densitometer scans were cut out and weighed. 

Antibody Preparation 

Antibody to reduced and alkylated BPV-2 was generated 

in a rabbit. Reduction of the viral proteins involved 

dialyzing the virus against 8M urea overnight at room 

temperature. The viral protein was thp.n transferred into a 

tube and dithiothreitol (previously prepared in 20mM Tris

HCl, pH 8.2) was added to a final concentration of 20mM, to 

assure complete reduction of the proteins. This was 

incubated in the dark for one hour at room temperature, 

then iodoacetamide was added to a final concentration of 

SOmM, to alkylate the proteins and hence to prevent the 

proteins from refolding. This was incubated for one 

additional hour at room temperature. The solution 

containing the viral proteins was then dialyzed against PBS 
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(0.01M sodium phosphate, 0.9~o NaCI) for 24 hours. Samples 

of the viral protein were mixed 1:1 with Freund's complete 

adjuvant for the initial inoculation, or Freund's 

incomplete adjuvant for subsequent booster immunizations. 

The rabbit was immunized by subcutaneous injections in four 

locations, two in the neck region and two in the hip 

region. Booster injections were performed in similar 

locations at monthly intervals and sera collected two weeks 

after each immunization. 

The novel protein band in the polyacrylamide gel from 

pB2L2-12/1 was excised and electroeluted into a dialysis 

bag, using TBE buffer, at 4 0 C, at 50 milliamps, for 

approximately 1 hour. The protein was concentrated using 

an Amicon B15 protein concentrator (Amicon Corporation, 

Danvers, MA.) to a final volume of 500 microliters. The 

recombinant protein was usually generated from 

approximately 24-36 lanes from acrylamide gels for each set 

of immunizations. The concentrated protein was injected 

into a rabbit, as described above. 

Rabbits were bled from the ear vein two weeks after 

each immunization. The blood was allowed to clot then 

centrifuged at 2500 RPM in an Internatlonal Centrifuge 

Model HN-S (International Equipment Co., Needham Heights, 



Mass.) for 10 minutes at room temperature. 

collected and stored at -20oC. 

Western Blot Analysis 
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The serum 

Viral or bacterial proteins were separated in 8% or 

12% 50S-polyacrylamide gels as described above. After 

electrophoresis the proteins were electrophoretically 

transferred to nitrocellulose filters (Bio-Rad 

Laboratories, Richmond, CA.) by the method of Towbin et a1. 

(1979), except the transfer buffer contained 20mM Tris

base, 150mM glycine, 20% methanol, pH 8.3. After protein 

transfer the proteins were detected by a procedure outlined 

in the Dupont publication E-94753 ("New Procedure for 

Electrophoretic Transfer of Proteins (Western Blot) for 

Genescreen and Genescreen Plus"; 9/87; NEN Research 

Products, Boston, MA.). Briefly, filters were incubated in 

blocking solution (10~o Carnation Instant Non-Fat Dry Milk 

in PBS, 0.01 M sodium phosphate, 0.9~o NaCl) for one hour at 

room temperature with constant agitation. The filters were 

then incubated with the primary antibody diluted in 

incubation solution (blocking solution containing 0.3% 

Tween 20). After incubating for one hour, as above, the 

filters were washed three times in PBS, 0.3% Tween 20, then 

the secondary antibody, horseradish peroxidase (HRP) 
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conjugated IgG, previously diluted in incubation solution, 

was added and incubated as above. The filters were washed 

five times with PBS-Tween 20 and then once with PBS alone. 

Diaminobenzidine was used as the substrate for the HRP

conjugated antibody using the method described by Adams 

(1981), except that 1% nickel chloride was substituted for 

1% nickel ammonium sulfate. Molecular weight markers 

(Pharmacia, Piscataway, N.J.; Sigma Chemical Company, St. 

Louis, MO.; United States BIochemical Corporation, 

Cleveland, OH), transferred to nitrocellulose filters, were 

visualized by staining with a 0.1% aqueous amido black 

solution for 30 seconds followed by washing in distilled 

water. 

Hemagglutination Inhibition Assay 

Red blood cells from Balb/C mice were collected and 

stored as a 20~D solution in PBS at 4 0 C. To determine the 

amount of virus equal to 4 HA units, which was to be used 

In the hemagglutination inhibition assay, the 

hemagglutination titer of the virus preparation was 

determined. One hundred microliters of PBS was placed into 

wells of a round bottom microtiter plate. Then 100 

microliters of the virus was added to the first well and 

the sample subsequently serially diluted. Finally, 50 
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microliters of a 1% Balb/C mouse red blood cell suspension 

was added to each well. This was incubated undisturbed for 

3 hours at 4 0 C. The reciprocal of the highest dilution 

producing complete agglutination of the red cells was equal 

to 1 HA unit. This corresponds to approximately 1.5 x 10 8 

virus particles per milliliter (Favre et a1., 1974). 

In determining the hemagglutination inhibition titer 

of the seras used in thIs study the technique described by 

Favre et a1. (1974) was used. Briefly, the antiseras were 

incubated 1:1 with a 20% solution of the Balb/C mouse red 

blood cells overnight at 4 0 C to reduce nonspecific 

agglutinins. The red blood cells were then removed by 

centrifugation at 2000 RPM at room temperature. The sera 

was then heated at 56 0 C for 30 minutes to inactivate 

complement. In round bottom microtiter plates 50 

microliters of of PBS was added to each well and then 50 

microliters of the treated sera was added to the first well 

and subsequently serially diluted. To this 4 HA units of 

the virus preparation was added to each well, the contents 

mixed well, and then the plate incubated for 30 minutes at 

37 0 C. After incubation 100 microliters of a 1% Balb/C 

mouse red blood cell suspension was added to each well and 

the plate incubated for 3 hours at 4°C. The highest 
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dilution showing no agglutination was considered the 

hemagglutination titer for the sera. 

Enzyme-linked-immunosorbant-assay, ELISA 

The protein concentration of the BPV-2 VIrus 

preparation was determined by the Lowry assay (Lowry et ale 

1951) to be 2.46 mg/ml. The virus was diluted in a 0.5M 

carbonate buffer pH 9.6 solution to a final concentration 

of 2 ug/100ul. One hundred microliters of the diluted 

virus suspension was added to wells of a flat bottom 

microtiter plate and incubated overnight at 4 o C. The wells 

were then washed three times in PBS-Tween (0.01 M PBS, 0.5~6 

Tween 20, pH 8.2) with a one minute soak between the 

washes. Serum was diluted in PBS-Tween and 100 microliters 

added to each well. Serum dilutions were tested in 

duplicate. This was incubated for one hour at room 

temperature. The wells were then washed, as above. The 

secondary antibody, goat anti-rabbit-IgG (H&L) HRP 

conjugated, diluted at 1 :8000 in PBS-Tween was added, 100 

microliters to each well, and the plate incubated for one 

hour at room temperature. The wells were again washed, as 

above, then 100 microliters of a fresh 0.001t~ ABTS - 0.1M 

Citrate solution (ASTS is 2,2'-azinobis(3-

ethylbenzthisaoline sulfonic acid» added (to whIch 1 
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milliliters of the ABTS-citrate solution). The plates 
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were 

read spectrophotometrically using a Titertek 

multiscanphotometer at a wavelength at 405 nanometers. 

Immune Electron Microscopy 

The procedures outlined by Murti and Webster (1986) 

and Portner and Murti (1986) were essentially followed for 

the immune electron microscopy studies. Viral capsids were 

adsorbed to the grids by allowing collodion coated, carbon 

coated grids to float on a drop of the virus preparation 

for two mintues at room temperature. After viral adsorption 

the grids were washed by floating the grids on a drop of 

TSS (25mM Tris-HCl, pH 7.6, 500mM NaCl) for five minutes at 

room temperature. The grids were then allowed to float on 

a drop of lBS containing 3% gelatin for one hour at room 

temperature, to prevent nonspecific binding of antibodies. 

Next, the grids were allowed to float on a drop of 

primary antibody (anti-BPV-1 or anti-L2) diluted 1:5 in lBS 

containing 1% gelatin, and incubated for one hour at room 

temperature. Grids were then washed three times by floating 

on drops of lSS for five minutes each at room temperature. 

Then the grids were allowed to float on a drop of the 

secondary antibody, goat anti-rabbit IgG (diluted 1:10 in 
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TBS containing gelatin) to which 5 nanometer gold 

particles were attached (Probe Tech, Inc., Perkasie, PA.). 

This was incubated for one hour at room temperature. The 

grids were then washed four times on drops of TBS for five 

minutes each at room temperature and finally negatively 

stained by floating the grids on a freshly prepared 2.5% 

sodium phosphotungstate acid solution, pH 6.0 for two 

minutes at room temperature. All one hour incubations were 

performed in covered petri dishes to prevent evaporation 

from occurring. After negative staining the grids were 

examined using an electron microscope. 

Electron Microscopy 

Viral caps ids were adsorbed to collodion coated, 

carbon coated grids for two minutes at room temperature, 

and then negatively stained using a freshly prepared 2.6~o 

sodium phosphotungstic acid solution, pH 6.0 for two 

minutes at room temperature. The grids were examined using 

a Zeiss EM 109 electron microscope. 



RESULTS 

Construction Ei Recombinant Plasmid, pB2L2-35 

A 2030bp BamHI fragment of pHP85 containing the BPV-2 

late region (Potter and Meinke, 1985) was inserted into the 

polylinker region of the pRA10 plasmid at the BamHI sIte 

(Figure 1). This placed the L2 ORF in frame under the 

transcriptional control of the pRA10 A pL promoter, and 

should result in a recombinant BPV-2 L2 protein whose amino 

terminus has 13 amino acids derived from the cII gene 

fragment which is located immediately upstream of the pRA10 

polylinker region. The resulting recombinant plasmid, 

pB2L2-35, thus contained 81% of the L2 ORF and 59~6 of the 

L1 ORF. These two ORF's are separated by a single stop 

codon, TAA (Potter and Meinke, '1985). 

This recombinant plasmid should be approximately 7.5 

kilobase pairs in size. As observed in Figure 2, pB2LL-35 

does display the expected molecular weight of 7.5 kilobase 

pairs. In proper orientation, relative to the pL promoter 

and the direction of transcription of the BPV-2 L2 ORF, two 

fragments of 7209 base pairs and 271 base pairs should be 

produced upon digestion wIth Xbal. This is demonstrated in 

Figure 3, lane B, where the XbaI digestion of pB2L2-35 

yielded the two fragments of the expected size thus 
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Construction of the BPV-2 ORF expression 
plasmids, pB2L2-35 and pB2L2-12/1. 
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All pertinent restriction endonuclease sites are 
appropriately labeled as well as the single stop codon, 
TAA, located between the L2 and L1 open reading frames of 
BPV-2. The size of each plasmid is expressed in kilobases. 
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Figure 2. Size confirmation of plasmid pB2L2-35. 

Plasmid DNA was electrophoresed in a 1.0% agarose gel, 
stained with ethidium bromide, and visualized using UV 
light. Lanes A-D represent samples of undigested plasmids. 
Lane A, pHP85, 12,310 base pairsj lane B, pRA10, 5450 base 
pairsj lane C, pB2L2-35j lane Dj pBR322, 4363 base pairs. 
Lanes E-l represent plasmids which have been digested with 
the indicated restriction endonuclease. Lane E, pHP85 
(BamHI), 12,310 base pair fragmentj lane F, pB2L2-35 
(BamHI)j lane G, pRA10 (BamHI), 5450 base pair fragmentj 
lane H, pBR322 (BamHI), 4363 base pair fragmentj lane I, 
pBR322 (RsaI), 2117, 1565, 680 base pair fragments. 
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M A B c M 

4017 

346 

Figure 3. Insert orientation in plasmid pB2L2-55. 

Restriction endonuclease digested plasmids were 
electrophoresed in a 5~~ polyacrylamide gel, stained with 
ethidium bromide, and visualized using UV light. Lane A, 
pBR322 (RsaI) generating fragment sizes of 2117, 1565, and 
680 base pairs; Lane B, pB2L2-35 (XbaI); Lane C, pBR322 
(HindIII, BamHI) generating fragments of 4017 and 346 base 
pairs. The lanes labeled M indicate the position and size, 
in base pairs, of the restriction fragments generated by 
the control plasmid digests. 
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demonstrating that the BPV-2 L2 ORF is in proper 

orientation for a cII-L2 fusion protein to be produced upon 

protein induction. 

After transformation of this plasmid into I. coli MZ1, 

50S-polyacrylamide gel electrophoresis of induced proteins 

demonstrated a novel protein band migrating at 

approximately 75,000 daltons being produced (Figure 4). 

The cII-L2 fusion protein is predicted to have a molecular 

weight of 44.4 kilodaltons which is considerably smaller 

than that produced by the plasmid upon induction. Assuming 

that the single stop codon between the L2 and L1 ORF's was 

not being recognized by the host, leading to the 

translational readthrough into the L1 ORF, a protein 

product of nearly 77,000 daltons was predicted from the 

nucleotide sequence. 

Construction Ef recombinant plasmid, pB2L2-12/1 

To eliminate the possibility of translational 

readthrough of the single stop codon between the L2 and L1 

ORF's, the L1 sequences from pB2L2-35 were removed by 

digesting the plasmid with Ball, generating the plasmid 

pB2L2-12/1 (Figure 1). Ball digestion generated three 

fragments of 4801 base pairs, 2274 base pairs, and 411 base 

pairs. The linear 4801 base pair fragment when religated 
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94K-: 

67K-

43K-

Figure 4. Protein induction with pBZLZ-35~ 

An 8% 50S-polyacrylamide gel (Coomassie blue stained) of 
total cellular proteins from untransformed and pBZLZ-35 
transformed E. coli MZ1 cells. Lanes A and B contain 
proteins from the-Untransformed host cells at repressed 
(3Z 0 C) and induced (4Z 0 C) states, respectively. Lanes C 
and 0 contain proteins from host cells containing plasmid 
pBZLZ-35, lane C in the repressed state, lane 0 in the 
induced state. The arrow indicates the position of the 
novel protein band produced by plasmid pBZLZ-35 in the 
induced state. Molecular weight markers are labeled in 
kilodaltons and shown in lane M. 
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into a circular form contained the A pL promoter 

initiating transcription of the 13 cII codons followed by 

75.4% of the L2 ORF and 4 codons from the vector before the 

first stop codon is encountered, which is closely followed 

by two other in frame stop codons. 

To confirm the size of the religated plasmid a sample 

was electrophoresed in a 1~o agarose gel. As demonstrated 

in Figure 5, pB2L2-12/1 does display the proper size of 4.8 

kilobase pairs. This plasmid, if digested with Ball should 

yield a 4.8 kilobase pair linearized molecule. This was 

demonstrated and is shown in Figure 6, lane C. Finally, to 

reconfirm proper orientation of this plasmid with respect 

to the transcriptional phase for producing a recombinant L2 

fusion protein, the plasmid was digested with XbaI, which 

if in proper orientation should result in two DNA fragments 

of 4530 base pairs and 271 base pairs being generated. 

After XbaI digestion, properly sized DNA fragments were 

generated (Figure 7), indicating that the L2 ORF was in 

proper orientation with respect to the transcriptional 

phase of the pL promoter. 

The L2 fusion protein which was expected from this 

plasmid would have an expected molecular weight of 

approximately 42,000 daltons according to the nucleotide 

seq u e n c e • W hen t his pIa s mid was t ran s for m e din t of.. ££1:.1.. 
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14BD 
5UO 
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Figure 5. Size confirmation of plasmid pB2L2-12/1. 
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Undigested plasmids were electrophoresed in a 1% agarose 
gel, stained with ethidium bromide, and visualized using UV 
light. Lane A, pHP85, 12310 base pairs; lanes Band E, 
pRA10, 5450 base pairs; lanes C and F, pB2L2-35, 7480 base 
pairs; lane D and H, pBR322, 4363 base pairs; lane G, 
pB2L2-12/1. Lane M indicates the location and size, in 
base pairs, of the control plasmids. 
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4363 

Figure 6. Restriction endonuclease analysis of pB2L2-35 
and pB2L2-12/1. 
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A 5% polyacrylamide gel containing restriction 
endonuclease digested plasmids, stained with ethidium 
bromide and visualized using UV light. Lane A, pBR322 
(RsaI), generating 2117, 1565, 680 base pair fragments; 
lane B, pB2L2-35 (Ball), generating 4801, 2274, 411 base 
pair fragments; lane C, pB2L2-12/1 (Bal!); lane D, pBR322 
(BamHI), generating a 4363 base pair fragment. The lanes 
labeled M indicate the position and size, in base pairs, of 
some restriction fragments generated from. the control 
plasmids. 
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Figure 7. Insert orientation in plasmid pB2L2-12/1. 
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Restriction endonuclease digested plasmids were 
electrophoresed in a 5% polyacrylamide gel, stained with 
ethidium bromide, and visualized using UV light. Lane A, 
pBR322 (RsaI) generating fragments of 2117, 1565, and 680 
base pairs; land B, pB2L2-12/1 (XbaI); lane C, pBR322 
(HindIII, BamHI) generating fragments of 4017 and 346 base 
pairs. The lanes labeled M indicate the position and size, 
in base pairs, of the restriction fragments generated by 
the control plasmid digests. 
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MZ1 and induced for protein expression, a novel protein was 

observed migrating at approximately 78,000 daltons (Figure 

8), slightly higher in the gel than the protein produced by 

pB2L2-35. This aberrant migrational pattern was not 

altered when lithium dodecyl sulfate replaced the SDS in 

the gel system (Figure 9) nor when reduced with heat and 2-

mercaptoethanol (Figure 10). 

Identification Ei ~ cll Fusion Protein from pB2L2-12/1 

The L2 fusion protein should contain the first 13 

amino acids from the amino terminus of the ell gene. A 

monoclonal antibody, C2-7S (Zweig et a1., 1987), which 

reacts with the first 13 N-terminal amino acids of the ell 

protein, was used to determine if the novel 78,000 dalton 

protein observed in the protein induction gel (Figure 8) 

was the cII-L2 fusion protein product. 

in the Western blot (Figure 11) 

It was clearly seen 

that the anti-cII 

monoclonal antibody specifically recognized this novel 

protein. The protein was only expressed in cells 

containing the pB2L2-12/1 plasmid when Induced at 42 0 C 

(Figure 11, lane D), and not in the host bacterial strain 

(uninduced or induced), or in pB2L2-12/1 containing cells 

in the repressed state at 32 0 C (Figure 11, lanes A thru C, 

respectively). 
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Figure 8. Protein induction with pB2l2-12/1. 

An 8% SDS-polyacrylamide gel (Coomassie blue stained) of 
total cellular proteins from untransformed and pB2l2-12/1 
transformed Lcoli MZ1 cells. lanes A and B contain 
proteins from the untransformed host cells at repressed 
(32 0 C) and induced (42 0 C) states, respectively. lanes C 
and D contain proteins from host cells containing plasmid 
pB2l2-12/1, lane C in the repressed state, lane D in the 
induced state. The arrow indicates the position of the 
novel protein band produced by plasmid pB2l2-12/1 in the 
induced state. Molecular weight markers are labeled in 
kilodaltons and shown in lane M. 



M A B c o 

67K-

43K-

29K-

Figure 9. LD5-polyacrylamide gel of pB2L2-12/1 protein 
induction. 
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An 8% lithium dodecyl sulfate-polyacrylamide gel (Coomassie 
blue stained) of total cellular proteins from untransformed 
and pB2L2-12/1 transformed E. coli MZ1 cells. The 
con c e n t rat ion 0 f L D 5 was the s am e as-7 0 r 5 D 5 use din the 
5D5-polyacrylamide gels. Lanes A and B contain proteins 
from untransformed host cells in the repressed (32 0 C) and 
induced (42 0 C) states, respectively. Lanes C and D contain 
proteins from pB2L2-12/1 transformed cells in the repressed 
and induced states, respectively. The arrow indicates the 
position of the novel protein band. The positions of 
molecular weight markers are labeled in kilodaltons and are 
shown in lane M. 
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Figure 10. Reducing gel of pB2L2-12/1 protein induction. 

An 8% 50S-polyacrylamide gel (Coomassie blue stained) of 
total cellular proteins from untransformed and pB2L2-12/1 
transformed E. coli MZ1 cells under reducing conditions 
using 2-mercaptoethanol and heat. Lanes A and B contain 
proteins from untransformed cells in the repressed (32 0 C) 
and induced (42 0 C) states, respectively. Lanes C and D 
conatin proteins from pB2L2-12/1 transformed cells in the 
repressed and induced states, respectively. The arrow 
indicates the position of the novel protein band. Lane M 
represents the positions of the molecular weight markers 
and are labeled in kilodaltons. 
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Figure 11. Identification of a cll-fusion protein in 
pB2l2-12/1 transformed cells. 
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Bacterial proteins were resolved in an 8% SDS
polyacrylamide gel then transferred to a nitrocellulose 
filter. The filter was incubated with an anti-cll 
monoclonal antibody, C2-7S (Zweig et aI., 1987) (1:4000), 
as the primary antibody and HRP-goat-anti-mouse-lgG H&l 
(1 :2000) (American Qualex, la Mirada, CA.) as the secondary 
antibody. lanes A and B contain proteins from 
untransformed E. coli MZ1 cells in the repressed (32 0 C) and 
the in d u c e d (42!l"'f)S tat e s , res p e c t i vel y. l an esC and D 
contain proteins from pB2l2-12/1 trans formed ce 11 s in the 
repressed and induced states, respecitvely. The arrow 
indicates the position of the novel protein band which 
specifically reacted with the cll antibody. 
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Construction £f Recombinant Plasmids, pB2L2-5 1 and pB2L2-3 1 

To determine whether just a portion of the L2 gene 

product is responsible for the aberrant migrational pattern 

observed in the 50S-polyacrylamide gels, or if it is a 

generalized property of the entire protein, both the 5 1-end 

and the 3 1-end of the cloned L2 ORF from plasmid pB2L2-12/1 

were subcloned into the pRA10 vector system. Cloning the 

5 1 -end of the L2 ORF (Figure 12) involved digesting pB2L2-

12/1 with PvuII, which cleaved twice in the L2 ORF and once 

in the vector sequence. After electrophoresis of the 

digested plasmid, the largest DNA fragment of 3.4Kb was 

isolated and the ends ligated together. This resulted in 

the same 5 1 -L2 ORF construction as in pB2L2-12/1, but with 

a truncated 3 1 -end. Analysis of the vector DNA sequence 

indicated that two in frame stop codons were located six 

codons from the junction of the L2 ORF which was followed 

by another in frame stop codon only one codon downstream. 

To confirm the size of pB2L2-5 1
, the plasmid was 

electrophoresed in a 1% agarose gel (Figure 13) and was 

demonstrated to be of proper size, being 3.4 kilobase 

pairs. To conflrm the orientatlon of the L2 ORF with 

respect to the pL promoter transcriptional direction, the 

plasmid was digested with XbaI, which was expected to 

generate two DNA fragments of 3138 base pairs and 271 base 



pL N/cro 
cII 

". ... -&...;:~J polyllnker 
Bam HI 

Pvull 

Pvull 

1) Pvull digest 
2) Isolate 3.4 Kb fragment 
3) T4 DNA Ligase 

pL 

BamHI 

pB2L2-5' 
3.4Kb 

Figure 12. Construction of plasmid pB2L2-5'. 

All pertinent restriction endonuclease sites are 
appropriately labeled. The size of each plasmid is 
expressed in kilobase pairs. 
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Figure 13. Size confirmation of plasmid pB2L2-5'. 
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Plasmid DNA was electrophoresed in a 1?~ agarose gel, 
stained with ethidium bromide, and visualized using UV 
light. Lanes A-D represent undigested plasmids and lanes 
E-G represent restriction endonuclease digested plasmids. 
Lane A, pBR322, 4363 base pairs; lane B, pRA10, 5450 base 
pairs; lane C, pB2L2-5'; lane D, pML2d, 2647 base pairs; 
lane E, pBR322 (BamHI) generating a 4363 base pair 
fragment; lane F, pB2L2-5'(BamHI); lane G, pML2d (BamHI) 
generating a 2647 base pair fragment. The lanes labeled M 
indicate the location and size, in base pairs, of the 
control plasmids, the left side for undigested plasmids and 
the right side for digested plasmids. 
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pairs in size. The proper orientation of the L2 ORF was 

confirmed (Figure 14). 

Cloning the 3'-end of the L2 ORF involved digesting 

pB2L2-12/1 with Sst I and partially with PvuII, isolating a 

1255 base pair fragment and ligating this to a 3055 base 

pair Sstl/PvuII fragment of pRA10 (Figure 15). DNA 

sequence analysis predicted the 3'-end of the L2 ORF would 

be in frame with the clI gene under transcriptional control 

of the pL promoter. This plasmid would also contain the 

same 3' L2-vector junction as the plasmid pB2L2-12/1. 

The plasmid, pB2L2-3', was predicted to have a size of 

4310 base pairs. This was confirmed when the plasmid was 

electrophoresed in a no agarose gel (Figure 16). To 

determine if the L2 ORF was in the correct orientation with 

respect to the transcriptional direction of the pL 

promoter, pB2L2-3' was digested with PvuII and HindIII 

which was expected to generate three DNA fragments of 3010 

base pairs, 990 base pairs, and 310 base pairs. This was 

confirmed (Figure 17) thus indicating that the L2 ORF was 

in proper orientation for a fusion protein to be produced. 

Both plasmids, pB2L2-5' and pB2L2-3', when transformed 

into E. coli MZ1 and induced for protein expression, 

demonstrated novel proteins being produced when induced at 

42 0 C (Figure 18, lanes D and F) but not in the repressed 
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Figure 14. Insert orientation in plasmid pB2L2-5'. 

Restriction endonuclease digested plasmids were 
electrophoresed in a 5% polyacrylamide gel, stained with 
ethidium bromide, and visualized using UV light. Lane A, 
pBR322 (RsaI) generating fragments of 2'117,1565, and 680 
base pairs; lane B, pB2L2-5' (XbaI); lane C, pBR322 
(HindIII, BamHI) generating fragments of 4017 and 346 base 
pairs. The lanes labeled M indicate the position and size, 
in base pairs, of the restriction fragments generated by 
the control plasmids. 
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Figure 15. Construction of plasmid pB2L2-3'. 

All pertinent restriction 
appropriately labeled. The 
expressed in kilobase pairs. 

endonuclease 
size of each 
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Figure 16. Size confirmation of plasmid pB2L2-3 1
• 

Undigested plasmid DNA was electrophoresed in a 1% agarose 
gel, stained with ethidium bromide, and visualized using UV 
light. Lane A, pBR322, 4363 base pairs; lane B, pB2L2-3 1

; 

lane C, pRA10, 5450 base pairs. Lane M indicates the 
position and size, in base pairs, of the control plasmids. 
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Figure 17. Insert orientation in plasmid pB2L2-3'. 

Restriction endonuclease digested plasmids were 
electrophoresed in a 5% polyacrylamide gel, stained with 
ethidium bromide, and visualized using UV light. Lane A, 
pBR322 (HindII) generating 3256 and 1106 base pair 
fragments; lane B, pB2L2-3' (PvuII, HindII!); lane C, 
pBR322 (HindIII, BamH!) generating 4017 and 346 base pair 
fragments. The lanes labeled M indicate the position and 
size, in base paris, of the control plasmids. 
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Figure 18. Protein induction with plasmids pB2L2-5' 
and pB2L2-3'. 
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An 8% SDS-polyacrylamide gel (Coomassie blue stained) of 
total cellular proteins from untransformed and pB2L2-5' or 
pB2L2-3' transformed E. coli MZ1 cells. Lanes A and B 
contain proteins from- tii'e-untransformed host cells at 
repressed (32 0 C) and induced (42 0 C) states, respectively. 
Lanes C and D contain proteins from host cells containing 
the plasmid pB2L2-5' in the repressed and induced states, 
respectively. Lanes E and F contain proteins from host 
cells containing the plasmid pB2L2-3'in the repressed and 
induced states, respectively. The positions of the novel 
protein band produced by each plasmid are indicated by the 
arrows. Lane M represents the positions of molecular 
weight markers which are labeled in kilodaltons. 



state of 32 0 C (Figure 18, lanes C and E). 
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The host 

bacterium did not produced either protein in the un induced 

state (Figure 18, lane A) or in the induced state (Figure 

18, lane B). The molecular weight of the novel protein 

band generated from pB2L2-5' was approximately 27,000 

daltons. This is higher than the predicted molecular 

weight of 15,700 daltons as determined from the nucleotide 

sequence. Additionally, the molecular weight of the novel 

protein band from pB2L2-3' was approximately 42,000 daltons 

which was also higher than the predicted molecular weight 

of 26,900 daltons, as determined from the nucleotide 

sequence. 

Identification of cII Fusion Proteins from pB2L2-5' and 

pB2L2-3' 

Both L2 fusion proteins generated from the plasmids 

pB2L2-5' and pB2L2-3' should contain the first 13 N

terminal amino acids of the clI gene, like the recombinant 

protein produced from the plasmid pB2L2-12/1. To determine 

if the novel proteins produced in the induction gel (Figure 

18) were cII-L2 fusion proteins, the C2-7S monoclonal 

antibody (Zweig et aI., 1987), which recognizes the first 

13 N-terminal amino acids of the cII protein was used. 

Western blot analysis (Figure 19) indicated that both novel 
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Figure 19. Identification of a clI-fusion protein in 
pB2L2-S' and pB2L2-3' transformed cells. 

Bacterial proteins were resolved in a 12% SDS
polyacrylamide gel then transferred to a nitrocellulose 
filter. The filter was incubated with an anti-cII 
monoclonal antibody, C2-7S (Zweig et aI., 1987) (1:2000), 
as the primary antibody and HRP-goat-anti-mouse 19G (H&L) 
(1:2000) (American Qualex, La Mirada, CA.) as the secondary 
antibody. Lanes A and B contain proteins from 
untransformed E. coli MZ1 cells in the repressed (32 0 C) and 
induced (42 0 C)states, respectively. Lanes C and D contain 
proteins from pB2L2-S' containing cells in the repressed 
and induced states, respectively. Lanes E and F contain 
proteins from pB2L2-3' containing cells in the repressed 
and induced states, respectively. The arrows indicate the 
positions of the two novel protein bands induced by each 
plasmid. Lane M indicates the position of molecular weight 
markers, expressed in kilodaltons. 
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proteins, which were induced from each plasmid, were cll 

containing fusion proteins. These proteins were only 

detected in the induced state (Figure 19, lanes D and F) 

and not in the uninduced state (Figure 19, lanes C and E) 

or in the host bacterium in the un induced or induced states 

(Figure 19, lanes A and B, respectively). 

Antibody Response to BPV-2 Capsid Proteins 

SInce the novel protein produced from plasmid pB2L2-

12/1 appeared to be the cII-L2 fusion protein, polyclonal 

antibody to this protein was generated in a rabbit. Upon 

disruption of BPV-2 virions followed by SDS-polyacrylamide 

gel electrophoresis several proteins were observed after 

staining with Coomassie blue (Figure 20, lane A). The 

predominant proteins observed had molecular weights of 

approximately 97,000, 70,000, 64,000, 56,000, and 50,00U 

daltons. Several smaller molecular weight proteins were 

also detected. The western blot presented in Figure 20, 

lane B, demonstrates that the polyclonal antibody 

specifically recognized a 64,000 dalton viral protein. An 

additional 70,000 dalton viral protein was also weakly 

recognized by the cll-L2 antibody, however, the reaction 

was much weaker compared to that of the 64,000 dalton 

protein. Preimmune sera did not react with any viral 
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Figure 20. Identification of the BPV-2 L2 protein • 
. 

Lane A contains BPV-2 virus proteins resolved in an 8% SDS
polyacrylamide gel, stained with Coomassie blue. Lanes B-D 
represent a Western blots of the BPV-2 viral proteins 
incubated with the L2 antiserum (1:100), lane B; preimmune 
sera (1 :100), lane C; and antisera generated against 
reduced and alkylated BPV-2 virus (1:500), lane D. HRP
goat-ant i-rabbit IgG H&L (1:5000) (American Qualex, La 
Mirada, CA.) was used as the secondary antibody in the 
Western blots. Lane M indicates the position of molecular 
weight markers, expressed in kilodaltons. 
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proteins, Figure 20, lane C. Interestingly, antibody to 

reduced and alkylated BPV-2 did not react to the 64,000 or 

70,000 dalton proteins, but primarily to the major protein 

band at 56,000 daltons, Figure 20, lane D. 

Since it appeared that the BPV-2 L2 gene product is 

the 64,000 dalton viral protein, a densitometer scan was 

produced of a Coomassie blue stained BPV-2 full capsid 

protein gel to determine the percentage of the L2 proteIn 

compared to the Ll protein. The L2 protein was determined 

to be approximately 8.0% of the total L1 + L2 Coomassie 

blue stainable protein concentration by weighing each peak 

produced by the densitometer scan (Figure 21). 

Anti-L2 Response ~ Empty and Full Capsids 

To analyze the L1 and L2 protein content in empty and 

full viral capsids, both empty and full caps ids were 

purified by banding twice in CsCl density gradients and 

banding once in a 10-40% sucrose gradient. Purification of 

the two components was verified by electron microscopy. 

Analysis of the viral proteins in Coomassie blue stained 

gels (Figure 22, lanes A and B) suggested that the L2 

protein may not be present, or present in very small 

amounts in the empty caps ids since the L2 protein band 

could not be-readily visualized. Western blot analysis, 
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Figure 21. Densitometer analysis of BPV-2 viral proteins. 

BPV-2 viral proteins were first resolved in an 8% SDS
polyacrylamide gel, on the left, and subsequently stained 
with Coomassie blue. A densitometer scan, right, was then 
generated from the gel lane on the left. The positions of 
both the L1 and L2 proteins are appropriately labeled in 
both the gel and densitometer scan. 
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Figure 22. Analysis of L2 content in empty and full BPV-2 
capsids. 

Lanes A and B represent a Coomassie blue stained 8% SDS
polyacrylamide gel containing BPV-2 full capsids, in lane 
A, and empty capsids in lane B. Lanes C and D represent a 
Western blot of full capsids in lane C, and empty capsids 
in lane D using the L2 antibody (1:100) as the primary 
antibody and HRP-goat-anti-rabbit-IgG H&L (1:5000) 
(American Qualex, La Mirada, CA.) as the secondary 
antibody. Lane M indicates the positions of molecular 
weight markers labeled in kilodaltons. 
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however, indicated that the L2 protein is present in the 

empty capsids (Figure 22, lane 0). The data indicates, 

therefore, that empty capsids contain L2 protein but in 

considerably lower amounts than in the full capsids. 

Anti-BPV-2 L2 Response l£ BPV-1 Capsid Proteins 

To determine if the BPV-2 L2 gene product is 

antigenically related to the BPV-1 L2 protein the BPV-2 L2 

antibody produced in this study was used to probe BPV-1 

virion proteins using the Western blot technique. The data 

presented in Figure 23 demonstrates that the antibody 

reaised against the BPV-2 L2 fusion protein did react with 

the putative BPV-1 L2 gene product. The antibody also 

weakly recognized a higher molecular weight protein of 

approximately 70,000 daltons, as with the BPV-2 proteins, 

but the reaction was much weaker compared to the reaction 

with the lower molecular weight protein. Additionally, the 

BPV-1 L2 gene product appears to have a molecular weight 

slightly larger than the BPV-2 L2 gene product as 

determined from the Western blot. The BPV-1 L2 gene 

product has a calculated molecular weight of approximately 

67,000 daltons. 



",' 
\ .. 
I·.·· 

F 

i 
! ,. 

A B M 

,-66K 

-45K 

-29K 

Figure 23. Reactivity of the BPV-2 L2 antibody to BPV-1 
viral proteins. 

Viral proteins from BPV-2, lane A, and BPV-1, lane B, were 
resolved in an 8% SDS-polyacrylamide gel then transferred 
to a nitrocellulose filter. The BPV-2 L2 antibody (1:100) 
was used as the primary antibody and HRP-goat-anti-rabbit
IgG H&L (1 :5000) (American Qualex, La Mirada, CA.) was used 
as the secondary antibody. Positions of molecular weight 
markers, lane M, are labeled in kilodaltons. 
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Location £i the ~ Protein ~ BPV-2 Capsids 

To determine the location of the L2 protein within the 

capsid structure, whether it is exposed on the surface of 

the capsid or if it is completely internal within the 

structure, three immunological techniques were utilized. 

These techniques included the hemagglutination inhibition 

assay, the enzyme-linked-immunosorbant-assay, and the 

immune electron microscopy technique. The 

hemagglutination inhibition assay (HAL) was used to 

determine if the antibody generated against the recombinant 

L2 protein could inhibit the ability of the BPV-2 virus to 

agglutinate Balb/C mouse red blood cells, which was 

initially described by Favre et a!. (1974). Antibody 

generated against r-educed and alkylated BPV-2 vir-us 

demonstr-ated an HAl titer of 1:256 (Figur-e 24) while the 

pr-eimmune ser-a displayed a titer of 1:16, much lower than 

the immune sera. When the antibody gener-ated against the 

recombinant L2 protein was assayed, a HAl titer of 1:128 

was obtained, four fold higher- than the 1:32 titer- obtained 

for the preimmune sera (Figure 24). 

The enzyme-linked-immunosorbant-assay (ELISA) was also 

used to help determine the location of the L2 protein 

within the capsid structure. Since the HAl data did not 

appear to be very sensitIve using the two antibody 
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Figure 24. Hemagglutination inhibition titers of the anti
L2 antibody and antibody to reduced and 
alkylated BPV-2 virus. 

The hemagglutination inhibition titer of the antibodies 
generated against the recombinant L2 protein and reduced 
and alkylated BPV-2 virus were determined using balb/C 
mouse red blood cells and BPV-2 virions. The titers for 
each preimmune sera are also indicated. 
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preparations, the ELISA technique was then used since this 

test is extremely more sensitive than the HAl assay system. 

As can be seen in Figure 25, antibody that was generated 

against whole BPV-1 virions resulted in a very high titer. 

At a dilution of 1:6400 the reaction signal did not 

decrease from lower dilutions of the antisera. Antibody 

that was generated against reduced and alkylated BPV-2 

virus also resulted in a high titer, but unlike the BPV-1 

antisera the signal generated from the reaction began 

decreasing as the sera was diluted. Finally, the antisera 

generated against the recombinant L2 protein also resulted 

in a positive reaction as well. Similar to the BPV-2 

antisera the signal from the reaction was decreasing as the 

sera was diluted, however, the signal was much higher than 

that obtained for the preimmune sera (Figure 25) which 

essentially resulted in no detectable reaction at a 

dilution of 1:3200. 

Finally, the lmmune electron microscopy technique was 

also used to determine if the L2 gene product is located on 

the surface of the viral capsid. Antibody raised against 

BPV-1 whole virions, which was previously demonstrated to 

react strongly with BPV-2 virions in a hemagglutination 

inhibition assay (Barbara Driscoll, personal 

communication), was shown to bind specifically to the viral 
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Figure 25. ELISA titers of antibody generated against BPV-
1 whole virus, BPV-2 reduced and alkylated 
virus, and the recombinant L2 protein. 

The antiseras were diluted and added to BPV-2 virus 
previously attached to plastic. After addition of the 
substrate the optical density (aD) was determined. Samples 
were run in duplicate and the line represent the average of 
the two samples. Each line is appropriately labeled with 
the corresepnding antibody. The preimmune sera from the 
anti-L2 antibody is also shown. 
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capsids when detected using a secondary antibody carrying a 

5 nanometer gold particle. As can be observed in Figure 

26, nearly every viral capsid has several gold particles 

associated wIth it. This is especially prominent when 

observing the background, nonspecific binding of gold 

particles to the grid where there are no viral caps ids 

located. Here very few gold particles can be found. When 

uSIng the polyclonal antibody raised against the L2 

protein, Figure 27, very few of the viral capsids are 

associated with gold particles. This reaction was much 

weaker than that demonstrated with the BPV-1 antisera. 

Those capsids associated with gold particles only had a 

couple of gold particles which appeared attached unlike the 

BPV-1 antisera which resulted in numerous gold particles 

attached to each capsid. It is unclear if the reaction 

using the L2 antisera was a specific reaction since not all 

caps ids had gold particles associated with them and since 

the background regions also had gold particles present. 

The apparent association of some of the caps ids may 

represent a random location of the gold particles on the 

grid surface. 
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Figure 26. Reactivity of anti-BPV-1 to BPV-2 capsids. 

The immune electron microscopy technique was used where 
BPV-2 capsids were adsorbed to grids and subsequently 
incubated with the anti-BPV-1 antisera (1:5) generated 
against whole virus in a rabbit. The grids were then 
incubated with goat-anti-rabbit-IgG H&L (1:10) to which a 
5nm gold particle was attached. The grids were then 
negatively stained using a 2.5% sodium phosphotungstate 
solution, pH 6.0. 
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Figure 27. Reactivity of anti-L2 to BPV-2 capsids. 

The immune electron microscopy technique was used where 
BPV-2 capsids were adsorbed to grids and subsequently 
incubated with the anti-L2 antisera (1 :5). The grids were 
then incubated with goat-anti-rabbit-IgG H&L (1:10) to 
which a 5nm gold particle was attached. The grids were 
then negatively stained using a 2.5% sodium 
phosphotungstate solution, pH 6.0. 



DISCUSSION 

The BPV-2 L2 ORF was cloned into an expression vector 

system in order to identify and characterize the 

corresponding viral protein. To accomplish this antibody 

was generated against the bacterially produced protein and 

used to probe proteins from BPV-2 capsids, previously 

separated in 50S-polyacrylamide gels. An attempt was also 

made to determine the location of the L2 protein within the 

viral capsid, whether it was exposed on the surface of the 

capsid or if it 1.S located internally. Additionally, the 

L2-antisera was used to determine if it recognized a 

similar protein in BPV-1 capsids. 

Cloning Vector System 

Portions of the BPV-2 L-2 URF were molecularly cloned 

into the expression vector pRA10 (Mallon et al., 1986). 

Th1.s cloning vector was chosen for several reasons. It 

contains the polylinker region derived from the M13mp19 

vector which provides multiple cloning sites where an open 

reading frame may be inserted. Care must be taken, however, 

to make sure that the cloning site being used to lnsert an 

ORF keeps the desired ORF in proper reading frame with the 

upstream cII gene segment. The polylinker is preceded by 

92 
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the first 13 N-terminal amino acids from the A cll gene 

which is under the transcriptional control of the A P L 

promoter which can be regulated using a temperature 

sensitive A cl repressor supplied by the host. The pRA10 

plasmid also contains an ampicillin resistance gene which 

provides a convient method for the selection of bacteria 

containing the plasmid throughout the cloning process. 

The A cl repressor controls transcription of the 

pL promoter. When the cl repressor is present it binds to 

the promoter and prevents transcription from initiating. 

When there is no active cl repressor present transcription 

is allowed to proceed. The host cell used to study protein 

expression, of the various plasmid constructs, was E. col i 

MZ1 (Mallon et aI., 1986). This bacterial strain contains 

a excision defective lambda lysogen which possesses a 

temperature sensItive cl repressor (ts cI857). 

this repressor is functional, binding to the pL promoter's 

operator site inhibiting transcriptional initiation 

sterically by blocking the RNA polymerase from the 

promoter. However, when the temperature is increased to 

42 0 C, the repressor becomes inactivated, and will no 

longer bind to the promoter, so transcription is allowed to 

proceed from the pL promoter. 
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Using this cloning vector system, one can clone an 

open reading frame into the polylinker region and 

conviently regulate the production of the expected 

recombinant protein using temperature shifts. This is very 

important if the product being cloned is tOXIC to the host 

cell. Additionally, a monoclonal antibody, C2-7S (Zweig et 

a1., 1987), which recognizes the first 13 N-terminal amino 

acids of the cll protein, is available which can be used to 

easily identify the fusion protein product. Care must be 

exercised when using this antibody since about one third of 

fusion proteins containing the first 13 N-terminal amino 

acids of the A cll gene do not react with the cll 

monoclonal antibody while another third display variable 

reactions (Zweig et a1., 1987). It has been sl,lggested that 

conformational differences between the fusion proteins may 

account for the different reactions which occur with the 

clI monoclonal antibody (Zweig et a1., 1987). 

Plasmid Construction 

Four different plasmids were constructed using the 

pRA10 expression vector with each containing various 

portions of the BPV-2 L2 ORF. The plasmid constructions 

are summarized in Figure 28. In the first construction, 

designated pB2L2-35, 81% of the BPV-2 L2 ORF with 51% of 
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TAA 

f f 
I PB2L2.121~ _ L1 

BamHI BamHI Pvull SSU Pvull Ball Ball BamHI 

TAA MET TAA 

f f 
I pB2L2·S' 

f t 
If L1 

BamHI BamHI Pvull SsU Pvull Ball Ball BamHI 

BamHI BamHI Pvull Sst! Pvull Ball Ball BamHI 

Figure 28. Summary of the BPV-2 L2 cloned regions. 

All appropriate restriction endonuclease cleavage site are 
indicated as well as the putative MET co dons for the L2 and 
L1 ORF's. The single stop codon separating the L2 and L1 
ORF's and the putative stop codon at the 3'-end of the L1 
ORF are also labeled. The region of the BPV-2 genome 
cloned in each plasmid is indicated by the shaded areas. 
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the L1 ORF was cloned. A cII-L2 fusion protein of 44,300 

daltons was predicted from the nucleotide sequence. Upon 

induction a novel protein of approximately 75,000 daltons 

was produced. The BPV-2 L2 and L1 ORF's are both within 

the same transcriptional reading frame and are separated by 

only a single stop codon (Potter and Meinke, 1985). 

Assuming the single stop codon separating the L2 and L1 

ORF's was not being recognized by the host, a L2-L1 fusion 

protein of approximately 77,000 daltons would be predicted 

from the nucleotide sequence. 

Since the induced protein from the plasmid pB2L2-35 

was close to the predicted molecular weight of a L2-L1 

fusion protein a new plasmid, pB2L2-12/1, was constructed 

which eliminated all of the L1 sequences present in pB2L2-

35. This plasmid contained 75.4~~ of the BPV-2 L2 ORF and 

had a predicted cII-L2 fusion protein of approximately 

42,000 daltons in size. Upon induction a novel protein 

band migrating at approximately 78,000 daltons was 

produced, 54% larger than was expected. Transcriptional 

readthrough into the vector sequences is unlikely to 

account for the increased size of the induced protein since 

several in frame stop codons are located shortly after the 

L2-vector junction. Specifically, four amino acids would 

be derived from vector sequences which are followed by one 
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stop codon, the next stop codon located five in frame 

codons downstream, and a third stop codon located just 

another three codons downstream. Western blot analysis 

indicated that the 78,000 dalton protein induced from 

plasmid pB2L2-12/1 contained the 13 N-terminal cll amino 

acids (Figure 11), suggesting that this protein was indeed 

the cll-L2 fusion protein expected. Since the protein 

induced by pB2L2-12/1 was close to the size of the pB2L2-35 

protein it is reasonable to assume that the novel protein 

product induced from pB2L2-35 was not an L2-L 1 fusion 

protein. 

It is interesting to note that the recombinant protein 

produced by pB2L2-12/1 actually migrated slower thru the 

gel than the protein produced by pB2L2-35. The plasmid 

pB2L2-12/1 contains about 6.5~o less of the L2 ORF, at the 

3 1 end, than the plasmid pB2L2-35. This corresponds to 

26 amino acids as determined by the nucleotide sequence 

(Potter and Meinke, 1985) with a predicted molecular weight 

of approximately 3000 daltons. 

Due to the aberrant mIgrational pattern produced by 

the L2 protein an attempt was made to determine if the 

amino half, or the carboxy half of the protein molecule was 

responsible for the unexpected migrational pattern in the 

polyacrylamide gels. Two plasmids were constructed using 
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the pRA10 expression vector, pB2L2-5' and pB2L2-3', which 

contained the 5' portion and the 3' portion of the BPV-2 L2 

ORF, respectively (see Figures 12, 15, and 26)~ The 

plasmid pB2L2-5' contained nearly 24% of the BPV-2 L2 ORF, 

excluding 19% of the N-terminal portion of the L2 ORF. The 

resulting fusion protein had a predicted molecular weight 

of approximately 15,700 daltons as determined from the BPV-

2 nucleotide sequence (Potter and Meinke, 1985). However, 

when induced a novel protein of approximately 27,000 

daltons was generated, 58% larger than was expected. This 

novel protein reacted with the cll monoclonal antibody 

(Figure 19), indicating that this was the cll-L2 fusion 

protein. The larger than predicted size of this protein is 

probably not due to transcriptional readthrough into the 

vector sequences. Six amino acids are predicted to be 

generated from vector sequences which are followed 

immediately by two consecutive in frame stop codons 

followed by another in frame stop codon, one codon 

downstream. 

The plasmid pB2L2-3' contained 45% of the 3' portion 

of the BPV-2 L2 ORF and was expected to produce a fusion 

protein of nearly 27,000 daltons. This plasmid, however, 

generated a novel protein of approximately 42,000 daltons 

in size, 64% larger than was expected. Again, readthrough 
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into the vector sequences is unlikely since this plasmid 

contained the same 3' L2-vector construction as described 

for pB2L2-12/1. This novel protein did react with the cll 

monoclonal antibody in Western blots (Figure 19) indicating 

that this is the cll-L2 fusion protein expected. 

There is no overlap of BPV-2 L2 nucleotide sequences 

between the plasmids pB2L2-5' and pB2L2-3'. The data 

indicates, therefore, that the aberrant migrational quality 

of the BPV-2 L2 protein appears to be a generalized feature 

of the recombinant protein molecule since both the 5' and 

3' ends of the cloned L2 URF both display aberrant 

migration in the polyacrylamide gels. 

anomaly is unknown. 

Viral Proteins 

The reason for this 

Upon disruption of BPV-2 virions several proteins were 

detected. The molecular weights of the proteins were 

determined to be approximately 97,000, 70,000, 64,000, 

56,000, and 50,000 daltons. Several smaller molecular 

weIght proteins were also observed. The most prominant 

protein was the 56,000 dalton protein. These values are 

similar to those previously reported for BPV proteins. 

Favre et a1., (1975) reported BPV proteins (the BPV type 

was not designated) of ~4,200, 49,200, 44,700, 40,600, 
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33,700, 29,350, and 24,700 daltons along with three histone 

proteins. These values were for full capsids which were 

similar to those obtained from empty caps ids except for the 

absence of the histone proteins in the empty caps ids. An 

additional report by Favre et al., (1977) reported BPV 

proteins of 65,000 and ~2,000 daltons along with the 

histones. Another study by Lancaster and Olson (1978) 

reported BPV-2 proteins of 100,400, 97,000, 83,000, 74,000, 

59,000, 54,500 daltons along with several of the histone 

proteins. They reported BPV-1 proteins as being 97,000, 

75,000, 69,000, 59,500, 54,500 daltons in size along with 

the histones. Pfister et al (1979) also examined BPV-2 

proteins which were reported as being 107,000, 68,000, 

53,000, 40,000, 28,000, 26,000, 23,000 daltons in size as 

well as four histone proteins being present. Finally, 

Meinke and Meinke (1981) reported that BPV-1 contained 

proteins of 74,000, 70,500, 53,000, 48,000, 46,000 daltons 

in size along with the his tones. 

The variations of the reported sizes of the viral 

proteins may be the result of standard errors inherent in 

polyacrylamide gel electrophoresis. The presence of 

additional proteins may be the result of using different 

virus purification procedures by the different authors. 

This may have resulted in contaminating host proteins co-
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purifying with the virus particles or by the presence of 

contaminating proteases. Finally, since the quantity of 

viral protein applied to the gels was probably not the same 

in each of the studies the presence of additional proteins 

or absence of proteins observed in the different reports 

would be expected. 

The most prominant protein observed in gels from 

disrupted BPV virions is a protein of approximately 55,000 

daltons, thought to be the major capsid protein. Two large 

ORF's, L1 and L2, are located within the putative late 

region. It is believed that these two ORF's code for viral 

structural proteins. Of several viral mRNA species 

detected in BPV-1 virus producing tissue, only two mRNA 

transcripts have been found to map to the late region. One 

message spans the L1 ORF and directs the in vitro synthesis 

of a 55,000 dalton protein (Engel et al., 1983). Amino 

acid analysis of the 55,000 dalton protein from disrupted 

virions (Meinke and Meinke, 1981) compared with the 

predicted amino acid sequence derived from the L1 ORF 

nucleotide sequence (Chen et aI., 1982) indicates that the 

55,000 dalton protein is encoded by the L1 ORF. 

Additionally, antisera raised against intact or disrupted 

virus particles results in antibody production which is 

primarily directed against the 55,000 dalton protein 
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(Figure 20; Barbara Driscoll, personal communication). 

Similar results indicating that antisera generated against 

disrupted virions reacts only with the L1 protein were 

obtained by Doorbar and Gallimore (1987) using HPV-1a. 

Here it is reported that the L2 ORF gene product of 

BPV-2 is represented by the 64,000 dalton protein observed 

from disrupted virions. Antibody produced against the 

novel protein band induced from the plasmid pB2L2-12/1, 

which represents 75% of the BPV-2 L2 ORF, specifically 

recognized the 64,000 dalton protein from BPV-2 disrupted 

virions using Western blot analysis (Figure 20). An 

additional protein of approximately 70,000 daltons was also 

weakly recognized by the cII-L2 antibody. The antibody 

reaction to the larger 70,000 dalton protein may represent 

non-specific binding of the L2 antibody to this protein, or 

the 64,000 dalton protein may be a degradation product of 

the larger 70,000 protein. Alternatively, the two protein 

bands may represent different aberrant migrating species of 

the same protein. 

The work presented here demonstrates that the L2 gene 

product is the 64,000 dalton protein observed in disrupted 

BPV-2 virions. This correlates well with the work done 

with HPV-1a and HPV-6b (Doorbar and Gallimore, 1987; Komly 

et a1., 1986; Tomita et a1., 1987). These studies all 
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demonstrated that antibody generated against L2 fusion 

proteins reacts specifically with a 70,000 - 76,000 dalton 

viral protein and not to other viral proteins. Doorbar and 

Gallimore (1987) also demonstrated that their L2 antisera 

occasionally recognized a lower molecular weight protein of 

65,000 daltons, a similar result to which was described in 

this study. 

The L2 protein apparently displays an aberrant 

migrational pattern in SDS-polyacrylamide gels. The coding 

capacity of the L2 ORF would predlct a protein with a 

molecular weight of approximately 50,000 daltons (assuming 

that transcription initiates at the first MET codon and no 

splicing events occur) (Potter and Meinke, 1985). Only one 

mRNA message appears to span the L2 ORF. This mRNA also 

spans other ORF's in the early region of the cottontail 

rabbit papillomavirus (Nasseri and Wettstein, 1984) and in 

HPV-1 (Chow et aI., 1987a), HPV-6 and HPV-11 (Chow et aI., 

1987b) thus potentially resulting in a possible fusion 

protein with some early region ORF's. Doorbar et al. 

(1987) demonstrated that the L2 protein from HPV-1a did not 

react to antibody produced against the potential early 

region ORF's which could contribute to a fusion protein 

with L2. In the BPV-1 system, Baker and Howley (1987) 

detected a rare mRNA which could encode the L2 protein but 
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the 5 ' -terminus of this message did not overlap the early 

region. This, however, may have represented a truncated 

message since only a few cDNA clones representing the L2 

ORF were examined in their study. The L2 mRNA also spans 

the L 1 0 R F • An L 2 - L 1 f u s ion p r o.d u c t doe s not see m 1 ike 1 y 

since antibody against the L1 ORF does not recognize the L2 

protein (Doorbar and Gallimore, 1987; Li et a1., 1987; 

Tomita et a1., 1987). 

Post-translational modifications are also probably not 

the cause of the aberrant migrational pattern of the BPV-2 

L2 gene product since the cloned product in E. coli 

migrates like the natural· product, and it is rare of E. 

coli to substantially modify proteins. Komly et al. (1986) 

demonstrated that high concentrations of the protein 

denaturants urea and 50S did not change the HPV-1a L2 

migrational pattern in gels suggesting that protein 

complexes are not involved. Under reducing conditions, 

using 2-mercaptoethanol and heat, the cloned L2 product 

generated in this study did not change in electrophoretic 

mobility compared to non-reducing conditions suggesting 

that disulfide bonds are not involved (Figure 10). Doorbar 

and Gallimore (1987) also demonstrated an aberrant 

migrational pattern for the HPV-1a L2 protein which also 

did not change in mobility whether in reducing or non-
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reducing conditions. Additionally, the putative L2 amino 

acid sequence of BPV-2 shows no marked regions of 

hydrophobicity which might influence the migration of the 

protein in the gel. 

Anomalous migration of several proteins in SDS-

polyacrylamide gels has previously been reported (Weber and 

Osborn, 1975). This phenomena may result from a decreased 

binding of SDS to the protein, either due to the presence 

of disulfide bridges, glycosylation, or to the presence of 

exceptionally high net charges on the molecule (Nelson, 

1971; Weber and Osborn, 1975; Rothe and Maurer, 1986). 

Gordon et ale (1988) cloned several of the ORF's of the 

cauliflower mosaic virus and observed two which migrated 

aberrantly in the gel. They suggested that the presence of 

an uneven distribution of acidic and basic residues may be 

responsible. However, some proteins do not appear to 

follow these rules, in particular papain and glucose 

oxidase (Rothe and Maurer, 1986). Disulfide bridges and 

glycosylation are probably not the cause of the aberrant 

migrational pattern since the cloned L2 region contains no 

cysteine residues and E. coli does not substantially 

glycosylate proteins. 

The presence of negatively charged regions containing 

glutamic acid and aspartic acid residues may, however, be 
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partially responsible for the aberrant migrational pattern 

of the BPV-2 L2 gene product. Two regions of negatively 

charged amino acid residues exists in the BPV-2 L2 ORF, one 

is 67 amino acids in length (between residues 107-174) and 

contains 22.4~o glutamIC acid and aspartic acid residues. A 

second region is 40 amino acids in length and contains 40% 

glutamic acid and aspartic acid residues (between residues 

329-369). The presence of regions containing a hIgh 

percentage of glutamic acid and aspartic acid amino acids 

resulting in the aberrant migrational pattern of other 

proteins has been reported. Earnshaw et al. (1987) 

suggested that two domains at the carboxy terminus of the 

centromere antigen (CENP-B), each of which contains a high 

percentage of the two negatively charged amino acids, may 

be responsible of the aberrant migration of the protein. 

Ohara and Teraoka (1987) also demonstrated that an increase 

in glutamic acid and aspartic acid residues at the carboxy 

half of interferon, IFN-B, is responsible for an aberrant 

mig rat ion alp a t t ern 0 f t his p r·o t e in. I t has bee n 

speculated that the highly charged molecules attract 

counter ions, like Na+ which then accompany the molecule 

during electrophoresis and falsely reduces the mobility of 

the protein in the gel (Rilbe, 1983). 
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Both regions containing the high percentage of 

glutamic acid and aspartic acid residues of the BPV-2 L2 

ORF were separately cloned into the plasmids pB2L2-5' and 

pB2L2-3'. It is interesting that both of the recombinant 

proteins induced migrated aberrantly in the gel. 

Additionally, the sum of the molecular weights of these 

recombinant proteins is near that of the total protein 

WhICh was produced by pB2L2-12/1 (considering that a 

portion of the pB2L2-12/1 protein was not subcloned). 

Quantity £f ~ Protein in Capsids 

There appears to be only a small amount of the L2 

protein in BPV-2 full capsids. The quantity of L2 was 

compared with that of the major viral protein, L1. Viral 

proteins from full capsids were separated in SDS

polyacrylamide gels and stained with Coomassie blue. A 

densitometer scan was then generated from the gel lane 

containing the viral proteins (Figure 20). To determine 

the ratio of L2 to L1 each corresponding peak from the 

generated densitometer scan was cut out and weighed. The 

L2 protein was determined to be approximately 8% of the 

total L2 + L1 "Coomassie blue stainable" protein. The 

value of 8% is an estimation since Coomassie blue does not 

stain all proteIns equally (Smith, 1986). One would have 
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to assume that both the L2 and L1 proteins would bind the 

dye equally for this to be an accurate value. 

The purity of the virus preparation was examined using 

an electron microscope. The preparation was found to be 

greater than 99% pure of full capsids (data not shown) 

indIcating that if Coomassie blue stained both proteins 

equally this value may be fairly accurate. 

Another error could arise from generating this type of 

data. It was observed that when a large amount of viral 

protein was applied to the gel lane the percentage of L2 to 

L1 decreased (data not shown). This may be due to the L1 

protein "trapping" the L2 protein during migration thru the 

ge 1. Western blot analysis might confirm this, but the 

Western blots used in this study were performed only with 

low amounts of viral protein. It is also possible that a 

high concentration of protein within a band in the gel may 

somehow alter the binding properties of Coomassie blue to 

the protein, either by binding more or less of the stain. 

Since the L2 protein normally displays an aberrant 

migrational pattern adding high concentrations of this or 

other proteins may cause the apparent loss of the L2 

protein which is observed in the over loaded gel, either by 

some charge interaction or causing an aggregation effect. 

Because of this, the ratio of the L2 protein to the total 



109 

L1 + L2 protein was determined from gel lanes which 

contained a minimun amount of viral protein, enough to 

visualize the L2 band using Coomassie blue. 

Empty capsids appear to contain very little or no L2 

protein. When empty viral capsid proteins were separated 

in SDS-polyacrylamide gels no visible L2 protein band was 

observed after staining with Coomassie blue (Figure 22). 

However, Western blot analysis of BPV-2 empty caps ids 

indicated that some L2 protein is present. The virus 

preparation was examined using an electron microscope and 

was observed to be less than 1 01 
10 contaminated by fu 11 

capsids. The positive reaction with the Western blot may, 

therefore, be a result of slight contamination by full 

caps ids. This data is in agreement with Doorbar and 

Gallimore (1987) who also demonstrated that the L2 protein 

was present in empty capsids of HPV-1a, but in a reduced 

amount compared to the full capsids. They determined this 

by analyzing fractions collected from CsCI density 

centrifugation. It is possible from the collection process 

or from incomplete separation of capsid types during 

centrifugation that they could have had a false positive 

reaction in detecting L2 protein in empty capsids. Viral 

caps ids generated in this study were purified twice using 

CsCI density gradient centrifugations, but still 



110 

contaminating capsid types were present in both capsid 

preparations. This may have been the result of the 

collection process, inserting a syringe thru the side of 

the centrifuge tube to collect the capsid bands. 

Aspirating the capsid bands involves collecting some of the 

gradient located between the two capsid bands. There may 

have been some contaminating capsid types which had not 

completely banded when centrifugation was stopped and these 

would have been located between the two capsid bands. 

This study makes it clear that the L2 protein is a 

minor viral component. Its presence is primarily 

ass 0 cia ted wit h f u I I caps ids and is e i the r a b sen tor 

present in very small amounts within empty capsids. With 

the L2 protein being present is such small amouJ;lts it may 

be possible that it is associated with the viral DNA with a 

role in capsid assembly. Alternatively, the L2 protein may 

be a cell receptor protein located on the surface of the 

capsid, possibly at the verticies of the capsid structure. 

Location Ei h£ Protein Within the Capsid 

Several methods, including hemagglutination inhibition 

(HAI), enzyme-linked-immunosorbant-assay (ELISA), and 

immune electron microscopy, were used to examine if the L2 

protein is exposed on the surface of the viral capsid. 
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Favre et a1., (1974) reported that BPV-2 can hemagglutinate 

Balb/C mouse red blood cells. An antibody generated against 

a viral surface protein should prevent the virus from 

agglutinating the red cells. In this study the antibody 

generated against the cloned L2 recombinant protein was 

demonstrated to inhibit the agglutination of the red blood 

cells by the BPV-2 virus at a titer of 1:128, four fold 

higher than the titer of the preimmune sera, 1:32. This 

suggested that the L2 protein is exposed on the surface of 

the capsid. 

The hemagglutination inhibition titer of the L2 

antibody was relatively low. The antisera used was 

generated from the third injection of the recombinant L2 

protein into the rabbit. Perhaps more injections of the 

protein would increase the titer of the sera. It is also 

possible that the antibody generated against the cloned L2 

protein may not have high avidity to the wild-type L2 

protein due to potential conformational changes between a 

product produced by a eukaryotic cell compared to the same 

protein produced by ~. col i. Additionally, the L 2 

recombinant protein is missing the first 19% of the L2 

protein which could possibly be the portion of the protein 

that is exposed on the capsid surface. Finally, the L2 

protein may not be highly immunogenic. When antisera is 
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generated against whole BPV-1 virions or to BPV-2 reduced 

and alkylated virus no anti-L2 response is detected in 

Western blots (Figure 20, Barbara Driscoll, personal 

communication). Similar results indicating that antisera 

generated against whole or disrupted virions reacts only 

with the L1 protein and not to the L2 protein were obtained 

by Doorbar and Gallimore (1987) using HPV-1a. Finally, the 

hemagglutination inhibition assay is a relatively 

insensitive assay system requiring a minimum of 1.5 x 10 8 

BPV virus particles for one hemagglutinating unit (Favre et 

al., 1974). Therefore, the test requires a high 

concentration of virus particles and hence a large amount 

of antibody to completely neutralize all of the virus. 

But, because of the 1:128 HAL titer and the inherent 

insensitivity of the HAL test, the data generated here 

suggests that the L2 protein is exposed on the viral capsid 

surface. 

To further investigate the location of the L2 proteIn 

a very sensitive assay was used, the ELISA test. This 

assay uses an antibody sandwich technique. Briefly, 

antigen is adhered to plastic and subsequently incubated 

with a primary antibody. After incubation and extensive 

washings a secondary antibody is added to the antigen. The 

secondary antibody is directed against the primary antIbody 
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and possesses an enzyme (horseradish peroxidase) covalently 

attached at the Fc region of the molecule. If the primary 

antibody binds to the antigen, it will be retained during 

the washing and the secondary antibody will subsequently 

bind to the primary antibody. This sandwich complex is 

then detected by observing for a color change to take place 

after the addition of the substrate, ABTS (2,2'

azinobis(3-ethylbenzthiazoline sulfonic acid), for the 

enzyme attached to the secondary antibody. The reaction is 

easily quantitated using a spectrophotometer. By 

maintaining the antigen and secondary antibody 

concentrations constant and diluting the primary antibody, 

one can determine the titer for the primary antibody. In 

this study BPV-2 full caps ids were attached to the plastic 

and the antibody generated against the recombinant L2 

protein used as the primary antibody. The antl-L2 titer 

was determined to be greater than or equal to 1:6400. This 

strongly suggests that the L2 protein is exposed on the 

viral capsid surface. It is possible, however, that the 

treatment adhering the BPV-2 virions onto the plastic 

(which involves subjecting the protein to a pH of 9.6) may 

alter the "natural" capsid structure exposing the 

previously internal protein to the surface. This treatment 

may even completely break open the viral surface exposing 
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The HAL data 

disputes these possibilities since one would not expect a 

virus particle to dissociate in the buffered solution used 

in the HAL assay and still result in a positive HAL 

reaction. Both assays indicate, therefore, that the L2 

protein is exposed on the capsid surface. 

Finally, immune electron microscopy was used to see if 

the L2 antibody could be indirectly visualized on the 

surface of the viral capsid. Briefly, this assay involves 

adhering the BPV-2 caps ids to electron microscope grids. 

After viral attachment the grids are incubated with the 

primary antibody, subsequently washed, and then incubated 

with the secondary antibody, which is directed against the 

primary antibody and to which 5 nanometer gold particle is 

covalently attached to the Fc portion of the antibody 

molecule. After negative staining the grids are examined 

using an electron microscope. If the primary antibody 

binds to the virus, the secondary antibody will bind to the 

primary antibody and this reaction can be easily visualized 

using an electron microscope and looking for the gold 

particles in association with viral caps ids. 

The antibody directed against whole BPV-1 virus 

particles produced a strong reaction (Figure 26) with gold 

particles surrounding nearly every capsid. The reaction 
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using the L2 antibody was weak at best (Figure 27). In 

fact, the data obtained was inconclusive in determining if 

the L2 protein is exposed on the surface of the viral 

capsid. 

with the 

Some gold particles were observed to be associated 

viral caps ids but not all virions had gold 

particles associated with them. The occasional gold 

particle in association with the virions may just represent 

random, non-specific binding of the antibody to, or near, 

the virus. There are gold particles which are located in 

all areas of the grids and these are presumed to result 

from non-specific binding. For those gold particles found 

in association with viral caps ids, no specific binding 

location could be discerned using either antibody 

preparation used. 

Considering the anti-L2 sera was low in titer, 

especially compared to the titer of the anti-BPV-1 antisera 

(as determined by the HAL and ELISA data, see Figures 24 

and 25), it may be reasonable to expect some virions not to 

be associated with gold particles since fewer antibody 

molecules are present to react with viral capsids. Here the 

BPV-1 antisera displayed an HAL titer of 1:4096 and the 

ELISA titer did not decrease from undiluted to 1:6400 

(Figure 25). The anti-L2 HAL titer was 1:128 and the 

ELISA reaction appeared to be decreasing at a dilution of 
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1:6400 suggesting that the L2 antibody concentration was 

less than the antibody generated against whole BPV-1 virus. 

The insensitivity of the immune electron microscopy 

technique is evident, especially comparing to the HAl or 

ELISA assays. The HAl test relies on the agglutination of 

red blood cells for visual analysis. Not all virus 

particles need to react for a reaction to be observed. The 

same is even more true for the ELISA assay since one bound 

enzyme molecule can react with several substrate molecules, 

thus an enhanced reaction occurs allowing the detection of 

only a few primary antibodies binding to the antigen used. 

With the immune electron microscopy test a relatively large 

amount of antibody would be required to definitely 

determine that a specific reaction was occuring. Seeing 

the few caps ids with the gold particles associated with the 

capsids using the anti-L2 antisera suggests an agreement 

with the HAl and ELISA data. 

From the data above it appears that the L2 antibody 

had a relatively low titer. However, the HAl data together 

with the ELISA data suggests that the L2 protein is exposed 

on the surface of the viral capsid. The immune electron 

microscopy data was determined to be inconclusive. 

Pilancinski et al. (1984) demonstrated that antisera 

generated against a BPV-1 L2 fusion protein inhibited 
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transformation of mouse cells by BPV-1 virions. However, 

only one in five antiseras generated against their L2 

fusion protein demonstrated this effect. This data does 

suggest that the L2 gene product may be present on .the 

surface of the capsid, which is in agreement with the data 

generated in this study as well. Additional work is needed 

to definatively determine the location of the LZ protein 

within the capsid structure. 

Antigenic Relatedness of the ~ Protein 

The nucleotide sequence of the L2 ORF is not well 

conserved between different papillomaviruses, except for 

the first 60 N- terminal amino acids (Baker, 1987). 

Antigenically the HPV 1a and HPV 6b L2 proteins do not 

crossreact with BPV-1 viral proteins (Doorbar and 

Gallimore, 1987; Tomita et a!., 1987). The BPV-2 L2 

product, however, appears to be antigenically related to 

the BPV-1 L2 protein as demonstrated by Western blot 

analysis (Figure 23). This was expected since the 

nucleotide sequence between these two viruses predicts 84% 

amino acid homology between the two L2 proteins (Potter and 

Meinke, 1985). Generally, however, the L2 ORF is the least 

conserved ORF of the papillomavirus genomes and this may 
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prove to be a valuable diagnostic tool in identifying 

different papillomaviruses groups. 

Function of the L2 Protein 

The function of this minor capsid component remains 

unclear. The carboxy-terminus is highly basic suggesting a 

DNA binding role (Potter and Meinke, 1985). Mallon et a1. 

(1987) demonstrated that a BPV-1 L2 fusion protein can bind 

to DNA. If this protein is exposed internally within the 

capsid it is interesting to speculate that the L2 protein 

may be partly responsible for capsid assembly, possibly 

providing a link between the viral genome and the capsid 

structure for proper assembly. 

Another possible function for the L2 gene product may 

be as a receptor for certain cell types. DNA sequence 

analysis of currently sequenced papillomavirus genomes 

indicates that the N-terminus of the L2 protein appears to 

form conserved groups; a fibropapilloma causing group (to 

which the BPV belong), a cutaneous infecting group, and a 

mucosal infecting group (Baker, 1987). Thus, it is 

speculated that the L2 protein may be involved in the host 

cell range of the virus, possibly by acting as a cell 

specific receptor. This would require the L2 protein to be 

at least partially exposed on the viral capsid surface. 
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Additional work is required to ascertain both the location 

within the capsid structure and function of the 

papillomavirus L2 open reading frame gene product. 



SUMMARY 

I. The BPV-2 L2 open reading frame was cloned into an 

expression vector resulting in a fusion proteln being 

produced containing 13 amino acids of the A clI gene 

linked to the BPV-2 L2 ORF under the transcriptional 

control of the ~ pL promoter. 

II. The resultant fusion protein was used to generate 

polyclonal antibody which was subsequently used to identify 

the L2 protein from BPV-2 vlrions as being a 64,000 dalton 

protein. A weak reaction was observed to a 70,000 dalton 

protein. 

III. The BPV-2 L2 protein was determlned to be 8.0% of the 

total Coomassie blue stainable L1 + L2 total protein 

content within the viral caps ids. 

IV. The 64,000 dalton L2 protein was present in full 

capsids but found to be in very low amounts, or absent, ln 

empty caps ids. 

120 
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V. The BPV-2 L2 gene product was determined to be 

antigenlcally related to the putative BPV-1 L2 gene 

product. 

VI. A hemagglutination inhibition assay as well as an 

enzyme-linked-immunosorbant-assay (ELISA) both resulted in 

data suggesting that the L2 protein is exposed on the 

surface of the viral capsid. Data obtained from the immune 

electron microscopy assay was inconclusive in determining 

the location of the L2 protein. 
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