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PREFACE

The development of recombinant DNA technology has made a marked impact
on molecular virology. The cleavage of viral DNA genomes with restriction
enzymes and the cloning of such DNA fragments in bacterial plasmids has led
to the amplification of selected viral DNA fragments for sequencing and gene
expression. RNA virus genomes which can be transcribed to their cDNA form
were also cloned in bacterial plasmids, facilitating the study of RNA virus
genes. With the elucidation in recent years of the promoter sequence of
various viral genes and the expression of these genes in bacteria or yeast,
the understanding of many viral gene functions has made great progress.
Cloning and expression of viral genes in mammalian cells was made possible
by the construction of shuttle plasmid vectors which carry the origins of
DNA replication from bacteria and/or mammalian viruses. The expression of
viral genes in bacteria, yeast and eukaryotic cells gives reason to hope
that it will be possible to produce viral antigens in large quantities for
use as human or animal vaccines.

The present volume attempts to capture for the reader some of the high-
Tights of recombinant DNA research in the field of animal and plant viruses.
The isolation and characterization of genes such as oncogenes, as well as
genes coding for viral antigens, are presented, together with strategies
for the transfer of viral genes to new hosts (which can be either cells or
viruses). The development of approaches for the efficient expression of
different viral genes in foreign hosts are described. Current studies on
plant viruses and their future use in gene transfer in plants are presented
along with developments in gene research of animal viruses.

I wish to thank all authors for their fine contributions and to express
my appreciation especially to those who sent their manuscripts on time.

My thanks to Mrs. Esther Herskovics for her excellent secretarial help.

Yechiel Becker
Jerusalem, June 1984
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DEVELOPMENTS IN MOLECULAR VIROLCGY: CLONING CF RETRCVIRUS DNA IN BACTERIA
AND CLONING GF OTHER DNA IN RETROVIRUSES

HOWARDC M. TEMIN
KcAréle Laboratory for Cancer Research, University of Wisconsin, Madison, VI
53706 U.S.A.

SUMMARY

Retroviruses are natural vectors for the insertion of foreign DNA into
the cell genome. With the use of recombinant DNA techniques retrovirus
structure has been studied ané retroviruses have been made into vectors to

introduce cloned DNA into the cell cenome.

INTRODUCTION

Retroviruses are a family of FNA-containing animal viruses whose replica-
tion is through a DNA intermeciate that integrates into the cell genome.
Because of this integration, retroviruses are natural vectors for the
insertion of foreign DNA into the cell genome. Recent work using recombinant
DNA technologies has shown that retroviruses are evolutionarily relatec to
cellulas movable genetic elements anc that reverse transcription of cellular
nucleotide seguences and integration into germ-line DNA has occurred
repeatedly (1-3). Thus, studies of retroviruses are relevant to aenetics in
general. Moreover, some retroviruses rapidly cause some cancers in
vertebrates (4). Cellular genes related to genes of these retroviruses have
been implicated in non-virzl mouse anéd human cancers (5). Thus, study of
retroviruses is relevant to oncology in general.

Rlthouch hypotheses were proposec relating to these areas over a decace
ago, it was not until the use of recombinant DNA technologies, as well as DNA
transfection, that cirect evidence was secured supporting these hypotheses.
These technologies also made possible construction of retrovirus vectors to
introduce cloned DNA into the cell c¢enore.

It is necessary to know a little abcut the retrovirus life cycle to
uncderstané the types of cloning stratecies which have been used in the study
of retroviruses (4). Retrovirus RNA consists of two identical cenomic
molecules and associated transfer RNA molecules. (The transfer RNA is used

as a primer for viral DNA synthesis.) The viral genomic RNA has a small

Y. Becker (ed.), RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
Boston. All rights reserved.
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FICURE 1. PFormation of retrovirus provirus. In the virus particles, there
are two molecules of viral RNA and a tRNA primer. 1In the infected cell there
is also unintegrated circular viral DNA. r is repeat in viral RNA; pbs and
PBS are primer binding site in viral RNA and DNA, respectively; ppt and PPT
are polypurine track required for viral DNA synthesis in viral RNA and DNA,
respectively; DR is direct repeat of cell DNA around provirus; E is
encapsidation seguence; LTR is long terminal repeat; zig-zag line is cell
DNA.

terminal direct repeat. After infection, this RNA is reverse transcribed by
the viral reverse transcriptase to give double-stranded linear unintegrated
viral DNA containing a large terminal repeat (LTR) at both ends (Figure 1).
Thus, the molecular weight of unintegrated viral DNA is a little greater than
two times the molecular weight of one molecule of viral genomic RNA. Closed
circuler DNA molecules containing one, two, or even three copies of the LTR
are alsc founé in smaller numbers.

Integration of viral DNA into the cell genome is a normal part of the
viral life cycle. Viral DNA integrated into the host chromosomal DNA is co-
linear with unintegrated linear viral DNA with the exception of two base
pairs lost from each end. The integrated viral DNA or provirus is the
template for synthesis of viral mRNAs and progeny RNA (Figure 2), although

uninteorated viral DNA can also be transcribed at lower efficiency (6).
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mRNAs

vRNA

FIGURE 2. Synthesis of viral RNAs. A provirus of a non-defective retrovirus
is shown. The mRNAs are for gag and gag-pol (full length) ané for env
(subgenomic). There may be different mRNAs for gag and gag-pol.

Cloning of Proviruses

Enzymes that do not digest viral DNA. The earliest cloning of retrovirus

proviruses took advantage of the fact that the commonly used restriction
endonuclease EcoRI does not cut DNA of murine leukemia virus or spleen
necrosis virus. Since phage vectors capable of cloning EcoRI cut DNA
fragments of 10 to 20 kbp and methods for screening for unique molecules of
vertebrate cell DNA had been developed, it was relatively easy to clone
provirus DNA (once legal restrictions were removed) (7,8). The integrity of
the cloned DNA was validated by recovery of infectious virus after
transfection of permissive vertebrate cells by the cloned DNA.

Cloned provirus DNA was recovered at frequencies expected for a small
number of copies per cell. Non-infectious molecules were recovered at a
frequency similar to that of infectious molecules. These molecules are
probably not the result of an artefact of the cloning process, since non-
infectious proviruses can be demonstrated in vertebrate cells and
retroviruses are known to have a high frequency of genetic variation.

Two kinds of genetic variant do appear during the growth of the proviral
clones in bacteria (Figure 3) (7,9). Both probably are the result of
homologous recombination of the viral LTR. When the molecule containing the
provirus is large, near the carrying capacity of the vector, the provirus
frequently is deleted leaving only one LTR and surrounding cellular DNA.
Alternatively, when the molecule containing the provirus is small, the

provirus frequently duplicates resulting in the structure, vector DNA - cell
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FIGURE 3. Deletion and duplication in provirus clones grown in bacteria.
The original clone is in the center. The deleted clone containing cell DNA
and one LTR is shown at the top. The d&uplicated clone containing three LTRs
ané two coding sequences is at the bottom.

DNA - LTR - viral coding seguences - LTR -~ viral coding sequences - LTR -cell
DNA - vector DNA.

The latter class of molecules is a convenient source of viral molecules
free of cell DNA to clone in plasmids. Digestion with a restriction
endonuclease that cuts once in viral coding sequences yields a permuted
molecule of viral DNA with one LTR. Such molecules are easily subcloneé in
plasmié vectors. Upon digestion of these subclones with the same enzyme and
ligation, infectious viral DNA molecules are recovered in a concatemer.

Enzymes that digest viral DNA. Sometimes it has been necessary to use an

enzyme that digests viral DNA. This requirement can be the result of the
unavailability of a suitable enzyme that does not digest viral DNA or of a
Gesire to clone partial molecules, for example to avoid "poison" sequences in
mouse mammary tumor virus DNA (10,11).

We have cloned reticuloendotheliosis virus strain T (Rev-T) using EcORI
and a strategy similar to that describe¢ above even though there are two
EcoRI cleavage sites in Rev-T DNA (1l). After partial digestion with EcoRI,
DNA molecules of 10 to 30 kbp were selected and cloned in a phage vector.
Several complete proviral clones were secured, even though later restriction

enzyme analysis revealed the presence of internal EcoRI cleavage sites.



7

Cloning Unintegrated Viral DNA

Cloning unintegrated circular DNA. As discussed above, some closed

circular viral DNA is found in infected cells. This DNA can be partially
purified using CsCl ethidium bromide gradients and then digested with an
enzyme that cuts only once in the viral DNA and ligated to a suitable vector
(12). (This digestion and ligation strategy is very similar to that used in
cloning a permuted copy of viral DNA from a clone with a duplicated provirus
discussed above.) This procedure results in the cloning of circularly
permuted viral DNA. To recover infectious virus from such a clone, it is
digested with the same single cut enzyme to release the viral DNA from the
vector and ligated to form a concatemer including complete viral DNA genomes,
and permissive cells are transfected. In some cases when the permuted viral
DNA contains an expressible selectable marker, for example, a viral oncogene,
it can be assayed directly without release from the vector (13).

To make such clones more useful, we have inserted an extra LTR with
surrounding viral sequences into such a permuted clone to complete the viral
DNA molecule (Figure 4) (14). Infectious virus can be recovered from this
clone without formation of concatemers.

Frequently, the permuted clones recovered in this way have been aberrant.
In one sample of 250 clones, we recovered only one infectious one (15,16).

In some cases analyzed by others these cloned molecules had intramolecular
inversions (17).

Cloning unintegrated linear DNA. Although linear viral DNA is the major

species of unintegrated viral DNA, only one report has appeared of cloning
such molecules (18). 1In this case, synthetic linkers were added to the ends
of the molecule, and it was cut with the appropriate enzyme and cloned in a
phage vector.

Structure of Viral DNA

The availability of cloned and infectious molecules of viral DNA has
enabled detailed mapping of the viral genome by nucleotide sequencing and
biological techniques. Figure 1 shows viral DNA with an enlargement of the
ends. Almost all the cis-acting sequences of the virus are found near
(within a few hundred bp) of the ends of the viral LTRs. The only exception
is the splice acceptor(s) for sub-genomic mRNA(s).

Construction of Recombinant Viruses

There were many genetic experiments done with retroviruses before the
advent of recombinant DNA technology. These experiments involved both

mutations, esp. deletions, and virus recombination (4). However, these
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FIGURE 4. Formation of infectious plasmid clone containing entire viral DNA
molecule. p60BSal was derived from a duplicated clone (see Figure 3,
bottom). pSW21l0 was also derived from such a clone. pPB10l is as infectious
as a provirus clone after transfection of sensitive chicken cells. (p60BSal
is only infectious after digestion with SalIl and ligation.)
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experiments were somewhat limited by the lack of specific mutations and the
lack of a knowledge of the mechanism of recombination.

The availability of recombinant DNA technigues resolved both of these
problems. It is now possible to make specific desired mutants and
recombinants.

Recombinants made with single cut enzymes. The simplest recombinants

were madGe using restriction enzymes that cut once in cloned viral DNA. Then
the two parts (5' and 3') of the parental molecules were separated, mixed
with the appropriate part from the other parent, ligated, recloned, and cells
were transfected to recover recombinant virus.

We used such a technique to map spontaneous mutations resulting in loss
of infectivity in some provirus clones (19). We also used this technique to
"repair" a deletion in a highly oncogenic retrovirus (20).

In fact, the technigue can even be simplified by leaving out the ligation
step. Co-transfection of permissive cells with separately cloned 5' and 3'
parts of viral DNA results with high efficiency in the appearance of
infectious progeny (21).

A further modification of the co-transfection technique is to transfect
cells with a complete clone containing a mutation and a fragment (subclone)
that overlaps the mutation -- marker rescue technique (19). In this case,
two recombination events are required. However, a small (less than 100 bp)
overlap is sufficient for recombination, and marker rescue is easily
observed.

Another modification is to transfect two complete non-infectious
proviruses both with deletions. If there is overlap between the sequences
remaining (even 40 bp), recombination occurs at an efficiency of 0.1% to give
infectious progeny virus (22) (see Figure 5).

Thus, the availability of cloned viral DNAs allows, after transfection,
easy isolation of recombinant virus when the recombinant can be selected, for

example, the recombinant is infectious and the parental viruses are not.

Recombination and deletion in vitro. Although recombination of
transfected DNA after transfect;;n—;;—;ery efficient, it is only useful if
the resultant recombinants can be selected. Thus, it is useful to construct
recombinants in vitro and then assay them in cells.

We find it easiest to work with DNAs cloned in plasmids. We use standard
recombinant DNA technology. In constructing recombinant viruses we maintain

the organization as LTR -~ coding sequences - LTR. To recover infectious
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FIGURE 5. Recombination between deleted virus clones. When co-transfection
is carried out with two DNA molecules containing non-overlapping deletions
(SW280 and SW279), infectious virus is recovered at high yield. Numbers are
co-ordinates in kbp. Deletions are shown by absence of a line.

virus we need to preserve also PBS and E near the 5' LTR and PPT near the 3'
LTR (see Figure 1).

Deletions in these regions or in the LTR may prevent recovery of
infectious virus. However, such non-infectious DNA can be studied directly
after transfection, that is, early expression can be studied.

Presence in recombinant viral DNA of control sequences between LTRS.

Sequences for the 3' terminus of MRNA inserted between the LTRs may greatly
recuce viral yield. For example, the yield of virus containing herpes
simplex virus—thymidine kinase gene without its poly(A) adéition sequences is
muck higher than the yield of virus containing those sequences (23).
Presumably, little full length viral RNA is formed as a result of premature
termination of transcription. The degree of inhibition differs for different
terminal seguences -- different strengths of termination.

The presence of promoters in the same orientation in DNA inserted in a
retrovirus vector has not been found to affect virus production, but the
presence in inserted DNA of promoters in the opposite orientation to viral
transcription can severely depress yield of virus (24).

Presence of intervening sequences in recombinant viral DNA. Intervening

sequences in DNA inserteé in SNV vectors in the same orientation as viral
transcription are normally spliced out of full-length viral RNA (4,25). If
the encapsicdation sequences are not present in the spliced-out sequences, the
resultant sub-c¢enomic viral RNA is not packaged, and, so, does not replicate
further, for example, env mRNA (26). However, if the encapsidation sequences
are still present in the resultant sub-genomic viral RNA, it is packaged and

then the spliced RNA becomes the predominant species of virus (Figure 6).
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FIGURE 6. Loss of intervening sequences in genomic DNA inserted in
retrovirus vector. Parental DNA is shown at the top; progeny virus DNA at
the bottom. Open bases are retrovirus sequences; stippled bases are mouse 0~
globin sequences that are not exons; slashed bars are mouse a-globin exon
sequences; solid bars are herpes simplex virus—thymidine kinase gene without
the poly(A) addition sequences.

Size of recombinant viral DNA. Generally, smaller species of virus

replicate faster than larger ones when molecules over 8 kbp are considered
(27). Molecules as small as 2 kbp are replicated although they also appear
to be selected against (18). Considering the requirements for cis-acting
sequences in and near the LTRs, 2 kbp is close to a lower limit for continued
viral replication. The largest constructed molecules have been 14 kbp, but
spontaneous variants of over 16 kpb have been seen (28).

Since intervening sequences are spliced out of early transcripts,
constructs of much larger size can be made as long as after removal of
intervening sequences the size of the resultant virus is less than about 15
kbp.

Stability of recombinant virus. As mentioned above there is selection

against viruses larger than 8 kbp. Furthermore, there frequently are
deletions in such viruses, for example, the loss of src from avian sarcoma
viruses (4,27). We have found another type of frequent deletion when two
genes each containing its own promoter are inserted in a retrovirus vector --
SNV o-globinAterR thymidine kinase AterR (Figure 7). Most of the virus
recovered from thymidine kinase-negative cells transformed to thymidine
kinase positive by this virus has a deletion of all of the a-globin coding

sequences (28). One possible explanation for this result is that the
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FIGURE 7. Variation in recombinant retroviruses. Parental DNA is on the top
and progeny virus DNAs are in the middle and bottom. Open bars are LTRs;
thin lines are retrovirus coding sequences; slashed bars are mouse o-globin
sequences; dotted bars are herpes simplex virus-thymidine kinase gene
sequences.

thymidine kinase promoter which is rather weak is replaced by a stronger

promoter.

Expression of inserted DNA in recombinant virus. As discussed above

inserted DNA can be expressed from its own promoter. Insertec genes can also
be expressed from the strong promoter in the LTR (24). If the poly(A)
addition sequences of the inserted sequences inhibit viral replication, the
viral poly(a) addition signals in the LTR can be used. Encapsidation
sequences must not be deleted in these constructions or infectious
recombinant virus cannot be recovered.

Helper cell. All of the cis-acting sequences required for the formation
of infectious recombinant virus are located in or near the LTRs (see Figure
1). For the propagation of defective virus, the trans-acting factors, viral
proteins, are supplied by a "helper" virus. Helper cells are cells that do

not produce virus but constitutively express all the proteins needed to form
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FIGURE 8. DNAs in helper cell after transfection with spleen necrosis virus
vector. SW279 supplies gag and pol functions but is deleted for E (sd” E~
gag* pol* env™); SW283 supplies env function, but is deleted for E (sd~ E”
gag~ pol~ env'); SW272 has all cis-functions and herpes simplex virus—
thymidine kinase DNA but is deleted for gag, pol and most of env and for
sequences before gag also missing in SW279 and SW283 (overlapping deletion).

infectious virus. Such a cell was constructed for our vectors by co-
transfecting cells with a dominant selectable marker and viral DNA that is E~
and env* (SW283) and viral DNA that is E~ gag* pol* (SW279) (24) (Figure 8).
Transfection of these cells with replication-defective retrovirus DNA (for
example, SW272) results in the formation of infectious progeny able to infect

cells but unable to form progeny virus.

CONCLUSIONS
Retroviruses can be made into excellent vectors to study a variety of
problems in biology and also perhaps, to introduce active genes into cells

with genetically damaged genes.
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CLONING OF HUMAN ONCOGENES
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SUMMARY

Human oncogenes homologous to v-fes, v-myb, v-myc, and
v-sis have been cloned in recombinant phage vectors. Their
structures have been elucidated by restriction enzyme and
heteroduplex analyses, and in the case of c-sis by nucleotide
sequencing as well. The complexity of these human genomic
sequences is greater than that of the retroviral oncogenes,
including multiple intervening sequences. In the cases of
c-myb, c-myc, and c-sis, additional exons have been found by
hybridization to mRNA or cDNA samples, compared to those
characterized by hybridization to the retroviral oncogenes.
In addition, a cDNA-containing plasmid with sequences of
human c-sis mRNA has been isolated which can transform 3T3
fibroblasts. By somatic cell hybrid analysis and in situ
hybridization, the chromosomal location of each of these
oncogene homologues was determined, and compared to the chromo-

somal breakpoints in translocations in specific malignancies.

INTRODUCTION

In order to gain a greater understanding of the molecular
basis of normal development and the aberrancies associated with
malignancy, we have analyzed the structure and function of
cellular homologues of retroviral oncogenes (c-onc genes).
Recombinant DNA technology was used to generate cloned
sequences of genomic DNA and complementary DNA (cDNA) of
cellular oncogenes from normal and transformed cells. This
has provided the tools for investigating the qualitative and
quantitative alterations in these genes and their expression
in human cancers. It has also permitted the development of

Y. Becker (ed.), RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
Boston. All rights reserved.
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model systems using a DNA transfection assay for studying the
biochemical pathways associated with the initiation and main-
tenance of the transformed state. We will present here some
studies from our laboratory on four c-onc genes, namely, the
homologues of the transforming genes associated with feline

sarcoma virus (fes), avian myeloblastosis virus (myb), avian
myelocytomatosis virus, MC29 (myc) and simian sarcoma virus

(sis).

MATERIALS AND METHODS

A Charon 4A library of EcoRI partial digest of human adult
liver DNA and a Charon 28 library of human placenta DNA (partial
Mbo I digest) were gifts of T. Maniatis (1), and screened with
32p-labeled probe containing v-fes, v-myb, v-myc, or v-sis
sequences, using standard recombinant DNA technology (2).

A CDNA clone of c-sis was obtained from a cDNA library of

HUT102 cell mRNA constructed as described previously (3).

RESULTS AND DISCUSSION
c-fes

Feline sarcoma virus (FeSV) has been isolated from fibro-
sarcomas of domestic cats (4-6). Three isolates which have
been characterized include the Snyder-Theilden (ST) strain, the
Gardner-Arnstein (GA) strain, and the McDonough-Sarma (SM)
strain. The first two strains have acquired the same oncogene,
fes, from cats (7) which is homologous to the chicken oncogene
acquired by the Fujinami and PRCII avian sarcoma viruses (8).

Using cloned ST FeSV DNA as a probe, we found a unique locus
for c-fes in both the human and chicken genomes (9). A human
genomic DNA library was screened and clones homologous to c-fes,
constituting more than 20 kilobases (kb) of DNA sequences were
isolated (9, 10). Though v-fes is 1.4 kb in size (11), c-fes
spans 3.4 kb and contains at least three intervening sequences
(Fig. 1). The finding of intervening sequences between the v-
onc-related sequences of c-fes is distinct from that described
for c-mos for which complete and uninterrupted homology with

v-mos was found by restriction enzyme analysis and heteroduplex
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GENETIC ORGANIZATION OF FOUR HUMAN c - onc LOCI

1 Kb
—
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b= 4+ - - c- myb
0

FIGURE 1. Organization of the c-fes, c-myb, c-myc, and c-sis
oncogenes, The relative sizes and positions of v-onc homologous
sequences and intervening sequences are shown. These maps are
derived by comparison of genomic phage clones with c-onc
sequences by restriction enzyme analysis and heteroduplex

mapping.

mapping (12). However, a similar structure with multiple inter-
vening sequences has been described by others for c-abl (13),
c-src (14), c-rel (15), c-Ha-ras and c-Ki-ras (16-18), and

here for c-myb, c-myc, and c-sis. This would suggest that

the acquisition of most v-onc sequences from cellular DNA was

a result of recombination with a reverse transcript of a

spliced c-onc mRNA.

By somatic cell hybrid analysis, c-fes was assigned to human
chromosome 15 (19, 20) and sublocalized by in situ hybridization
to the 15g25-26 region (21). In a high percentage of acute
promyelocytic leukemia cells, a 15:17 reciprocal translocation
has been described (22); however, the breakpoint in the distal
part of the long arm of chromosome 15 must be more accurately

defined.
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c-myb

Avian myeloblastosis virus (AMV) causes myeloid leukemias in
chickens (23). The transforming sequence, v-myb is 1.1 kb in
length (24). To characterize the homologous sequence in normal
human genomic DNA, clones constructed using a phage vector with
overlapping sequences homologous to v-myb were isolated encom-
passing 35 kb (25). Restriction enzyme digests and Southern
blot hybridization and heteroduplex mapping demonstrate the
v-myb homologous region to span 6.2 kb with four intervening
sequences (Fig. 1). DNA probes generated from these clones
which span 30 kb and include 5' flanking sequences, myb-related
sequences, an intervening fragment lying between two myb-
containing fragments and 3' flanking sequences all hybridized
to a 4.5 kb mRNA from MOLT 4 acute lymphoblastic leukemia (ALL)
cells, the same as detected with a V—EXE probe (25). The c-myb
mRNA is therefore encoded by a genomic DNA spanning 30 kb with
transcriptional initiator and terminator sequences outside the
6.2 kb region of v-myb homology. The presence of a fragment
between v-myb-related sequences with homology to human c-myb
RNA suggests either the loss of at least one exon in the
acquisition of myb-related sequences by AMV or a difference
in splicing of c-myb transcripts in humans compared to chickens.

By somatic cell hybrid analysis (19) and more refined mapping
by in situ hybridization (21), c-myb was mapped to human chromo-
some region 6g22-24. It is of interest that a high percentage
of acute lymphoblastic leukemia (ALL) cells exhibit a deletion
in 6g2l-gter (26); high levels of c-myb transcripts are found
in primary ALL lymphoblast cells and cell lines, as well
(27). A 6;14 translocation has also been described in papillary
serous adenocarcinoma of the ovary, and the breakpoint has been
assigned to band 692l (28, 29). Deletions and translocations
of the distal half of 6g have also been described in malignant
lymphomas and melanomas (30). The role of the chromosomal
alterations in activation of c-myb gene activity require further

study.
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c-myc

Avian myelocytomatosis virus strain MC29 is a replication-
defective retrovirus capable of inducing myelocytomatosis,
sarcomas, and hepatic and renal carcinomas in chickens (23).
This virus has acquired an oncogene, v-myc, which encodes a
nuclear protein (31). Recombinant phage clones containing
normal human genomic DNA were screened with a v-myc probe;
two positive clones with greater than 17 kb of human DNA were
isolated (32). Restriction enzyme analysis and heteroduplex
mapping revealed two exons homologous to v-myc separated by a
1.8 kb intron (Fig. l1). However, more recent experiments
have demonstrated the presence of a third exon homologous to
myc mRNA (33, 34) but lacking v-myc-related sequences. Nucleo-
tide sequence analysis has shown that this exon consists of
untranslated sequences (33, 35). Additional sequences were
detected and isolated containing human c-myc sequences homo-
logous to the central portion of the v-myc gene (32). These
sequences lack an intervening sequence and are more divergent
from the viral sequences than the complete gene. One such
sequence has been found to be amplified in human neuroblastomas
and referred to as N-myc (36).

In collaboration with the laboratory of C. Croce, we found
by analysis of somatic cell hybrids between mouse cells and
normal human lymphocytes, that c-myc is located on chromosome 8
(37). Analysis of somatic cell hybrids between mouse cells and
Burkitt's lymphoma cells containing a reciprocal translocation
between chromosomes 8 and 14, sublocalized the c-myc gene to
the region g24-gter of chromosome 8 which was involved in this
translocation.

Despite considerable further investigation on this problem,
the relationship of the c-myc gene structure and function to
chromosomal translocation still remains unclear. 1In some cases
of 8;14 translocation, though the c-myc gene has translocated
to the distal part of chromosome 14, no DNA rearrangement is
detectable by Southern blot analysis (38). This suggests that
in some cases the breakpoint may be quite distant, i.e., more
than 20 kb from the c-myc gene. 1In the case of some of the
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less common 2;8 and 8;22 translocations in Burkitt's lymphoma
cells, though a part of the light chain immunoglobulin locus

has translocated to chromosome 8, c-myc is not translocated
(39-41). 1In cases in which c-myc recombination with the heavy
chain immunoglobulin locus have been characterized, the break-
point lies outside the protein coding sequence, upstream of

exon 2 (42, 43). In one of these cases, several point mutations
were found in exon 2 (43), but in the others which have been
sequenced the predicted protein product was found to be unchanged
from that inferred from the normal c-myc sequence (44). There-
fore, a qualitative change in the myc product does not seem to
be necessary in Burkitt's lymphoma. There also remains a con-
troversy as to whether or not the level of c-myc transcription
is altered in association with the chromosomal translocation
(45-48). Two pieces of evidence suggest an alternative pattern
of expression in this situation. First, it was found that most
of the c-myc RNA transcribed in Burkitt's lymphoma cells utilizes
a different promoter in or preceding exon 1 or within the down-
stream intron depending upon the chromosomal breakpoint (44},
compared to that utilized in phytohemagglutin-stimulated normal
lymphocytes. Second, transcription occurs almost exclusively
from the rearranged c-myc allele and not from the unrearranged
allele (48).

Though the details involved in relating the chromosomal trans-
locations to oncogene function and initiation or maintenance of
the transformed state still require elucidation, the univeral
finding of a specific translocation in Burkitt's lymphoma in
man and the analogous translocation (or rarely interstitial
deletion) in the mouse plasmacytoma (49-53) point to the funda-
mental importance of this finding in these lymphoid malignancies.
The role of translocations in other human malignancies, which
are not universal findings in any particular tumor type, and
the involvement of oncogenes are even less well defined at this
point.

Simian sarcoma virus genome

Simian sarcoma virus (SSV) has been isolated from a fibro-

sarcoma in a pet woolly monkey (54). SSV and the simian
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sarcoma-associated virus (SSAV) genomes have been cloned in
phage vectors from either: a) closed circular viral DNA inter-
mediates after cleavage with a one-cut restriction enzyme (55)
or b) genomic DNA of a SSV-transformed nonproducer cell after
cleavage in the flanking sequences (56). The resultant SSAV
clone was compared to two SSV clones by restriction enzyme
and heteroduplex mapping. In the permuted SSAV genome the
two long terminal repeat (LTR) sequences are in the middle of
the 9.0 kb genome. 1In comparison to SSAV, the SSV clones
include a 0.2 kb deletion in the gag gene, a 1.9 kb deletion
in the pol gene, a 1.5 kb deletion in the env gene, and a 1.0
kb substitution of SSV-specific sequences (v-sis) in the
latter site (55, 57).

A single-stranded DNA probe was constructed in M13 phage
which contains v-sis sequences (58). By liquid hybridization
analysis, it was shown to be more closely homologous to primate
than non-primate DNA, and to DNA of New World monkeys than to
that of 0ld World monkeys. SSAV on the other hand is highly
homologous to various gibbon ape leukemia (GaLV) isolates,
derived from Old World apes. SSV was isolated from a fibro-
sarcoma in a pet woolly monkey, which had cohabitated with a
gibbon ape. This suggests that SSV arose by transmission of
a GaLVv from the gibbon ape to the woolly monkey, and subsequent
recombination of this retrovirus with woolly monkey DNA to
give rise to the acutely transforming defective retrovirus.

V-sis represents a distinct oncogene, 1006 bp in length (59).
The amino acid sequence inferred from the nucleotide sequence
predicts a 28 kilodalton (Kd) protein which is processed to
20 kd and 24 kd proteins (60). Amino acids derived from the
env gene are found at the amino-terminus (59).

Recent comparison of the amino acid sequence determined for
human platelet-derived growth factor (PDGF) revealed it to be
highly homologous to that predicted for v-sis (61, 62). Two
species of PDGF have been identified, PDGF I (32 kd) and PDGF II
(28 kd), which differ only in their carbohydrate content (63,
64). Upon reduction, a series of peptides ranging from 11,000-
17,500 daltons is generated (65). These are thought to represent
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proteclytic fragments derived from two peptide chains, A and B.
The size of these fragments is dependent on the age of the
platelets from which PDGF is purified. The amino acid sequence
of peptide 2a of Antoniades and Hunkapiller (66) is identical
in 23 of 28 amino acids to that predicted by the v-sis nucleo-
tide sequence, and peptide I of Waterfield and coworkers (62)
in 29 of 31 amino acids. The differences between the predicted
woolly monkey v-sis amino acid sequence and that of human PDGF
chain A could represent either species-specific differences,

or alterations determining transformation potential. We there-
fore sought to characterize the c-sis sequence from normal and
malignant human cells to answer this question.

c-sis proto-oncogene

A clone of c-sis was isolated from a recombinant phage
library (67): the location of exon/intron boundaries was deter-
mined by: a) restriction enzyme digests and hybridization to
the v-sis probe and to probes from a c-sis cDNA clone (see
subsequent section), b) heteroduplex mapping with v-sis, and
¢) comparison of nucleotide sequences of v-sis (59), parts of
genomic c-sis DNA (68), and c-sis cDNA (Figs. 1 and 2). This
revealed that the c-sis gene contains 6 exons over 12.5 kb with
one or more additional upstream exons homologous to the 5'
portion of c-sis mRNA (69).

The nucleotide sequence of the 6 regions of v-sis homology
with the normal human c-sis gene was determined (68). No
candidate ATG initiator codon or promoter sequence analogous
to TATAAA and no conserved CCAT sequence could be found in the
247 nucleotides upstream of the first region of v-sis homology.
Each v-sis homologous region, except region 6, is bounded by
acceptor and donor splice sites and resembles exons. Region 6
does not have a 3' donor splice site and terminates -5 base
pairs (bp) from the 3' v-sis-helper viral junction. Comparison
of this region to the partial sequence data of c-sis cDNA shows
that region 6 represents part of an exon with at least an
additional 900 bp. The open reading frames for the v-sis and
c-sis gene products coincide with the stop codon of the c-sis
gene located 123 bp into the 5th region of homology. There is
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ORGANIZATION OF HUMAN c-sis cDNA CLONE pSM-1
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FIGURE 2. Restriction enzyme map of c-sis cDNA plasmid clone
pSM-1. The restriction enzyme map was determined by Southern
blot hybridization (14) to a v-sis probe. The dark area shows
the cDNA insert, and the cross-hatched area indicates the v-sis
homologous region. The potential initiator and termination ~—
codons of this sequence were obtained from nucleotide sequence
data.

91% homology between the nucleotide sequences of v-sis and the
corresponding region of c-sis with substitutions mainly in the
third codon position in the open reading frame, and the greatest
divergence in the 3' untranslated portion of the sequences.

The predicted protein product for human c-sis is identical
in all of 31 amino acids to that determined for one of the
peptides of PDGF (62, 68). Further amino acid sequence data
of PDGF will allow a more complete comparison. However, the
data strongly suggest that c-sis encodes chain A of PDGF. The
locus of genetic information for chain B of PDGF is unknown,
but the significant homology (about 60%) between chains A and B
(62, 66) suggests that they have been derived from a common

ancestral gene,
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The c-sis gene has been mapped to chromosome region
22ql2.3-13.1 by somatic cell hybrid analysis (70, 71) together
with in situ hybridization (72). Though this gene is trans-
located to chromosome 9 in patients with Philadelphia chromo-
some (Phl)-positive chronic myelogenous leukemia (CML), this
region is somewhat distant from the breakpoint at 22gll (72).
Furthermore, transcripts of c-sis were detected in only 1 of
10 cases of CML examined by our group (M. Blick, unpublished
data). Of interest, however, is the finding that c-abl is
localized to chromosome region 9934 which corresponds to the
breakpoint seen in CML (73). The c-abl gene was found to be
translocated in all Phl-positive CML patients and in a cell
line derived from a CML patient, K562, it was also found to
be amplified and actively transcribed (74, 75). Thus, if
either oncogene plays an important role in the pathogenesis
of CML, c-abl is more likely to be important.

Translocations involving chromosome 22 have also been
reported in several aneuploid Ewing's sarcoma cell lines (76,
77). This is of interest in light of the findings already
discussed of transcription of c-sis in several sarcoma lines.
Further characterization of both fresh and cultured Ewing's
sarcoma cells must be done to determine if c-sis is trans-
located in this situation, if a DNA rearrangement is detectable
in the vicinity of the c-sis gene, and if the gene is expressed
in these cells at the RNA and protein levels.

Expression of cellular onc gene homologues

We investigated, together with the laboratories of S.
Aaronson and T. Papas, the expression of c-onc genes in various
solid and hematopoietic malignancies (78, 79). Poly A(+) RNA
was isolated from various malignant cell lines and fresh
tissues and examined by Northern blot analysis by hybridiza-
tion with various v-onc probes (Table 1).

This survey revealed no expression of c-fes, and relatively
low levels of c-Ha-ras and c-abl in all cells examined. The
multiple different transcripts detected for c-abl and c-Ha-ras
raise questions about their source from one or more different

genes and/or alternative patterns of post-transcriptional
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processing. The findings of conservation of oncogenes in
diverse vertebrate species and the active transcription of some
in many normal and/or neoplastic cells provides evidence for a
functional role of these genetic elements.

The levels of expression of c-myc ranged from about 2-20
copies/cell in the various hematopoietic and solid tumor cells
examined, except for the HL60 promyelocytic cell line containing
an amplification of the c-myc gene. The amplification was also
demonstrated in the fresh tumor tissue of the patient from whom
the cell line was derived (80), showing that the gene alteration
was not an artifact of in vitro culture conditions. While
the site of the amplified myc gene in the fresh promyelocytic
leukemia tissue was most likely in double minute chromosomes,
the HL60 cell line has lost the DM chromosomes and developed an
abnormally-banded region in chromosome 8, presumably at the
site of the normal c-myc locus (8l). Agents that induce differ-
entiation give rise to a decline in the level of c-myc trans-
cription without any significant alteration in the level of
gene amplification. The amplification of c-myc dgene could not
be found in several other promyelocytic leukemias. Subsequently
amplification of myc has been demonstrated in cell lines of
more aggressive variants of small cell carcinomas of the lung
(82) and a human colon carcinoma cell line (83), amplification
of a related gene, N-myc in neuroblastomas (36), amplification
of abl in the K562 erythroblastic cell line from a patient with
CML in blast crisis (74, 75), and amplification of Ki-ras in a
murine adrenocortical tumor (84).

The expression of c-myb was somewhat more restricted; 4.5 kb
transcripts were found in immature T-lymphoid, myeloid, and
erythroid cells but not in B-lymphoid cells, mature T-lymphoid,
or myeloid cells, or solid tumor cell lines (27). It would
be of interest to determine if the c-myb gene product plays a
general role in the maturation of hematopoietic cells.

Transcripts of c-sis were not detected in any hematopoietic
cells except some mature T-cell leukemia lines, transformed by
human T-cell leukemia virus (HTLV) (78). A single 4.2 kb

transcript was detected in these cells as well as in 5 of 6



27

sarcomas and 1 of 2 glioblastomas (78, 79). No c-sis
expression was found in carcinomas or melanomas.
c-sis cDNA

To characterize the transcribed sequences involved in malig-
nancy, we constructed a cDNA library from an HTLV-transformed
cell line (85). This provided a reference bank to study onco-
gene transcripts, viral RNAs, and other specific mRNAs
associated with the transformed phenotype. The vector chosen
was that described by Okayama and Berg (3) which includes the
PBR322 origin of replication and ampicillin-resistance gene,
and simian virus 40 (SV40) enhancer, promoter, splice, and
poly-adenylation signals. This vector allows cloning in
bacteria and ready transfection and expression in eukaryotic
cells. Three clones have been isolated after screening about
300,000 colonies for hybridization to a v-sis probe. These
have been denoted pSM-1, pSM-2, pSM-3 which contain cDNA
inserts of 2.7, 2.7, and 1.8 kb, respectively. All of these
represent incomplete transcripts compared to the full-length
4.2 kb mRNA detected in these cells. pSM-1 was selected for
further analysis. Restriction enzyme digests and Southern
blot hybridization to a v-sis probe showed the area of
homology to lie in the 5' portion of the cDNA insert (Fig. 2).
There are about 180 bp 5' to the area of v-sis homology which
represent an additional upstream exon(s) to those already
described in the c-sis gene (L. Ratner and S. Josephs,
unpublished data).

Using pSM-2 as a probe, we compared the c-sis gene structure
of HUT-102 cells to that of an uninfected B-lymphoid cell line,
CB-B (85). The digestion fragments with a number of enzymes
were the same in the two cell lines (not shown), providing no
evidence for a rearrangement of the c-sis gene.

Restriction maps of pSM-2 and pSM-3 are the same as that of
pSM-1 except for deletions at the 5' portion of the cDNA insert
(our unpublished data with M. Reitz). Thus, these two clones
likely represent shorter reverse transcripts of the same mRNA
sequences. The restriction map of the cDNA insert in pSM-1

is identical to that of the corresponding regions of the
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normal c-sis gene. Nucleotide sequence analysis of pSM-1
reveals a potential initiation ATG codon 64 bp upstream from
the region of v-sis homology (our unpublished data with S.
Josephs). No env gene sequences were found 5' to the v-sis
homologous sequences. There are also about 1130 bp down-
stream from the v-sis homologous open reading frame.

Upon transfection of NIH-3T3 cells with pSM-1, 200 trans-
formed foci/microgram DNA were detected at 18 days (85).

These foci appeared different morphologically from those
typically seen upon transfection with ras; these cells are
less spindle-shaped but retain the ability to pile up in a
focus. Digests with BamHI and Clal revealed the entire
sequence of pSM-1 to be present in all the transfectants.
Digests with a no-cut enzyme, EcoRI showed multiple different
integration sites. RNA transcripts homologous to c-sis in
these transformed 3T3 cells were 3.5 kb which is consistent
with the use of the SV40 promoter and polyadenylation signals
{our unpublished data with E. Westin).

While the nucleotide sequence of the open reading frame of
the v-sis homologous region is identical to that of the corres-
ponding regions of the normal c-sis gene, external application
of PDGF to these same cells does not induce transformation (86).
This raises questions as to the differences between the protein
product of this truncated c-sis sequence in 3T3 cells versus
that of the complete c-sis gene in normal and transformed human
cells. 1Is the transformation of 3T3 cells with this cDNA clone
due to: a) loss of regulatory sequences in the c-sis mRNA, b)
higher levels of intracellular PDGF expression, c) differences
in post-translational processing of the c-sis gene product, 4)
alteration in subunit structure, i.e., homodimer rather than
heterodimer and/or e) differences in interaction with cellular
receptors? Is the c-sis gene product exported in these cells
and if so does it play any role in the malignant state? It
would thus be of interest to test the effect of antibodies to
PCGF on the establishment and growth of transformed cells in

culture.
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Preliminary analysis of the 3T3 fibroblasts transformed by
the c-sis cDNA clone has revealed significantly increased
expression of the mouse c-myc gene (our unpublished data with
E. Westin). This is similar to the activation of the myc gene
reported by Kelley and coworkers with 3T3 cells treated with
PDGF, or of lymphocytes treated with different mitogens (87).
The interaction of these oncogenes in transformation is
reminiscent of the cooperativity of myc and ras in trans-
formation of various primary fibroblasts.

With the identification of an oncogene protein product and
characterization of at least some of its biologic functions,
questions arise as to the usefulness of these reagents in the
diagnosis, staging, and treatment of human malignancies.

Mechanisms of oncogene activation

It has been speculated that cellular protooncogenes are
genes involved in cell proliferation and/or differentiation.
The direct link of these genes to growth factors and growth
factor receptors provided strong evidence for this speculation.
Therefore, it is conceivable that inappropriate expression of
these genes will lead to a cell that is blocked in differentia-
tion or kept in constant proliferation, in other words, a trans-
formed cell. The mechanism of activation of a normal gene to
a transforming gene may be based on either a qualitative or a
quantitative change.

Qualitative alterations have been demonstrated with c-Ha-
ras, c-Ki-ras, and N-ras with specific point mutations in
codons 12 and 61 being associated with transforming ability
in the 3T3 transfection assay (88-97). Several models of
quantitative alteration in oncogene expression have been
studied. One is insertional mutagenesis by chronic leukemia
viruses in bursal lymphomas induced by avian leukosis virus
after a long latent period; c-myc is activated 50-100 fold
(98-102). In some cases this is the result of integration of
the ALV genome upstream of the c-myc gene in the correct
orientation for utilization of the 3' LTR as the transcrip-
tional promoter. 1In other cases in which ALV is integrated

downstream from c-myc or in the wrong orientation upstream
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of c-myc, gene activation may be due toutilization of enhancer
sequences in one of the LTRs. Similar transcriptional activa-
tion of c-myc by chicken syncytial virus (103) and c-erb-B by
avian leukosis virus (104, 105) have been described. Further-
more, the cellular mos gene, which is closely homologous to
v-mos can transform NIH-3T3 cells when linked to an active
viral promoter (106).

Another mechanism of over production of c-onc mRNA which
has already been discussed is via gene amplification. The
processes associated with this gene amplification, however,
are poorly characterized. Surveys for such an amplification,
however, have revealed that it is not a common process in
human cancer prior to the institution of therapy (our
unpublished data).

The role of chromosomal alteration and involvement of onco-
genes in specific human malignancies is intriguing though not
understood. Definition of transcriptional and translational
changes of oncogene information will require further study.
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SUMMARY

The investigation of the F factor of Escherichia coli is chosen

as an example for the recent developments in the field of plasmid
research. F-derived mini-plasmids were constructed and their pro-
perties with respect to replication and copy number control were
studied, applying numerous experimental approaches including
electron microscopy, mutagenesis, cloning of subfragments, ex-
pression of gene products and DNA sequencing. Thus, insights into
the mechanism of replication, copy number control and partitioning
were achieved which finally allowed construction of special purpose

cloning vectors based on plasmid F.

INTRODUCTION

Bacterial plasmids have played an important role since the very
beginning of genetic engineering. However, the interest in study-
ing their biology has started much earlier and was initiated by
genetic and physiological phenomena for which they were respon-
sible. These were the production of colicins by the Col plasmids
(1), fertility of bacteria conferred by the F factor (2) and
antibiotic resistance due to the presence of R factors (3). In-
tensive research by many groups on these three types of plasmids
has culminated in the first successful cloning experiments demon-
strating that the in vitro recombination of a DNA segment with a
plasmid vector resulted in a genetically stable hybrid molecule.

This tremendous progress in molecular genetics was, however,
only possible due to the fact that the enzymology for in vitro
recombination and the methods for the introduction of DNA into
the bacterial cell (transformation) were developed. The fact that
numerous restriction endonucleases and other DNA modifying enzymes
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are now commercially available has made DNA cloning an every day
routine in many laboratories.

The cloning of DNA into an organism depends largely on the
carrier DNA molecule, the vector. The most important prereguisite
of a vector is that it represents a replicon, an autonomously
replicating entity of DNA. Furthermore the vector has to carry
markers that allow selection and screening for the presence of
hybrid plasmids in the cell. Two types of plasmids which fulfill
these requirements, the R factors carrying antibiotic resistance
and the Col factors responsible for colicin production and colicin
immunity were the first plasmids to be used in in vitro recombi-
nation experiments.

In 1973 Cohen and coworkers (4) who had also established a pro-
cedure to transform E. coli with plasmid DNA (5) found that by
shearing DNA of a large R factor and transformation with the DNA
fragments a small plasmid could be obtained which carried tetra-
cycline resistance. This plasmid, designated pSC101, later served
in the first cloning experiment with eukaryotic DNA (6).

Plasmid ColE1 is another example for a cloning vector (7,8).
As pSC101, plasmid ColE1 has a single recognition site for the
endonuclease EcoRI. Insertion of a DNA fragment into this site
is accompanied by loss of colicin production in the transformed
clone. Since such clones are still colicin immune a direct selec-
tion for transformants is possible. Using this strateqgy ColE1 was
used to clone part of the tryptophane operon of E. coli (9).
Although the use of ColE1 as a cloning vector was difficult with
regard to its markers, it had the definite advantage over other
plasmids in that its copy number could be amplified by treating
the cells with chloramphenicol (10). The large increase in copy
number up to 1000 per cell facilitated plasmid isolation.
Furthermore, Hershfield and coworkers isolated a spontaneously
generated mini-ColE1 plasmid, pVH51 which was only 2.3 Megadalton
(Mdal) in size and exhibited an elevated copy number of about
60-80 as compared to 20 of the parental ColE1 plasmid (11). In
addition mini-ColE1 showed a very low rate of cotransfer in the
presence of a transfer factor, an important fact for safety con-

siderations (11). Later the joining of antibiotic resistance
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markers to plasmid ColE1 generated a number of vectors like
pCR1, pML21, and pMB9 (11,12,13) and the now generally used
vector pBR322 and its derivatives (14, 15).

Progress in the cloning technology is basically achieved on two
levels (i) by the improvement of the biochemical methodology in
nucleic acid chemistry and (ii) by the construction of special
cloning vectors. The latter is only possible by the detailed
study of the biology and genetics of potential vector molecules.

In this communication I do not want to elaborate on the enzy-
matic and methodical details of gene cloning, numerous reviews
already exist on this subject (see i.e. 16, 17). Instead I prefer
to present our studies on the F factor of E. coli and the con-

struction of mini-F derived cloning vectors.

RESULTS
The F factor of E. coli and the construction of a mini-F plasmid.
The F factor of E. coli is a 64 Mdal (94.5kb) plasmid which confers to

the bacterial cell the ability for DNA transfer (conjugation) (2).
During conjugation either the F factor itself or when F is inte-
grated into the host chromosome (Hfr) the chromosome is trans-
ferred into the recipient cell. Fertility of E. coli due to the

F factor enabled geneticists to establish the detailed genetic
knowledge we have on E. coli. The F factor itself was also in-
tensively studied to understand the mechanism of DNA transfer and
vegetative replication. While DNA transfer could be studied by

a genetic approach (2) the investigation of the mechanism of
vegetative replication and maintenance of F was strongly hampered
by the size of F and its low copy number of only 1-2 per chromo-
some (18). Therefore, a considerable progress was only achieved
when a mini-derivate was obtained. F”lac DNA was fragmentated by
restriction endonuclease EcoRI and the fragments were Jjoined in
vitro with another EcoRI fragment carrying an antibiotic resis-
tance marker. After transformation of E. coli with such randomly
recombined DNA molecules and selection for kanamycin resistance
clones harbouring a plasmid consisting of a 6 Mdal F fragment and
the antibiotic resistance fragment were obtained (19, 20).
Heteroduplex studies showed that the 6 Mdal (9kb) segment present
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in the mini-F plasmid represented the region 40.3-49.3F of the

F factor (21,22,23) (Fig. 1). This demonstrated, that all func-
tions involved in replication and its control were closely linked
on a relatively small secgment of DNA. The mini-F plasmid further
behaved like the parental F factor with respect to copy number

of 1-2 per chromosome and incompatibility against IncFI group
plasmids.

Incompatibility refers to the inability of two plasmids of the
same incompatibility group to stably coexist in a cell. As a re-
sult of incompatibility segregation of the two plasmids is ob-
served (24,25). As we will see later incompatibility is caused
by the replication control and partitioning mechanisms.

By a similar approach mini-plasmids have been generated from
various large plasmids like R6-5, R1, and R6K (26,27,28,29).

The map of mini-F shown in Figure 1 summarizes the data of seve-
ral laboratories (30,31,32,33).

Mapping of replication origins.

One of the first steps in the characterization of a replicon is
the mapping of replication origins and the determination of the
direction of replication. Since in a growing bacterial population
only few plasmids are replicating at a given time it is necessary
to enrich for replicative intermediates in a plasmid preparation.
A method which has been applied successfully for a variety of
plasmids (34,35,36,37) uses thymine starvation followed by a
short pulse with thymidine in a thy mutant of E. coli, resulting
in a synchronization of replication. The lysis procedure also
effcts the yield of plasmid replicative intermediates, since it
has been shown that during replication plasmids are attached to
the cell membrane (38). Lysis of the cells using a modified SDS-
salt procedure (39), originally described by Hirt (40) for pre-
paration of polyoma DNA, gives satisfying results.

Replicative intermediates can be purified on CsCl-dye density
gradients or sedimentation in sucrose gradients and then analysed
by electron microscopy. Typical examples as observed in the elec-
tron microscope are shown in Fig. 2.

Statistical evaluation of the molecules allowed determination of the

location of the startpoint (origin) and the direction of replica-
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Figure 1. Map of the F factor and plasmid mini-F.

Arrows —-D> indicate recognition sites of EcoRI. The tra-operon
and OriT are required for mating pair formation and DNA transfer.
IS2, IS3, and +§ are used for integration into the host chromo-
some (2). The inner circle indicates F coordinates in kilobases
(kb) . The EcoRI f5-fragment present in plasmid mini-F encoding
functions for incompatibility (inc), replication (rep) and origins
of replication (ori) is enlarged.

tion. For plasmid mini-F an origin of replication was observed
at F coordinate 42.6F from which replication proceeded bidirectio-
nally (41).

Since this origin was located on a 2.5kb BamHI fragment (see
Fig. 1) it was examined whether this BamHI fagment carried all
the information for replication and whether deletion of this re-
gion from mini-F abolished replication. It was found that the
BamHI fragment 40.4-43.1F could not replicate while a deletion
of the BamHI fragment (40.4-43.1F) from mini-F did not affect
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replication of the plasmid (32,33). This result was surprising
in two ways, first it showed that the origin of replication at
42.6F by itself was not sufficient for replication. Secondly,
these findings implied that mini-F carried another origin of re-
plication in the region 43.1-49.3F, which was activated when the
primary origin (ori I) at 42.6F was deleted. The analysis of

replicative intermediates from such a deleted mini-F derivative

indeed revealed a second origin located at 45.1F (32,42).

Figure 2. Replicative intermediates of plasmid mini-F.

Replicative intermediates were purified by CsCl-dye density gra-
dient centrifugation, linearized by digestion with EcoRI and

after spreading, examined in the electron microscope as des-
cribed (41). Arrows indicate the position of the replication forks.

Expression of plasmid-encoded genes.

There are two methods for the analysis of plasmid-encoded pro-
teins: (i) synthesis of proteins in a cell-free system (43) and (ii)
expression of plasmid-encoded genes in bacterial mini-cells (44).
These procedures are especially useful when plasmid products
cannot be detected directly in cell lysates. Both systems allow
for the exclusive labeling of proteins synthesized de novo from
the plasmid DNA template.

In the cell-free system a cell extract from a plasmid-free

E. coli strain is prepared (S-30 extract). After preincubation the
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extract is virtually free of chromosomal template activity.
Addition of CCC plasmid DNA or purified mRNA then leads to the
synthesis of protein from the exogenously added template. It is
possible to identify the proteins either by activity tests or by
PAGE when synthesis was performed in the presence of radioactively
labeled amino acids.

Using this method colicin E1 was the first plasmid protein syn-
thesized in vitro (45). Meanwhile the cell-free system has been
employed in numerous studies for the identification and charac-
terization of plasmid-encoded proteins (46,47) .

In E. coli and some other bacterial species,mutants producing
mini-cells exist. These mini-cells do not contain chromosomal DNA
(44) . In E. coli two mutations minA and minB are responsible for
mini-cell production. When a plasmid is present in such a strain,
and this is especially valid for small, high copy number plasmids,
plasmids are trapped in the mini-cells. Since mini-cells dispose
of a functional transcription and translation they effectively
express plasmid-~encoded genes.

The study of plasmid mini-F in the mini-cell system has re-
vealed the presence of six proteins which could be resolved on
PAGE (Fig. 3) (31,48,49). Since plasmid mini-F does not segre-
gate into mini-cells, mini-F was cloned into high copy number
vectors like pBR322 or pACYC184. In such hybrids replication is
under the control of the high copy number plasmid resulting in a
effective segregation into the mini-cells. Introduction of dele-
tions into the mini-F genome followed by the analysis of the pro-
tein patterns allowed the mapping of gene loci with respect to the
deleted regions (31,49) (Figure 4).

In order to confirm the protein loci we tried to locate the
respective transcripts and promoters. For this we chose the R-loop
analysis (50). In this procedure plasmid DNA is incubated with
purified RNA-polymerase and rNTP's under conditions optimized for
transcription. The transcription products can be hybridized with
the partially denatured template DNA to form R-loop molecules.
These are then examined in the electron microscope (Fig. 5).

The statistical evaluation of such R-loop molecules provides all

transcriptional parameters i.e. the number of startpoints and
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direction of transcription and the size of the transcripts.
Investigation of plasmid mini-F has identified the transcripts
corresponding to the mini-F proteins (51) (Fig. 4).

However, at present there is no consensus on the direction of
transcription obtained by R-loop analysis as compared to other
methods (49).

Figure 3. Electrophoretic separation of 35S—methionine labeled

mini-F proteins on SDS-polyacrylamide gel. Mini-cells were prepared
from E. coli DS410 harboring a mini-F:pACYC184 hyggld plasmid as
described (31). Mini-F proteins were labeled with S-methionine
and separated by electrophoresis on a SDS-polyacrylamide gel (31).
Six mini-F specific proteins A-F can be identified. The Tc-protein
originates from pACYC184. Molecular weight standards used were:
ovalbumin (46K), carbonic anhydrase (30K), and lysozyme (14.3K).
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Figure 4. A) Map of plasmid mini-F with F coordinates in kb.
B) Map positions of the six mini-F proteins with molecular weights
in kilodaltons (K) (31,49). C) Position of transcripts as identified

by R-loop mapping (51). For one transcript the direction is indi-
cated by an arrow (51,52).

Figure 5. R-loop molecules of plasmid mini-F.

R-loop molecules were prepared as described (50) and visualized
by electron microscopy (51).
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Diminuation of the mini-F replicon.

The identification of mini-F encoded proteins and transcripts
raisedthe question which of these were essential for replication
and copy number control. Numerous experiments finally showed that
the smallest mini-F plasmid which could be established in a cell
was a 2248 bp segment bordered by recognition sites for the endo-
nucleases PstI (44.1F) and Alul (46.35F) (52). This region which
has been sequenced contains a functional origin of replication,
encodes a polypeptide of 29K (protein E) and has two regions
flanking the E protein containing 4 and 5 repeated nucleotide

sequences of 19 bp (Fig. 6) (52,53).
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CTATAGUCCCCAATCANGCAGTAGTAACTACTCCCARCTAATAGTGTC
—

Figure 6. The basic replicon of F.

The region 44.1-46.35F is enlarged. The coding region of the E
protein is indicated with its direction of transcription fraom the
promoter p (52). The location of the repeated sequences is indi-
cated by heavy arrows and the nucleotide sequence is given below
(52) . The wavy line indicates a possible transcript with its pro-
moter which might serve as a primer in the initiation of replica-
tion at ori II (51). Ori C homology refers to an extensive nuc-
leotide sequence homology with the E. coli chromosomal origin of
replication (52).



49

It has been shown that these repeats when cloned into pBR322
express incompatibility against another F plasmid (52,53).

A current explanation for this is that the repeats may function
as recognition sites for a protein essential for the initiation
of replication. The protein is then diluted below a critical con-
centration by binding to the numerous copies of its binding site.
The specific protein in question could be the E protein which was
shown to be essential for mini-F replication (52,54).
Complementation of a replication-deficient plasmid which is dele-
ted for protein E is possible when the E protein is supplied by
another plasmid in trans (54,70).

Many mini-derivatives of larger plasmids are not completely
stable and show a significant rate of segregation. This is more
pronounced when the plasmid has a low copy number. A slight de-
crease in the rate of initiation of replication or a defective
partitioning mechanism will immediatedly cause segregation and
plasmid-free cells will occur in the bacterial population. This
is also observed in many mini-F derivatives.

It has been found some time ago, that there is another region
in mini-F exhibiting incompatibility versus another F plasmid or
members of the IncFI group (55,56).This region was originally
detected by hybridization studies as a homology shared by some
plasmids of the IncFI group and located between F coordinates
47.6-49.3F (23). This incompatibility locus,termed incD, has
recently been discussed as being involved in partitioning of the
F factor ( 57,58). It was observed, that plasmids derived from the
E. coli chromosome (OriC plasmids) which are highly unstable can
be stabilized by joining them with the incD region of F (59).

It is not clear yet whether a protein of 36K (protein B) or even
another one of 44K (protein A) mapping in the incD region are
involved in the partitioning reaction. Incompatibility exerted by
incD is then explained as a competition reaction for a partitio-
ning mechanism which may involve plasmid-encoded proteins and a
limited number of membrane sites similar to a model originally
suggested by Jacob, Brenner,and Cuzin (60).
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Absence of the incD region in many mini-F derivatives may cause
the observed instability.

Replication mutants of mini-F.

The isolation and characterization of mutations is a powerful
tool for the identification of functions residing in a plasmid
gencme. The first replication mutants of a plasmid were isolated
by Cuzin and Jacob who described an F”lac mutant thermosensitive
in replication (61).

Plasmid mutants can be obtained by mutagenesis of the cells
harbouring a plasmid. However, mutations induced in the chromo-
some which may be either lethal or affect plasmid replication
complicate the isolation of plasmid mutants. In vitro mutagenesis
of purified plasmid DNA by suitable agents like hydroxylamine
circumvents this problem (62). By using hydroxylamine which reacts
with cytosine residues in the DNA and causes transitions from
C to T (63) a number of mini-F mutants were isolated carrying
conditional mutations in replication (48,64). The
following types of mini-F mutants were obtained (i) mutants which
did not replicate at elevated temperature (42°C) but behaved
normally at 28-30°C, termed rep, . (64), (ii) rep . mutants which
do not replicate in a suppressor negative host strain (48); we
used an E. coli strain with a thermosensitive suppressor tRNA
(EEEEts)’ (iii) mutants with an elevated copy number of 60-80
per cell, designated cop (Ebbers and Eichenlaub, in prep.} and
(iiii) mutants with an elevated copy number of 60-80 copies per
cell at 28-30°C but a low copy number of 5-7 at 42°C, termed
COP, ¢ (Ebbers and Eichenlaub, in prep.).

Meanwhile some of the mutations have been mapped precisely
and identified by DNA sequencing. The rep .. mutations reside
either in protein C or in protein E. The mutation in the C pro-
tein was identified through the absence of this protein in sup-
pressor-negative cells (48) .Mutations in the C protein seem only
to effect replication starting at origin I and are not bypassed
by replication from origin II. Only when origin I is deleted in
such a mutant (mini-Faml A 40.4-43,1F) start of replication at

origin II seems possible (48).
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Mutations within the E protein were identified by DNA sequen-
cing of the structural gene (Helsberg, Ebbers and Eichenlaub, in
prep.). In the rep. . mutant effecting the E protein codon 54 of
the gene is changed from CAG (Glu) to UAG. Three cop mutations
residing in the E protein have been identified as changes of
glutamic acid to lysine at position 101, aspartic acid to aspara-
gine at position 102, and histidine to tyrosine at position 130
of the amino acid sequence.

These findings support the notion that the E protein plays a
central role in replication and copy number control. The exact
position of the rep, . mutations has not been obtained so far.
The CoptS phenotype seems to result from the simultaneous occur-
rence of a cop and a rep, o mutation in the mini-F genome (Ebbers

and Eichenlaub, in prep.).

Construction of cloning vectors based on plasmid mini-F.

Of what use is it to develop a vector from a plasmid which has
only a copy number of 1-2 per cell? Such a copy number results
in meager yields in DNA preparations and expression of cloned
genes is always at the lowest possible level. However, especially
the last point is in favour of using F as a cloning vector in
certain cases. At a high gene dosage certain gene products may
reduce cell viability as for example membrane and some regula-
tory proteins. Such protein genes may successfully be cloned
in a low copy number vector. Based on the data obtained on mini-F
it was possible to construct a single copy cloning vector.

Vector pRE435 carries antibiotic resistance genes against
tetracycline (Tcr), ampicillin (Apr), and chloramphenicol (Cmr).
The Tc® and cm® genes have been transferred to mini-F in form of
a PstI-Aval fragment from plasmid pBR325 (15). Prior to this
manipulation the BamHI fragment 40.4-43.71F was exchanged against
a BglII fragment from plasmid pHC79 (65) carrying the A -cos
site. Furthermore the Sall site at 49.1F was destroyed by clea-
vage with SalI, treatment with nuclease S1 which removed the un-
matched bases at the 5°end, and consecutive ligation of the blunt
ends by polynucleotide ligase. For stability the vector has the

incD region required for partitioning.
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Cloning of fragments derived from restriction digests with
HindIIT, BamHI, Sall and EcoRI can be inserted into the Tcr and
the cm® genes, respectively. Insertions cause inactivation of the
respective antibiotic resistance allowing an effective screening
for hybrid plasmids. In Figure 7 a physical map of the mini-F
vector pRE435 is shown.
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Figure 7. Map of single copy number vector pRE435.

Heavy line indicates mini-F derived sequences and A —COs sequen-
ces_from pHC79 (65). The genes for resistance ag%inst tetracycline
(Tc”), chloramphenicol (Cm ), and ampicillin (Ap~ )are given with
their direction of transcription. There are single restriction

sites for EcoRI, HindIII, BamHI, and SalI. pRE453 has a size of
14,2 kb.

An additional feature of vector pRE435 is the possession of the

A -cos site. Thus pRE435 can be used as a cosmid to establish
gene banks. Since cosmid cloning by packaging of in vitro recom-
bined DNA into  heads selects for the insertion of large frag-
ments into the vector, the number of clones representing a complete
gene bank of an organism will not be too high (65,66).

Another mini-F vector has been constructed from a replication
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mutant.with a CoptS phenotype. In vector pJE253 copy number can
be modulated by changing the growth temperature of the strain.
At 28°C pJE253 is present in 60-80 copies, while 42°C reduces the
copy number to 5-7 copies per cell. In vector pJE253 the mini-F
genome is reduced to the region 44.1-47.3F. Although pJE253 does
not contain partitioning function incD , it is stably inherited
at all temperatures, due to its higher copy number. The construc-
tion of pJE253 followed the same strategies as used for pRE435.

A map of vector pJE253 is shown in Figure 8.

47.3F

44.9F

ERS
5
£ 0
T

Figure 8. Map of vector pJE253 with temperature-dependent copy num-

ber (cop,_.). The right part of the molecule between coordinates
47.3—44.F§ represent sequences derived from F. The antibiotic
resistances are from plasmid pBR325 (15). The ampicillin resis-
tance(Ap”) is not functional. The plasmid has a size of 6.5 kb.
The single restriction sites which can be used for cloning are
indicated.
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DISCUSSION

The study of the replication of large plasmid genomes has been
facilitated by the construction of mini-plasmids, exhibiting iden-
tical replication properties as the parental plasmids. Establish-
ment of a detailed map of recognition sites for restriction endo-
nucleases allows further diminution of the replicon to the essen-
tial functions for replication - the basic replicon. The origin
of replication is identified by the isolation of replicative inter-
mediates and their analysis in the electron microscope. In some
cases more than one origin of replication may be found and the
direction of replication may be either unidirectional or bidirec-
tional. The isolation of plasmid mutants and the mapping of genes
for polypeptides helps further to identify functions involved in
replication, copy number control or functions naturallly carried
by the plasmid or those cloned into it. Generation of random mu-
tations by treating the plasmid genome with a mutagen is possible
as well as using currently developed methods for site-directed
mutagenesis (67). Proteins can be analysed in a cell-free system
or in mini-cells. The cell-free system may be more useful for
those proteins which are normally repressed for the most part of
the cell cycle.

Although plasmid encoded proteins have been identified to be
required for replication, the plasmid is also using most of the
host functions involved in chromosome replication. The basic re-
plicon confined usually to a 1-2 kb segment of DNA contains an
origin of replication and structural genes for a positive function
rep and in some cases another gene for negative control cop,
regulating the copy number (for reference see 68). In mini-F only
a positively acting function exerted by the E protein has been
identified. It seems that this protein also regulates the copy
number, since cop mutations have been mapped within the struc-
tural gene of the E protein. A negative control function acting
as an inhibitor of replication has not been found so far in F.

The repeated sequences in the vicinity of the origin II, ex-
pressing incompatibility versus another F plasmid may function
as binding sites for the E protein. A similar case has been ob-

served in bacteriophage A where four repeats in the origin re-
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gion bind the O protein which is required for initiation of re-
plication (69).

Separated from the origin region are a second group of gene
loci involved in the partitioning of the plasmid. While in eukary-
otes a complex mechanism has evolved for the distribution of the
genetic material in mitosis and meiosis, bacteria with their small
haploid genome seem to have a much simpler mechanism to ensure
equal partitioning of the chromosomes during cell division.
Nevertheless, almost nothing is known so far on the bacterial
partitioning mechanism. In F a cis —acting function incD and two
proteins of 44K and 36K (proteins A and B) acting in trans may be
involved. Also required are at least two proteins supplied by the
host and a membrane attachment site (58).

Further research has to show how these proteins interact with
the DNA and membrane sites to achieve equal partitioning. Also,
in vitro replication of plasmid DNA with purified polypeptides will
eventually answer the questions on the exact functions of the

proteins identified to play a role in this process.
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CLONED DNA AS A SUBSTRATE OF BACTERIAL RECOMBINATION SYSTEM

AMIKAM COHEN
Department of Molecular Genetics, The Hebrew University-Hadassah Medical
School, Jerusalem, lsrael

INTRODUCTION

Once a DNA fragment is cloned in a bacterial plasmid, it becomes an
object for all the bacterial systems that control plasmid replication,
maintenance, gene expression and recombination. While the first systems
ensure faithful amplification of the cloned DNA, and if applicable, its
expression in the host bacteria, bacterial recombination systems may lead
to duplications, deletions and rearrangements of cloned DNA fragments.
Conservation of the nucleotide sequence during cloning procedure and
during propagation of the chimera plasmids is an absolute requirement for
any investigation of the structure and function of the cloned fragment at
its place of origin. Measures must therefore be taken to minimize
deletions and rearrangements of cloned DNA in the host bacteria. The
nature of the elements which affect the integrity of cloned DNA is the
scope of this manuscript.

In several studies in which deletions in cloned DNA were observed,
the nature of the reaction and the role of some host functions which were
involved were determined. Some systems were further developed, to be
used as convenient probes for the investigation of bacterial recombination
systems. These studies have led to characterization of the substrates and
the products of the recombination reaction and to the determination of
bacterial metabolic activities involved in recombination pathways that
affect plasmids (Table 1).

Recombination provides the mechanism for deletions and rearrangement
of cloned DNA. However, a newly formed recombination product must
replicate and segregate in an environment consisting of other plasmids -

Becker fed.), RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
sston. All rights reserved.
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the recombination substrates = which belong to the same plasmid
incompatibility group. The survival of the recombination product is
therefore affected also by selective pressure, copy number control and
incompatibility. The influence of these factors on the proportion of the

recombination product in plasmid population is discussed.

PLASMID AS RECOMBINATION SUBSTRATE

Two distinct classes of recombination systems function in the bacterial
cell: a) the general recombination system, which induces recombination
between homologous DNA sequences and depends, in most cases, on a
functional recA gene product (for review see 16-20) and b) site-specific
recombination systems which depend on nucleotide sequences in transposable
elements and on functions which are coded by these elements (for review
see 21, 22). Since transposable elements can be inserted into any DNA
fragment, all plasmids may be considered as substrates for site-specific
recombination. In fact, transposable elements have been used for in vivo
insertion mutagenesis of cloned DNA fragment (23, 24).

One class of transposable elements, the insertion sequences (1S), is

represented in all Escherichia coli cells (21, 22). Therefore, IS elements

must be considered potential rearrangement agents affecting plasmids
propagating in bacteria of any genetic background. These elements can
mutate cloned DNA sequences by insertion. In addition, insertion sequences
induce deletions, inversions and transpositions in a region close to the
site of insertion (22).

Recombination events which do not involve transposable elements depend
on the activity of bacterial gene products and on plasmid DNA sequences.
Thus, in bacteria with a functional recombination system (rec+),
repetitive DNA sequences are substrate to intraplasmidic recombination.
This process may lead to deletions, in case of direct repeats, or to
inversions, in case of inverted repeats. Analysis of plasmid sequences
which are "hot spots'' per deletion activity indicates that most recombina-
tion events occur between repetitive sequences (10, 14, 15). The length

of the repeats where recombinations were observed varied between several
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hundreds (1-3, 6-8, 12, 13) to as little as five nucleotides (10, 1k, 15).
The occurrence of intraplasmidic recombination between very short repeats,
makes a large number of cloned DNA fragments potential substrates for this
reaction, since the probability of a sequence of five nucleotides to be
present twice in a random sequence of one thousand nucleotides is about
60% and most cloned fragments are longer than that.

The dependency of the intraplasmidic recombination reaction on
repetitive sequences has been demonstrated in several systems, including
plasmids carrying yeast ribosomal DNA sequences. Yeast ribosomal DNA is
arranged as a long chain of tandem repeats (25). When a fragment the
length of one, or less than one, repeat is cloned, little or no deletion
activity is observed. On the other hand, cloning of a fragment longer
than one repeat, leads to the formation of a cloned repetitive sequence,
and subsequently to intraplasmidic recombination and deletion of one
repat (7). Extensive recombination activity is observed also in clones
carrying highly repeated Drosophila satellite DNA (4). In this system
recombination activity leads to the loss of about 90% of the cloned
DNA and the formation of a plasmid population which is not homogenous
in size.

Repetitive nucleotide sequences are present on linear viral and pro-
viral DNA molecules. These repeats make cloned viral DNA sequences a
substrate for intramolecular recombination events, leading to deletions
and rearrangement. Deletion products have been characterized for
coliphage »murine sarcoma virus recombinants (3) and retrovirus-1like
repeated mouse gene family (2). In both systems, a fragment consisting
of one of the repetitive sequences and the region between the repeats
was deleted. This observation is consistent with the occurrence of an
intraplasmidic recombination event of the type presented in Fig. 1.

The length of the repeated sequence and the degree of homology
determine the frequency of recombination, while repeats of several
hundred nucleotides lead to recombination frequency of about 10
(12, 13), repeats of 5-7 nucleotides lead to recombination frequency of

7

107 to 10-8 deletions per cell (10, 14). Induction of mutations at the
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FIGURE 1. Regeneration of a functional tet gene by intraplasmidic
recombination of two mutated tet genes. A functional tet gene is
generated by intraplasmidic recombination in pAL210(B), if the crossing-
over site is between the mutations on the tet genes. The proposed
structure of the recombination product is presented. Heavy line indicates
DNA insertion and the sequence between mutations. , site of deletion.

repeated sequence allows the influence of the degree of homology on
recombination frequency to be determined. When homology is reduced from
9 out of 10 bp to 8 out of 10 bp, reduction of the frequency of recombi-
nation by one order of magnitude is observed. On the other hand, base
changes which do not affect the degree of homology have little or no
effect on recombination frequency (14)

Intramolecular recombination between inverted repeats should lead to
an inversion of the DNA fragment between the point of crossover. Never-
theless, large palindromes, which are highly unstable in recA and £g£A+
genetic .background, yield, in most cases, deletants, and the deletion
occurs around the palindromic axis of symmetry (9). The independence of
this deletion process of the recA function led to the proposal of a model
which does not involve the general recombination system. According to
this model, a snapback of the palindromic region, which occurs during
reolication, could bring the repeats into a juxtaoosition and subsequently
leads to a ''slippage'' deletion (9) The independence of the deletion

process of the recA gene function does not exclude the possibility that
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other functions, which are part of the general recombination pathway,

are involved. The center of the cruciform structure, which may be formed
by palindromic sequences is indistinguishable from the center of the
"Holliday junction'' which is a key intermediate in the general recombina-
tion pathway (17-19). This structure has been shown to be a substrate

for specific endonucleases that resolve the Holliday junction into
recombination products (26). In fact, palindromic sequences are being
used as substrates for this endonuclease (27).

This heterodunlex joint is a key intermediate in the process of
general recombination (17-19). This structure is synthesized in vitro,
by the recA protein. through a orocess which involves synonsis and
polar branch migration (20). The effect of bracketing a short genetic
interval by nonhomologous sequences on the migration of branch points
into the interval has been recently investigated in an interplasmidic
recombination system (Laban and Cohen, in press). Results indicate that
when recombination occurs within a region which is bracketed by major
nonhomologous sequences, branch migration from outside the region and
mismatch repair is not involved, and recombination proceeds as presented
in Fig. !'. This process leads to dimer formation when interplasmidic
recombination takes place, and to deletion of the sequence between the
recombination sites when intraplasmidic recombination occurs. Branch
migration and mismatched repair processes are involved in recombination,
when the region where recombination occurs is not bracketed by major
nonhomologous sequences or when it is bounded by very short nonhomologous
sequences (4-24 bp). In this case, recombination products will differ
from the ones presented in Fig. 1. They may include monomers or dimers
in the case of interplasmidic recombination and in the case of intra-
plasmidic recombination not all recombination events will lead to

deletions.

THE INVOLVEMENT OF HOST GENE FUNCTIONS IN PLASMIDIC RECOMBINATION
In order to determine the degree of dependency of plasmidic recombina-

tion on host gene functions, plasmids which facilitate direct and con-
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venient analysis of intraplasmidic and interplasmidic recombination
proficiencies in bacteria of various genotypes were constructed (12, 13).
For analysis of intraplasmidic recombination, two copies of the tetra-
cycline resistance (tet) gene, each of which mutated at a different site,
were inserted in tandem duplication into one plasmid. In this system, an
intraplasmidic recombination event, at a site between the mutations,
leads to deletion and reconstruction of a functional tet gene (Fig. 1).
Using a similar approach, interplasmidic recombination proficiencies are
determined in cells harboring two compatible plasmids, each one carrying
a mutation at a different site of the tet gene. In both systems, recombi-
nation proficiency is expressed as the ratio of tetracycline resistant
(Tcr) to tetracycline sensitive (Tcs) cells in the culture (13).

Table 2 represents the relative recombination proficiency values for
intraplasmidic recombination for E. coli K-12 cells of various genotypes.
Relative values of postconjugational recombination is presented as a
reference. Like postconjugational recombination and other recombination
systems, intraplasmidic recombination proceeds via alternative pathways.
However, intraplasmidic recombination differs from postconjugational
recombination by the degree of its dependency on host functions. RecA
functional gene product is an absolute requirement for postconjugational
recombination. Mutations in the recA gene lower the frequency of transfer
of genetic markers from Hfr to F- cells by five orders of magnitude and
the residual activity does not represent recombination (16). On the other
hand, the residual plasmidic recombination activity in recA mutants is
1-2 percent of that in 595A+ cells and plasmidic recombination products
in recA and £g£A+ cells are indistinguishable from each other (13).

Postconjugational recombination depends on a functional recBrecC gene
product - exonuclease V. Mutations in these genes lower the postconjuga-
tional recombination proficiency by about hundredfold (16). On the other
hand, plasmidic recombination is independent of exonuclease V activity
and recBrecC mutations do not affect its proficiency. The difference

between plasmidic recombination and postconjugational recombination with
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Table 2. Relative recombination proficiencies in intraplasmidic and
postconjugational recombination system

Bacterial relevant genotype Relative recombination proficiencies
(representative strain) Intraplasmidica Postconjugationalb
rec’ (AB1157) 1.0 1.0

recA (JC2926) 1.0x10”2 1070

recB (JC5519) 1.0 1072

recF (JC9239) 2.6x1072 1.0
recFrecB (JC3881) 1.0 10”
recBsbcB (JC2623) nD© 0.5

sbcB (JC1145) 1.0 0.5
recBsbcA (JC5183) 32 0.5
recBsbcArecA (DR107) 33 107
recBsbcArecF (JC8691) 0.9 1072

a

Relative intraplasmidic recombination proficiencies were calculated
from references (12, 13, 28, 29).

Relative postconjugational recombination proficiencies were calculated
from references (16, 30, 31, 32).

Plasmidic recombination proficiencies cannot be determined for
recBsbcB strains due to poor maintenance of plasmids in this genetic
background.

respect to the degree of its dependency on exonuclease V activity may

be due to structural differences between the substrates of recombination,
or, as in the case of phage A recombination (33), to the absence of chi
sequences (34) from the substrate. In order to decide between the two
alternatives, chi sequences were introduced by point mutation or insertion
into the tet gene of pBR322 and the effect of the presence of these
sequences on the recombination proficiency was determined in ;ggB+ and
recB cells. Results indicate that the introduction of chi sequences into
the plasmid substrate has no effect on recombination in recB or £g£B+

cells (A. Laban, unpublished data). This finding is consistent with the
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notion that the recBrecC gene oroduct does not participate in plasmidic
recombination.

Postconjugational recombination in wild type E. coli is recF
independent; the involvement of recF gene function in postconjugational
recombination is apparent only after inactivation of exonuclease V and
exonuclease | by recBrecC and sbcB mutations (30). On the other hand,
plasmidic recombination depends on recF gene activity in wild-type cells.
recF mutations lower both interplasmidic and intraplasmidic recombination
to a level close to that observed in recA mutants (28, 29).

Surprisingly, the requirement for recF activity in intraplasmidic
recombination is alleviated by recBrecC mutations. This may be due to the
functioning of two intraplasmidic recombination pathways, one recF-
dependent exonuclease V resistant and the other recF-independent exonu-
clease V sensitive. Alternatively this observation may be due to an
inhibitory effect of exonuclease V and protective activity of recF
products.

In the postconjugational recombination system, sbcA mutations supress
recBrecC mutations by activating the RecE recombination pathway (30).
Thus, recBrecCsbcA mutants have postconjugational recombination activity
similar to that of wild-type cells. Activation of the recF pathway by
sbcA mutation leads to a dramatic increase in plasmidic recombination
proficiency (12, 13). Even more striking is the observation that intra-
plasmidic recombination via RecE recombination pathway is recA indepen-
dent (12, 13). Similar proficiency values are obtained in recArecBrecCsbcA
as in recBrecCsbcA strains.

recA and recB gene functions that are independent of intraplasmidic
recombination have also been observed in systems in which very short
repeats were involved. recA-independent deletion activity has been demon-
strated in all systems tested (10, 11, 14, 15), but in systems where
activity could be determined quantitatively, the presence of a functional
recA gene product led to a 10-12 fold increase in recombination proficiency
(10, 14). Like intraplasmidic recombination between long repeats, intra-

plasmidic recombination between short repeats is recB independent (10, 11).
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I't has not been determined whether the bacterial systems which are
functioning in intraplasmidic recombination between long repeats are
also involved in deletions between short repeats. |f the same systems are
involved in both reactions, one would expect that deletions between short
repeats would be partially dependent on recF activity. It should also
proceed at high efficiency and be recA independent in the recBsbcA
genetic background. A model which relates deletion between short repeats

to ''slipped mispairing' during replication, has been recently proposed (14).

FACTORS WHICH DETERMINE THE PROPORTION OF DELETION PRODUCTS IN PLASMID
POPULATION

The frequency of intraplasmidic recombination ranges between 0
events per cell generation for repeats of less than 10 bp in the recA
genetic background to 10-2 events per cell generation for repeats of
several hundred nucleotides in recBrecCshbcA cells. Nevertheless, it is
quite common to observe with certain DNA fragments, that following trans-
formation, a major part of plasmid population consists of deletion
products. The recombination process provides the mechanism which induces
variability in the plasmid population and subsequently in the bacterial
population. However, selective pressure which may either favor the
recombination product during plasmid replication and maintenance, or
discriminate against cells which harbor plasmids carrying DNA sequences
deleterious to the cell, will determine the proportion of deletants in
the plasmid population of the culture.

In some cases, the reason for the selective pressure resides in the
product coded for by the deleted fragment. Even certain bacterial products
which are essential for the cell when present in minute amounts become
deleterious to the cell when their concentration increases due to amplifi-
cation of their respective genes. pACYC184 has a copy number of about
20 (35) and its derivatives carrying the lacY (lactose permease) gene are
stable under noninductive growth conditions. On the other hand, derivatives
of pBR322 with a copy number of 50-70 (36) carrying the same lacY gene

fragment, are unstable under all growth conditions and tend to undergo
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deletions of various lengths (37, 38). Induction of lacY gene expression
in cells harboring pACYC18L derivatives carrying this gene, leads to the
enrichment of mutants, some of which carry chromosomal mutations which
interfere with the synthesis of lactose permease, its transport to the
membrane or its function (37).

Selective pressure against a nucleotide sequence is not necessarily
a result of its expression as a protein product. Some sequences may have
deleterious effects on plasmid replication and maintenance regardless of
their coding capacity. Long palindromes have lethal properties for
plasmids; such sequences may release free energy for supercoiling into
the cruciform structure affecting plasmid transcription and replication
(39). While inverted repeats of more than 100 nucleotides have a lethal
effect and cannot be cloned, repeats of less than 13 nucleotides are
stable (9, 39). The selective pressure against plasmids having inverted
repeats of more than 13 nucleotides may lead to enrichment of deletion
products. Since the stability of the cruciform structure is directly
proportional to the stem length, and inversely proportional to the loop
size, the integrity of cloned inverted repeats may be a function of the
length of the repeats and the distance between them.

Inverted repeats may be part of the genomic (40) or viral gene bank
(41). Therefore, one should consider the integrity of plasmids carrying
inverted repeats when constructing such gene banks or when cloning DNA
fragments with palindromic structures.

In most cases where rapid deletion processes take place, the reason
for the selective advantage of the deletion product is not clear. Such
is the case of plasmids carrying yeast ribosomal DNA. As stated above,
plasmids having an insert of yeast rDNA, which is longer than one rRNA
gene, contain a tandem duplication. An intraplasmidic recombination
event between the repeats leads to a deletion of one copy of the rRNA
gene. Deletion products are apparent in cultures of £g£+ cells and to a
lesser extent in recA cultures (7). For an unknown reason, there is a
strong selective pressure against the parent plasmid in minicell-producing

strains. This pressure leads to a rapid displacement of parent plasmids
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Table 3. Instability of cloned yeast rDNA with direct repeats in E. coli K-12

Strains Relevant genotype Number Clones with Clones Percent of Intraplasmidic

of nondetectable with deletion recombination
clones deletion only product in proficiency
tested products deletion plasmid

r r a
products population Te /Ap cells

DRIOL minA" minB recA” 16 0 0 18.5 2x10™"
DRIO5  minA' minB recA” 12 75 0 b.7 2x107°
DSLIO  minA minB recA’ 1k 0 50 98.9 2x10”™"
DS498  minA minB recA 33 0 66 87.7 2x107°

Intraplasmidic recombination proficiency was determined in the respective
host bacteria by determining the proportion of tetracycline-resistant
clones in bacterial population harbouring pA210 (13).

regardless of the host cell recA genotype. Apparently, this selective
pressure is associated with the minB mutation. Following transformation
of minB mutants with yeast rDNA plasmids, carrying an rDNA fragment
longer than one repeat, rapid displacement of the parent plasmid by its
deletion product is observed. This process is observed in minB mutants
having recA or IEEf genetic background (Table 3). Since intraplasmidic
recombination proficiency is not affected by the minB mutation, and the
recA background has a minor effect on the process, one may conclude that
the reason for the rapid increase in the proportion of deletion products
resides in the selective pressure against the parent plasmid or against
cells harbouring this plasmid.

The presence of repetitive sequences in cloned viral DNA, makes it
a substrate for intraplasmidic recombination. Other features of viral
or proviral DNA, such as palindromic structures, may lead to selective
pressure, favouring the deletion products. Rapid displacement of cloned
viral sequences by deletion products have been documented in several
systems, including Moloney murine sarcoma virus (3) and retrovirus-like
repeated mouse gene family (2). Thus, while in most cases a cloned viral

DNA fragment represents faithful amplification of viral DNA sequences,
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some cloned fragments may represent an enrichment of viral DNA rearrange-

ment products.
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UTILIZATION OF A CONTROL ELEMENTS FOR GENE EXPRESSION
STUDIES IN ESCHERICHIA COLI

AMOS B. OPPENHEIM, JAMAL MAHAJNA, SHOSHY ALTUVIA, SIMI
KOBY,DINA TEFF, HILLA LOCKER-GILADI, HANA HYMAN AND ALIK
HONIGMAN
Department of Molecular Genetics, The Hebrew University -
Hadassah Medical School, Jerusalem, Israel
SUMMARY

A family of plasmids designed for studying gene
expression in bacteria is described. The system employs A
regulatory elements. Transcription 1is regqgulated by the

thermolabile cl repressor. Transcription termination

signals can be introduced between the A PL promoter

and several structural genes. This system permits
qualitative and quantitative studies of termination
signals.

INTRODUCTION

The level of synthesis of a gene product in E.
coli is affected by the efficiency of two major processes:
transcription and translation. Efficient expression of a
specifically tailored gene depends on a complex number of
factors. 0f special interest are those signals situated
at the beginning of the gene. Transcription is initiated
at specific signals, promoters, that differ in efficiency
(1) . A specific ribosome binding site must be present to
allow efficient and correct protein synthesis (2) .

Transcription or translation termination signals may

Y. Becker (ed.), RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
Boston. All rights reserved.
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prevent the synthesis of a full size
Additional factors such as rapid RNA
degradation of foreign proteins in E.

greatly influence the level of specific gene

Lambda X))

cloning purposes (5). Recently,

vectors that make wuse of

developed (6,7,8,9,10). In these

efficient P or P

L R promoters

transcription of the cloned gene.
The

negative control of

from the PL and PR promoters.

of a temperature-sensitive repressor

rapid and simple induction. The <cI

provided either by <cloning the

prophage deleted for a large part of

remaining functional

vector

direct

expression of A prophage early genes

mutation

repressor

gene product.
cleavage, and
coli (3,4) can

products.

phage has been used extensively for
several plasmid expression

A control elements have been

plasmids the

the

is under

the c¢I repressor. By binding to
operator sequence the repressor prevents transcription

The availability

permits

can be

cl gene or by a cryptic
its genome. The

prophage genes are limited to the cI

(11,12}. The

gene product

and N genes. The N gene product acts as an antitermination
factor by modifying RNA polymerase
modification of RNA polymerase by the
requires a nut site (N utilization

downstream of
the system is presented in Fig. 1.
The below

plasmids described

following purposes:

site) located

the promoter. A schematic representation of

can be used for the
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lacZ

4

att ABumHlMN*PL OLG\N\N‘PM AHI:—'
— 1 S

Use of expression system. The cells carry a

cryptic A prophage. At low temperature, the cI repressor
is active, repressing P of the 8rophage and tnat

cloned

inactivat
synthesis
presence
factor to

1

on the plasmid. At 42°C repressor is
ed allowing expression of P leading to
of B - galactosidase and N'gene product. The
of the nut_ site allows the antitermination
modify RNA Bolymerase.

. Expression of foreign genes directed by the

P promoter.

2. Controlled expression of genes that may be

lethal to the E. coli host.

3. Selection of clones carrying transcription

termination signals.

4., Studying the influence of the N gene product

and host factors on transcription termination

signals.
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5. Assaying termination signals in vivo and
in wvitro.

6. Mutant isolation.

We have concentrated on using the lacZ gene coding
for 8 -galactosidase, the cat gene, whose product,
cnloramphenilcol acetyltransferase ,confers chloramphenical
resistance, and the giiK gene coding for the galactokinase
enzyme. The function of these genes can be monitored with
great simplicity either as genetic markers affecting

colony morphology or by quantitative enzymatic assays.

RESULTS AND DISCUSSION

A small ADNA fragment of the early regulatory
region of phage was cloned into pBR322 to yield pKC3@N/2
(received from Dr. D. Court, National Cancer Institute,
N.I.H., Fredrick, Maryland). The A DNA fragment carries
the regulatory signals OL PL nutL and part
of the N gene. The cloned fragment replaced the segment
between the HindIII and BamHI restriction sites of pBR322
(13). Plasmids <carrying strong promoters, such as the
PL promoter, are unstable. This plasmid, however,
can be maintained in cells carrying an active xcI
repressor. The A regulatory region of this plasmid was
joined to the lacZ gene derived from plasmid pMLB1@1¢ (14)

(received from Dr. M. Berman, National Cancer Institute,

N.I.H., Frederick, Maryland). Both plasmids were cut with
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the enzymes Pstl and BamHI and ligated together. 1In the
recombinant plasmid (pOLZ21) the _bla gene conferring
resistance to ampicillin was reconstructed and the
promoterless lacZ gene was placed under the control of the
A PL promoter (Fig. 2). Transferring a culture of
bacteria «carrying this plasmid from 3GOC to 430C
induced rapid synthesis of B -galactosidase (Fig. 3).
These results were corroborated by analysis of protein
samples on SDS polyacrylamide gel, where a protein band of
P -galactosidase was observed (Fig. 4). This plasmid
permits the introduction and study of transcription
termination signals at a unique BamHI recognition site
located between the promoter and the lacZ gene.

Introduction of the cat gene (promoterless
gene carrying BamHI sites at both ends (15)) permits
regulated transcription of both genes from the PL
promoter (plasmid pOLCZ14, Fig. 2). Cells carrying the
above plasmid are sensitive to chloromphenicol at 3@0
but resistant at 38° (10 ug/ml of chloramphenicol).
Even at 1low temperatures transcription from PL is
sufficient for the colonies to score as lEE+ on
McConkey lactose plates. This property interferes with the
direct selection of transcription termination signals.

We have introduced the EE}K gene by similar
constructions (Fig.b5). In the first stage the cat gene

was introduced into pKG18@¢ (16). The EcoRI DNA fragment

containing the gal promoter and part of the cat gene was
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Eco Rl
Smal
Bam HI
Pst
Hmdm\ Ap
Pst 1 pMLB 1010
lacZ
Pst 1. Bam HI Pstl 4 Bam HI
0P Ny
BamHI BamH! Hind IT Bam HI
l cat l ¢
W PetiaaspOLZ 2
lac Z
Bam HI
am HI
N« BamHI
lac Z
Fig. 2. Construction of plasmids pOLZ21 and pOLCZ14.

The steps 1in the construction of pOLZ21 and pOLCZ1l4 are
described in the text. The restriction sites used in the
various steps are given.

replaced by the EcoRI fragment isolated from the plasmid
pOLCZ1l4 carrying the A PL promoter. The resulting
plasmid,pOLCK18, <conferred resistance to ampicillin. The
plasmid POLCKI18R9, carrying the cl repressor, was
constructed as described in Fig. 5. The cat and gi}K

genes in the plasmids are heat inducible (Fig. 6). These

plasmids were used for the identification and analysis of
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l |

1
10 30 60

minutes at 42°C

Fig. 3. Synthesis of B-galactosidase from P, .
Lysogens «carrying the pOLZ21 plasmid were induced at
42°C and the B-galactosidase level was determined as
described in this volume (18).

termination signals . Transcription terminators were
introduced upstream or downstream from the cat gene (17).
The translation termination signal at the end of the cat
gene eliminates possible influence of the translating
ribosomes on transcription termination signals that are
introduced between the cat and _gal genes. The three
translation termination signals located upstream of the
galK gene (1l6) prevent interference of translation from

the inserted DNA with the expression of the galK gene.
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Fig. 4. Synthesis of B-galactosidase frgm pOLZ21.
Cells containing pOLZ21 were grown gt 32°C to
oD, _.=0¢.3 and then transferred to 43°C for
inddction. At time intervals, 0, 10, 30,and 60 min, 1 ml

samples were centrifuged, boiled and loaded onto a 1@ to
26% SDS polyacrylamide gradient gel which was stained with

coomassie blue. The arrow denotes the B-galactosidase
band.
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Ec‘o Rl
L™ Hindm
Hind Hind T
Cat Al,pKG 1800
AW gal K
Hind I
OLPL'EA Bam HI Eeo R]\

4
EcoRI Q ‘/Etikl
Pst1
iaBum H1 .

Pstl_slap pOLCZu
lac Z

Fig. 5. Construction of plasmids pOLCK18 and pOLCK1l8R9.
The steps in the construction of pOLCK18 and pOLCK18R9 are
described in the text. The restriction sites used in the
various steps are given. Unique restriction sites are also
presented.
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Fig. 6. Expression of CAT and galK from P . The E.
coli train Ww31l02galKAH ABamTnl@::GalE carrying the
plasmlq POLCKLE was growh at 36 C to log pngbb. At
time zero the culture was transferred to 42°C and
samples were taken at various times for OD_._,
reasurement, and determination of galactoklInase and
chlorampnenicol acetyltransferase (CAT) enzyme activity.
The assay {or galactoxkinase was performed as described
{16). CGalactokinase units are presented here as the
aumper of nanamoles of gala~tose phosphorylated per min
per ml of cells at OD . CAT was wmeasured as
described (18). CAT uﬂ?tq are presented as moles of
chlorampnenicol acetylatea per win per inl of cells at

Ou65U = 1.

Two further modifications were introduced
(Fig.7). First, a unique blunt end restriction site (Smal)
was introduced between the _cat gene and the lacZ gene
(pOLCZ6). Second, the ¢l temperature-sensitive repressor

gene was cloned between the ampicillin resistance gene and
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Eco R!
Smal
amH1

Pst l\ i Eco Rl\
pMLB 1010
l.aCZ Psll"

Pst1.Smal Pstl,Smal
B

Bam HI
EcoRI

Hind I
Smal
Bam HI

xO\_PL "w( '/

z
]

lacZ

Fig. 7. Construction of pOLCZ6 and pOLCZ6R. The steps
in plasmid construction are shown together with
restriction sites used. Note that the «¢I repressor
fragment carries two HindII recognition sites and one PstI
recognition site. The HindIII site of pBR322 was deleted
during the construction of pOLCZ6R.

PL' The improved plasmid permits transferring to
various bacterial backgrounds. Effective synthesis of
B —galactosidase and chloramphenicol acetyltransferase was

observed following heat induction (Fig. 8).
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Fig. 8. Synthesis of B -galactosidase and chloramphenicol
acetyltransferase from pOLCZ6R. Cells <containing the
pPOLCZ6R plasmid were grown at 32°C to OD 0=®.3

on LB containing 950 pg ampicillin/ml. ége cultures were
induced at 42°C and B -galactosidase and
chloramphenicol acetyltransferase were determined as
described in this volume (18).

Introducing a terminator between the two genes
allows one to measure, by simple and rapid enzymatic
assays, the relative level of transcription before and
after the termination sequences. Placing a transcription
terminator in front of the cat gene permits rapid
isolation and characterization of mutants by selection for
chloromphenicol-resistant colonies. We have recently used

this system to develop a similar cloning vector designed

to look at translation-initiation signals.
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CLONING AND MAPPING OF AFRICAN SWINE FEVER VIRUS DNA

JOSE M. ALMENDRAL, ANTONIO TALAVERA AND ELADIO VIRNUELA
Centro de Biologia Molecular (CSIC-UAM). Facultad de Ciencias.
Universidad Autdnoma. Canto Blanco. Madrid-34. Spain.

SUMMARY

African swine fever virus DNA (about 170 kbp) was cleaved
witn the restriction endonuclease Eco RI and the resulting
fragments, before or after cleavage with the endonuclease
Sal I, were cloned in plasmid or phage vectors. The two terminal
Eco RI fragments were cloned after removal of the crosslinks
witn nuclease S1 and addition of Eco RI linkers to the frag-
ment ends. The order of the restriction fragments produced by
the restriction endonucleases Sal I, Eco RI, Kpn I, Pvu I and
Sma I was established by identifying the crosslinked Eco RI and

Sal I terminal fragments and overlapping fragments.

INTRODUCTION

African swine fever (ASF) virus is a cytoplasmic icosahe-
dral deoxyvirus which infects only domestic pigs and related
species (family Suidae) and ticks of the genus Ornithodoros
(family Argasidae). In swine, the virulent forms of the virus
produce a fulminating and highly lethal disease with a morta-
lity close to 100 per cent of the infected animals. Attenuated
virus forms also exist and they may not produce any disease
symptoms in pigs, which become virus carriers. No vaccine is
available for ASF, because the sera from chronically infected
animals do not neutralize the virus (for reviews, see referen-
ces 1 and 2).

The genome of ASF virus is a linear duplex DNA with a molar
mass of about 100 x 106 1
(4), similar to those present in poxvirus DNA (5,6). The large

g mol (3) and covalently closed ends
size of ASF virus DNA and the relatively low virus production
in tissue culture have made it difficult to study ASF virus

Y. Becker fed.), RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
Boston. All rights reserved.
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and the disease at the molecular level. The availability of clo-
nes with defined DNA fragments and a knowledge of the order of
those fragments in the DNA will be useful for studies of regions
coding for viral polypeptides of immunological importance and

for analysis of the genetic neterogeneity of the virus.

MATERIALS AND METHODS

Viruses and cells

ASF virus, adapted to grow in VERO cells (CCL81, American
Type Culture Ccllection) was cloned by plaque purification(7).
DNAS

ASF virus DNA was isolated and labeled as described by Almen-
dral et al. (8). Recombinant DNA was obtained as described by
Ley et al. (9).

Cloning and mapping technigues, as well as recombinant analy-
sis nave been described previously (8,9).

Materials

Most of the materials used in the work reported here have

been described elsewhere (8,9).

Recombinant DNA nomenclature

Recombinants were named with the prefixes p2, p5 or L accor-
ding to the vector employed (pBR322, pBR325 or Lambda, respec-
tively), followed by a letter indicating the restriction nuclea-
se used (R; Eco RI; S; Sal I), a letter designating the fragment
inserted, and the isolation number of the recombinant.

Recombinants with fragments produced by digestion with two
nucleases were preceded by the same prefixes as before, whereas
the insert was designated with two pairs of symbols, separated
by a tilted bar. The first pair of symbols indicates the res-
triction site on the left and the second the restriction site
on the right side of tne insert. Thus, fragment (or insert)
RA/SC stands for the overlapping part of fragments Sal I-C and
Eco RI-A (see Fig. 9).
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RESULTS

Selection of restriction endonucleases for mapping

ASF virus DNA, uniformly labeled with 32P, was digested with
different restriction nucleases. Fig. 1. shows the results
obtained with some of the endonucleases used. Those producing
a low number of fragments were chosen for mapping purposes,
namely Sma I, Pvu I, Sal I and Kpn I. We also selected Eco RI
as most of the radiocactive probes used in the ordering of frag-
ments were cloned Eco RI fragments (see later). DNA bands were
designated by capital letters in the order of decreasing size.
Densitometric scannings of the autoradiographs shown in Fig. 1
revealed that the following bands contained two fragments each:
Pvu I-A and C, Sal I-F and I, Eco RI-C,D,E,X,N and Q. These
fragments were named with the same letter with or without a
prime superscript. Later experiments showed that bands Kpn I-P
and Eco RI-U and X also contained two fragments. Table I shows
tne size of ASF virus DNA restriction fragments as determined

from their electrophoretic mobilities.
Pvyl aili xnot Kpni  Hpuol Xbal S0l BomMl ECo Ml

Kpb
40 —
20 — 4
8
T eta
i U=
10 ;;gie" ;
Y -
B
H
1
5 — ¥

0= X
FIGURE 1. Restriction fragments of ASF virus DNA. Autoradiographs
of dried agarose gels showing the bands obtained after digestion
of uniformly labeled ASF virus 32p-pNA with the restriction

nucleases indicated. Aproximate size values are given on the
left side. Reprinted with permission fram (8).
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Table 1. Sizes of ASF virus DNA restriction fragments, kbp

Band Sma I Pvu I Ssal I Kpn I Eco RI
a 50.0 32.0%(8) 333 39 21.2
B 28.0 25.0 25.0 24.6 14.5
c 16.0 10.02 21.0 17.2 11.52
D 15.3 12.5 18.7 14.3 10.72
E 10.2 7.9 16.90 13.6 8.8°
F 9.1 6.1 11.72 12.8 8.4
G 3.7 4.5 10.3 8.9 7.5
H 2.9 4.0 8.9 8.4 6.6
I 2.5 2.8 5.02 6.2 5.6
g 2.1 2.5 1.4 5.7 5.3
K 1.9 1.8 0.9 3.6 4.8°
L 0.6 2.7 3.3
1 2.4 3.0
N 2.2 2.92
0 2.1 2.7
P 1.3% 2.2
2 1.92
R 1.6
s 1.5
T 1.3
u 0.82
v 0.6
X 0.42
Y 0.3
z 0.2

Fragments 11 i3 14 17 33
(a) The number 2 as a superscript indicates the existence of

two fragments in the corresponding band. Reprinted with
permission from (8).

Cloning of ASF virus DNA

Internal Eco RI restriction fragments were cloned in vector
AWES.AB (10) or pBR325 (1l1). Phage recombinants were obtained

that contained fragments Eco RI-C to X as single inserts (Fig. 2a).
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FIGURE 2. Eco RI fragments cloned in a) AWES.AB; b) pBR325.
Recombinants carrying each of the cloned fragments were digested
with Eco RI and electrophoresed in the presence of ethidium bro-
mide. Lanes labeled ASF were loaded with Eco RI digests of ASF
virus DNA. Other lanes are labeled with the letter corresponding
to the cloned fragment. XA and A2 indicate the left and right

arms of the phage vector, respectively. Reprinted with permission
from (8).
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FIGURE 3. (left). Characterization of recombinant p2RA/SC3.

Lane 1: the recombinant was digested with Eco RI and Sal I, and
subjected to agarose electrophoresis in the presence of ethi-
dium bromide. p indicates the position of the vector. Lane 2:
DNA in lane 1 _was transferred to nitrocellulose and hybridized
to ASF virus 32P-DNA. Lanes 3 and 4: nitrocellulose strips

with immobilized Eco RI fragments of ASF virus DNA nybridized

to ASF virus 32P-DNA (lane 3) or 32p-labeled DNA from the recom-
binant (lane 4). Lanes 5 and 6: nitrocellulose strips containing
immobilized Sal I fragments of ASF virus DNA hybridized as in
lanes 3 and 4, respectively. Reprinted with permission from (9).

FIGURE 4. (right). Sal I and Eco RI terminal fragments of ASF
virus DNA. ASF virus DNA was digested with either Sal I (lane

2) or Eco RI {(lane 3) and the resulting fragments subjected

to electrophoresis. A portion of Sal I (lane 1) or Eco RI (lane
4) digests was heat-denatured, ice-cooled and digested with
nuclease S1 before electrophoresis. Reprinted with permission from (8).

Fragments shorter than Eco RI-K and also Eco RI-B were cloned
individually in plasmid pBR325 (Fig. 2 b) after electroelution
from agarose gels. Neither fragment Eco RI-A, Y and Z nor termi-
nal fragments Eco RI-D' and XK' (see later), were obtained in
these collections.

Upon digestion of fragment Eco RI-A with Sal I, three pieces
were produced (see Fig. 9). The middle one, Sal I-I' was cloned
in the Sal I site of pBR322 (12). The left and right ones (RA/SC
and SB/RA, respectively) were inserted between the Sal I and
Eco RI sites of pBR322. Fig. 3 shows the characterization of
fragment RA/SC.
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Internal fragments Y and Z, not detected originally in the
autoradiographs (8), were cloned as part of a 8.2 kbp Hind III
fragment (see later).

Identification of terminal fragments

The ends of ASF virus DNA are covalently closed by single-—
strand DNA (4) as those of vaccinia virus (5,6) . DNA was cleaved
by restriction nucleases and the fragments denatured and quickly
renatured (13,14). In these conditions only the terminal frag-
ments became S1 nuclease-resistant duplex molecules that could
be identified by gel electrophoresis. Fig. 4 shows the identi-
fication of fragments Sal I-F and G and Eco RI-D' and X' as ter-
minal fragments.

Eco RI linkers were added to the Eco RI terminal fragments,
optained by the technique outlined above, and then the fragments
were cloned in pBR325 or AWES.AB. Fig. 5 shows the identifica-
tion of two of these clones corresponding, respectively, to the
left and right terminal fragments. In both cases, the inserts
were shorter than the original fragments, due, presumably, to
the S1 treatment. Identification of these fragments was,
nevertheless, possible by an analysis-of restriction sites
inside tnem, revealing that most of the deletions produced
were towards the inner end of both fragments (9). Fig. 5 shows
also that either terminal fragment hybridized with both terminal
fragments Eco RI K' and D'. This indicated the presence of repe-
titions in both terminal Eco RI fragments of ASF virus DNA (15).

Restriction site mapping

The order of restriction fragments produced by the selected
endonucleases was deduced, after identification of the terminal
fragments, from a) hybridization of fragments produced by one
enzyme to individual fragments produced by a second enzyme(16)
and b) analysis of the products of partial digestion by one
enzyme, of fragments produced by another enzyme (17,18). Figs. 6
and 7 illustrate the order of Sal I and Eco RI fragments. Except
where otherwise indicated, the Sal I probes used consisted of
fragments electrophoretically separated and electroeluted from
agarose gels. Tne Eco RI fragments used as probes were the ones

previously cloned. The existence of two double bands in the
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2.3-
1.9

FIGURE 5. Characterization of recombinants carrying terminal
Eco RI fragments. a) Lane 1: recombinant plasmid p5RK'l was
digested with Eco RI and electrophoresed. Lane 2: DNA in

lane 1, transferred to nitrocellulose and hybridized to ASF
virus é2P—DNA. Lanes 3 and 4, nitrocellulose strips containing
immobilized Eco RI fragments of ASF virus DNA hybridized to
ASF virus 32P-DNA (lane 3) or 32p_jabeled P5RK'1l (lane 4).

b) Lane 1: recombinant phage LRD'1l6 was digested with Eco RI
and electrophoresed. Lane 2: DNA in lane 1, transferred to
nitrocellulose and hybridized to ASF virus 32P—DNA. Lane 3:

as in a). Lane 4: as in a) but using 32p-1abeled LRD'16 DNA
as a probe. XA, A2 and A (A +Q) indicate the vector arms, alone
or linked through the cohesive ends. Reprinted with permission from (9).

Sal I restriction pattern, F-F' and I-I' made it difficult to
determine, at first sight, a definite order of Sal I fragments.
The F-F' indetermination could be solved taking into account
that one of these fragments (F) had been previously identified
as a terminal fragment. Fragments Sal I-I and I' were cloned

and distinguished by nybridization (Fig. 7). These results
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FIGURE 6. Hybridization of -2P-labeled Eco RI fragments to

Sal I fragments of ASF virus DNA. DNA was digested with Sal I,
subjected to agarose electrophoresis and transferred to a nitro-
cellulose sheet. Strips of the blot were hybridized to the
32p-labelled Eco RI fragments indicated. The DNA in the lane
labeled ASF was hybridized with ASF virus 32P-DNA. Reprinted with
permission from (8).

showed unequivocally the order of all Sal I fragments and that
of some Eco RI fragments, except the groups shown in parenthe-
ses. These uncertainties were solved either by similar experi-
ments done with Kpn I, Sma I and Pvu fragments or by partial
restriction analysis of clones that overlapped these groups

of fragments (8).

Fig. 7 shows that no Eco RI fragment was found that linked
fragments Sal I-G and C. Hybridization analysis of a Hind III
digest of ASF virus DNA revealed the existence of an 8.2 kbp-
long Hind III fragment that hybridized with both Sal I-G and
C fragments. The Hind III fragment was cloned into plasmid pUCS8
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FIGURE 7. Reciprocal hybridization pattern between Eco RI and
Sal I fragments of ASF virus DNA. The groups of Eco RI fragments
in parentheses are those not ordered from these data. The arrows
indicate a positive hybridization and point from the radiocactive
to the unlabeled fragment. Double arrows indicate that the hybri-
dization was done in both directions. Reprinted with permission from
(8).
(19) and, after digestion with Eco RI, showed to contain, apart
from fragments U to X', two new fragments Y and Z; the first of
winicn was further cleaved upon digestion with Sal I (unpublished
results) .

Experiments similar to those shown before allowed to establish
the order of Kpn I, Sam I and Pvu I fragments.

Once the restriction site map for each nuclease was obtained,
a composite map showing the relative locations and distances
between all the restriction sites was established by mapping
these sites within the Eco RI cloned fragments. Fig. 8 shows
tne maps deduced from those experiments. Once the individual
maps were determined it was necessary to orient each of them
along the overall map. In most instances, this was done from
hybridization data. For instance, fragment Eco RI-C' was divided

in two pieces by both Sal I and Kpn I. Since this fragment
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Fragments, kbp

Eco RI, kbp Sal I KpnI Pvul Smal Map
B, 4.5 N.S. Dp-H-P-N-Op  Fp-K-Ep Dp-Ep K KK K
21-84-13-22-05 54-17-74 13609 L
c, 115 Fp-Ap Bp - Dp NS. N.S. K s
83-32 2.8-87 p—t
c', ns Ap-Dp Gp-Fp Hp - Bp Ep-Bp KS
7.3-42 63-52 18-97  15-100 Y
D, 10.7 Dp-K-1Ip Fp-L-J-Cp Bp- Ap N.S. K K SSK
7.3-0925 <0.1-27-56-24 82-25 f
D', 10.7 N.S. Ep-K-1 Ap-J-1 Cp-6 K K
<01-45-62 54-25-28 7.0-37 T
E, 8.8 Ep-Hp Cp-Ep NS Fp-J-H-Cp K S
51-37 11-77 01-22-29-36 W
E', 88 Bp-L-Fp NS. NS. N.S. ss
79-06-03 —
F, 84 NS. Ap-P-Bp NS. NS. K K
30-13-4.1 —
G, 75 N.S. Op-M-Gp Ep-G-Hp N.S K K
15-24-36 06-45-24 T
H, 66 Jp-Ep NS N.S Kp-1-Fp s
06-60 0.3-26-37 ;rgr—‘i T
I, 56 Hp-Fp N.S. N.S. N.S s
49-07 —h
J, 53 N.S. NS Cp-Ap N.S.
26-27 —
K, 4.8 N.S. NS. Ap-Dp NS.
35-13 —"
M, 30 N.S. N.S. Dp-Cp N.S.
2.2-08 —
N, 29 N.S N.S Cp-Fp Ap-Dp
23-06 20-09 -
P, 22 Ip-Jp NS. NS. Bp-Kp s
12-1.0 05-17 e
Y, 02 Gp-Cp N.S. N.S. NS S
0.1-01 .

FIGURE 8. Restriction site maps of Eco RI fragments of ASF

virus DNA. The maps were obtained from an analysis of the diges-
tion products of phage or plasmid recombinants with the indicated
enzymes : K, Kpn I; M, Sma I; P, Pvu I; S, Sal I.Reprinted with per-
mission from (8).

connects fragments Sal I-A and D (Fig. 7) on the one hand, and
9),

tation shown in Fig. 8 predicts that the segment between both

fragments Kpn I-G and F (see Fig. on the other, the orien-

sites is common to fragments Sal I-A and Kpn I-F. The reverse
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FIGURE 9.Restriction site map of ASF virus DNA. Lines a-e show
the Sal I, Eco RI, Kpn I, Pvu I and Sma I individual maps, res-
pectively. The upper line, below the length scale, shows the
composite map for all the restriction sites indicated in the
individual maps. Reprinted with permission from (8).

orientation would imply that sal I-A and Xpn I-F had no seguen-
ces in common. Hybridization data (not shown) indicated that
there was a common seqguence between these fragments; this allo-
wed fragment Eco RI-C' to be orientated correctly.

In other cases, the orientation of a fragment was deduced
from the distances between successive restriction sites in this
and the next fragment. For example, the orientation of fragment
Eco RI-B, shown in Fig. 8, leaves on the right a space cof 0.5
kbp that added to the left part of fragment Eco RI-G (1.5 kbp),
gives a total of 2.9 kbp for fragment Kpn 1-0. The reverse
orientation of Eco RI-B would substitute a 2.1 kbp subfragment
for the 0.5 kbp long one, which, in its turn, would give a
total legnth of 3.6 kbp for Kpn I-O, in disagreement with the
2.1 kbp length calculated for this fragment by electrophoresis.
Fig. 9 shows the composite map deduced from these orientations
as well as the individual site maps for each of the restriction

nucleases used.
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DISCUSSION

Recombinant DNA techniques as well as the use of nucleic
acid hybridization procedures have been employed for the esta-
blishment of restriction site maps of ASF virus DNA. Although
in some cases the contiguity of two restriction fragments was
found by using labeled fragments that had been previously ex-
tracted from agarose gels, in general, clones were used for
the establishment of the order of fragments, by hybridization
or partial restriction analysis. The availability of cloned ASF
virus DNA fragments has allowed the precise mapping of viral
transcripts and gene products (manuscripts in preparation).

The cloned fragments may help to avoid, in some cases, the map-
ping of some necessary restriction sites along the whole DNA,
by limiting this procedure to a particular region of the genome.

The sizes of the fragments obtained upon digestion with the
nucleases chosen for mapping ranged between 0.2 (Eco RI-Z) and
76.6 (Sma I-A) kbp. The lengths of the largest fragments were
obtained by addition of the smaller ones contained in them,
whereas the lengths of the elementary fragments were obtained
by restriction site mapping of the Eco RI clones, as shown in
Fig. 8. The overall length of ASF virus DNA calculated by the
addition of consecutive fragments yielded a value of about
170 kbp, which agrees with the ones reported by Enjuanes et
al. (3).

The reciprocal hybridization of terminal fragments shown in
Figs. 5-7 indicated the existence of repetitions in those frag-
ments. Further experiments showed that these repetitions are
inverted and located at the ends of ASF virus DNA (15), similar-

ly to those found in vaccinia virus DNA (14,20).
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CLONING OF THE DNA OF ALPHAHERPESVIRINAE

ANDREW DAVISON and FRAZER RIXON
MRC Virology Unit, Institute of Virclcgy, Church Street, Glasgow
Gll 5JR, U.K.

SUMMARY

DNA fragments of herpes simplex virus types 1 and 2,
varicella-zoster virus and pseudorabies virus were cloned in
pacterial plasmids either by direct ligation or by annealing via
short homopolymer tracts. The clones have been used to
investigate specific structural and functional aspects of these

herpesvirus genomes.

INTRODUCTION

The herpesviruses are complex envelcped icosahedral viruses
possessing a large linear double-stranded DNA genome. They have
been isolated from a wiae range of animals, and are classified
into three grcups according to their biological properties and
gencme structures: the alpha-, beta- and gamma-herpesvirinae (1.
Included among the alphaherpesvirinae are herpes simplex virus
types 1 and 2 (HSV-1 and HSV-2), varicella-zoster virus (vav)
and pseudorabies virus (PRV).

The genome of each of these herpesviruses consists ci two
segments, L and S (Figure 1). 1In HSV-1l and HSV-2, L anda S each
comprise a unigue region (Up,Ug) flanked by inverted repeats
(IR}, ,TRp,IRg,TRg) (2-10). Four types of mclecule are present in
equimolar amcunts in virion DNA as a consequence of inversion of L
and S about their jecint. They are defined arbitrarily as the P
(prototype), Iy, (L inverted), Ig (S inverted) and Igp (L and S
inverted) gencme arrangements (11). The HSV-1l and HSV-2 genomes
are terminally redundant, possessing a sequence cf 250-500 pase
pairs (bp), xnown as the a segueace, as a direct repeat at each
terminus and as an inverted repeat at tre L-S jcint (2,12-17).
The genome structures of VZV (18-2u) ana PRV (21-23) are similar

Y. Becker (ed.}, RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
Boston. All rights reserved.
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to that of HSV-1 except that inverted repeats flanking Uy, have not
been detected and L does not invert. Therefore, virion DNA

populations contain only two types of molecule (P and Ig).

L S

HSV"1 g UL IRL HRS US TRF
HSV-2 ab bac ca
U TRUs TR
VZZV ?:j—{:j
PRY u 'IRs Us TRg
T r——{ ]
10 kbp E

FIGURE 1. Genome structures of HSV-1l, HSV-2, VZV and PRV.
Inverted repeats are shown as rectangles, and orientations of a
sequences in the HSV-1 and HSV-2 genomes are indicated by arrows.

Two techniques were used to clone subfragments of herpesvirus
DNA, since the genomes are too large to clone as intact molecules
in bacterial plasmids. Firstly, herpesvirus DNA was cleaved with
a restriction endonuclease and ligated into a plasmid vector which
had been linearized with the same enzyme. Secondly, restriction
endonuclease fragments of herpesvirus DNA and linearized vector
were extended at the 3' termini with complementary homopolymer
tracts and annealed. Transformed bacteria were selected for
resistance to the appropriate antibiotic and clone libraries were

compiled.

MATERIALS AND METHODS
Cells and viruses
HSV-1 strain 17 (Glasgow), HSV-1l strain USA-8 (24), HSV-2

strain HG52 (25) and PRV (26) were grown and titrated at 37° in
baby hamster kidney (BHK Cl3) cells as described previously
(27,28). VZV was grown by passage of human foetal lung cells
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(established by Dr B. Carritt, Institute of Genetics, Glasgow)
infected with a V2V strain (18) supplied at passage 8 by Dr
J.L.M.C. Geelen, University of Amsterdam.

Preparation of virus DNA

HSV-1 and HSV-2 DNA were prepared by phenol-extraction of virus
isolated from infected BHK Cl3 cells by treatment with the
detergent Nonidet P40 (29). DNA was purified by isopycnic banding
in CsCl gradients. PRV DNA was isolated from virus purified by
sedimentation in sucrose gradients (30). V2ZV DNA for cloning was
supplied by Dr J.L.M.C. Geelen, University of Amsterdam, who had
isolated the DNA from cells infected with VZV at passage 6. DNA
for clone analysis was prepared from virus purified by
sedimentation in sucrose gradients (31). DNA concentrations were
estimated from absorbance at 260 nm.

Construction of recombinant plasmids

Insertion via ligation of termini. HSV-2 HindIII fragments

were ligated into the bacterial plasmid vector pAT153 (32)
essentially as described by Tanaka and Weisblum (33). HSV-2 DNA
and pAT153 were separately digested with HindIII then heated at
70° for 10 min to inactivate the endonuclease. Aliquots of the
two reactions were mixed to give a final DNA concentration of
20-50 mg/ml, with HSV-2 HindIII sites in three- to five-fold
excess over pAT153 HindIII sites, and appropriate solutions were
added to give final concentrations of 0.02 M tris-HCl1 pH 7.5, 0.01
M MgCljp, 0.0005 M ATP, 0.01 M dithiothreitol and 10 U/ml T4 DNA
ligase. Incubation was at 4° for 16 hr. HSV-1 and PRV BamHI
fragments were ligated similarly into the BamHI site of pAT153,
except that incubation was at 15°. VZV BglII fragments were
ligated into the BglII site of vector pKC7 (34). Specific BamHI
fragments of HSV-1 and HSV-2 DNA were isolated by agarose gel
electrophoresis of cleaved DNA followed by hydroxylapatite
chromatography (7), and were then ligated into the BamHI site of
pAT153 as described above.

The ligated mixtures were used to transform (35) Escherichia
coli K12 strain HB10l (36) cells and colonies were grown on agar
plates containing L-broth (0.17 M NaCl, 10 g/1 Difco
bactotryptone, 5 g/l yeast extract) and 0.1 mg/ml ampicillin. All

procedures involving living bacteria subsequent to ligation were
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performed formerly under Category II conditions and latterly under
conditions of good microbiological practice, as advised by the
U.K. Genetic Manipulation Advisory Group and the local safety
committee. Colonies bearing recombinant plasmids with HSV-1 or
HSV-2 inserts were identified by hybridization to 32p-labelled
virus DNA or restriction enzyme fragments (37). Individual
inserts were identified by hybridization of 32P-labelled plasmid
DNA to Southern blots of HSV-1l or HSV-2 DNA, and by restriction
endonuclease analysis. BamHI clones were identified by
sensitivity to 10 ug/ml tetracycline hydrochloride and
subsequently by restriction endonuclease analysis of plasmid DNA
harvested from minicultures (38). Bacterial stocks of analysed
clones were prepared after a further step of colony purification
and stored at -20° in 1% Difco bactopeptone, 40% glycerol.

Bulk amounts of plasmid DNA were prepared from 1-2 1 of
bacterial cultures by a "soft" lysis procedure using the detergent
Nonidet P40 (39,40). Closed circular DNA was purified by two
steps of isopycnic banding in CsCl gradients containing 0.5 mg/ml
ethidium bromide (41).

Insertion via annealing of homopolymer tracts. HSV-1l, HSV-2 or

PRV DNA was cleaved with KpnI and VZV DNA with KpnI or SstI, and
pPAT153 was linearized with PstI. Terminal deoxynucleotidyl
transferase was used to add short homopolymer "tails" of
deoxycytidine residues to KpnIl and SstI sites and deoxyguanosine
residues to Pstl sites (42). "Tailed" PRV or VZV DNA fragments
--ere annealed with "tailed" pAT153, each at 2 ug/ml in 0.01 M
tris-HCl pH 7.6, 0.1 M NaCl, 0.001 M EDTA, by heating to 70° and
cooling slowly to room temperature. Colonies of E. coli K12
strain HB10l transformed by the annealed DNA were selected in the
presence of 10 ug/ml tetracycline hydrochloride, and the resulting
HSV~1, PRV and VZV clones were analysed by restriction
endonuclease digestion of plasmid DNA harvested from minicultures
(38). Purified HSV-1 or HSV-2 DNA fragments were hybridized to
HSV-2 KpnI clones in order to identify specific recombinant
plasmids. Those colonies chosen to form the clone libraries were
colony-purified once, bacterial stocks were prepared, and plasmids
were further characterized by molecular hybridization as described

above.
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The cloning method involving annealing of homopolymer tracts

offered two advantages over direct ligation. Firstly, ligation

led to a large proportion of colonies
vector, which had to be distinguished
selection of a second drug-resistance

hybridization. This background could

containing recircularized
from recombinant plasmids by
marker or by colony

have been reduced by

treating the cleaved vector DNA with bacterial alkaline
phosphatase prior to ligation. "Tailed" vector could not
recircularize by self annealing, and thus all transformed colonies

possessed recombinant plasmids. Secondly, ligation allowed the

efficient cloning only of DNA fragments possessing the appropriate

restriction endonuclease sites at both ends, whereas annealing of

homopolymer tracts allowed any fragment to be cloned, including

those containing the genome termini.

The experimental design

resulted in the reconstruction of PstIl and Kpnl or Sstl sites

flanking the insert (Figure 2), thus allowing the insert to be

excised precisely. Plasmids containing a genome terminus lacked a

Kpnl or Sstl site at the junction between the terminus and vector

sequences.

PstI Kpnl
- CTGCAG - - GGTACC -
- GACGTC - - CCATGG -
linearize pAT153 cleave VZV DNA
with Pstl with Kpnl
CTGCA G - - GGTAC Cc -
-G ACGTC - -C CATGG -
add 4G add dcC
tails tails
- CTGCAGG,, G - - GGTACCC, Cc -
-G G,GACGTC - - C C,CCATGG -

anneal and transform

E.coli to Tet
PstI KpnI KpnI PstI
- CTGCAGG_GGTACC - - GGTACCCnCTGCAG -
- GACGTCC:CCATGG - INSERT - CCATGGG[GACGTC -

FIGURE 2. Reconstruction of restriction endonuclease sites
flanking the inserts in recombinant plasmids generated by

annealing of homopolymer tracts.
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Clone libraries

Figure 3 shows the restriction endonuclease fragments of HSV-1,

HSV-2,

VZV and PRV DNA which form the clone libraries.

The

overlapping fragments HSV-1 Kpnl v and HSV-1 BamHI v were both
approximately 150 bp smaller than the corresponding virion DNA

fragments.
region of the genome, since
plasmids. No clones of Vv
several clones of fragments

identified. The reason for

This may indicate the presence of a palindrome in this

such a structure would be unstable in
Kpnl e were isolated even though
of equal size (VZV Kpnl f and g) were

this is not known, although sequence

rearrangements in EcoRI clones originating from this region of the

VZV genome,
(20).

which is variable in size

(43), have been reported

——— 33—
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Lo [ il
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Kpnl by f aw ibmiopvdxc lcs d zue g
| I T L I K I T R | N T T N 171
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FIGURE 3. Summary of cloned DNA fragments (underlined) shown with

respect to restriction endonuclease maps cf HSV-1 (44,17), HSV-2

(10,44), VZV (45)

and PRV DNA (22).

Alternative fragments mapping

at the termini and joint, due to segment inversion, are indicated.
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RESULTS AND DISCUSSION

Restriction endonuclease site mapping

Maps for those restriction endonucleases which were used to
clone HSV-1, HSV-2 and PRV DNA have been published previously, and
consequently each clone was characterized readily by restriction
endonuclease analysis and molecular hybridization. Moreover,
analysis of the PRV clones allowed the correction of the published
order of BamHI f and p (22,23) and the mapping of two additional
fragments, KpnI n and o.

Maps of VZV DNA for PstI, Xbal, BglII, EcoRI and HindIII were
also available (18-20), but the KpnIl and Sstl maps were not known.
Therefore, data from the clones themselves were used to derive
these maps. The relative order of KpnI fragments was deduced by
hybridizing KpnI fragments from virion DNA to Southern blots of
Pstl fragments, and the Kpnl clones were identified similarly and
located precisely in the genome by restriction endonuclease
analysis using PstI. The Sstl map was determined by hybridizing
KpnIl clones to Southern blots of SstI fragments and by SstI
cleavage of the KpnI clones (Figure 4). The SstI map was then
used to identify the SstI clones. Maps for XhoI, Pvull, EcoRI and
Sall were derived using the VZV clones (45), bringing the number
of available V2V maps to eleven. As has been the case for the
other herpesviruses, these maps will be of fundamental importance
in molecular epidemiological and genetical studies of VZV.

Homology between herpesvirus genomes

The observations that HSV-1l and HSV-2 cross-neutralize (46),
recombine (47), share multiple antigens (48) and possess extensive
homology in 50% of their DNA sequences (49) demonstrate the close
relationship between the two viruses. HSV-1l is related
imminologically to PRV (50) and VZV (51) to a far smaller extent.
PRV DNA is 8-10% homologous to HSV-1l DNA (52), and the homology is
distributed throughout the PRV genome (53). The degree of
homology between HSV-1 and VZV DNA is of the order of 1% (54).

Cloned DNA fragments, being free from contamination by
sequences derived from elsewhere in the genome, have proved useful
tools in evaluating the sequence relatedness of

alphaherpesvirinae. To study this, cloned fragments from one

herpesvirus were 32p-labelled in vitro and hybridized to Southern
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blots of virion DNA of a heterologous herpesvirus. The location
and orientation of homologous regions in the HSV, PRV and VZIV

genomes are summarized graphically in Figure 5. The analysis was
extended to include equid herpesvirus 1 (EHV-1), also a member of

the alphaherpesvirinae.

r

S
PRV vzv mf
NI
— 8 IE
J
N
&Q N
N N N
- - - -
} HSV ¢ HSV-1

FIGURE 5. Summary of relative orientations of homologous regions
in the HSV, PRV and VZV genomes (from ref. 54). Genome structures
define the axes and cross-hatching denotes homologous regions.

The HSV genome is shown in the I arrangement. Arrows define the
inverted region in the HSV and PRV genomes. (Reprinted with permission).

The VZV genome is colinear with the I or Igy genome
arrangement of HSV-1l. Non-colinear homology involving the
inverted repeats of HSV-1 is probably due to the presence of
multiple reiterations of short sequences of high guanine plus
cytosine content in these regions (17,55, see Figure 10), rather
than to genetic non-colinearity. The PRV genome is essentially
colinear with the I, genome arrangement of HSV-1 except for an
inverted region in Up. The results of similar experiments showed
that the genome of EHV-1 is colinear with the Iy or Igj genome
arrangement of HSV, and that the P arrangements of the HSV-1 and
HSV-2 genomes are colinear.

Several specific regions of the genomes are more highly
conserved than others. The best candidates for conserved genes,

based on existing knowledge of HSV-1l gene location, are those
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encoding the major DNA binding protein, the major capsid protein,
the DNA polymerase, the immediate-early gene Vpyw IE 175 and one or
both of the early proteins Vp, 136'(143) and Vmw 38. The major
DNA binding protein and, to a lesser extent, the major capsid
protein are antigenically conserved among several members of the
alphaherpesvirinae (56,57). A degree of sequence conservation
between the protein coding region of the major capsid protein
genes of HSV-1 and PRV was demonstrated by hybridizing
subfragments of HSV-1 Kpnl i to subfragments of PRV BamHI d. The
results of this experiment are summarized in Figure 6. This shows
that the highest homology is within known protein coding regions
of the HSV-1 gene.

FIGURE 6. Summary of the
location and orientation of
homologous sequences between
the HSV-1l major capsid c
protein (Vp, 155) gene, which

is located in KpnI i, and PRV E] NN
BamHI d (from ref. 54). The g, |- D N | woe

genome locations of the BamHid|_ E§\

fragments are indicated on B
the ocuter axes, with the
HSV-1 genome in the Iy, ——r .
arrangement. Homologous C JGEH A D
regions are shown by HSV-1 Vw155 mANA
cross—hatching, and regions
of weaker homology by |

stippling. (Reprinted with — HSV-1
permission) . Kpnli

An important implication of these findings is that HSV-1 gene
probes could be used to locate corresponding genes in heterologous
genomes, provided that there is sufficient homology between the
respective DNA sequences. This was illustrated by the
localization of the PRV major capsid protein gene.

We propose the hypothesis that, taking into account the
inverted region in the PRV genome, the genomes examined are
colinear alsoc with respect to genes of similar function for which
no homology was detected, and that they share a similar genetic
design of ancient origin. The structural and size differences

between the genomes imply that it is unlikely that they have
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identical genetic organizations. However, many gene locations may
be predicted on the basis of existing knowledge of HSV-1 genetic
organization. We are currently testing these predictions by
carrying out DNA sequence comparisons of extensive regions of the
HSV-1 and VIV genomes.

Sequences at herpesvirus genome termini

Experimental evidence indicates that HSV-1 DNA replication
includes circularization of linear input genomes, inversion of the
L and S segments, production of concatemers by rolling-circle
replication, and cleavage and encapsidation of unit-length DNA
molecules. Sequences at the genome termini are involved in
circularization and in cleavage and encapsidation. Indeed,
studies involving the analysis of sequences required for
encapsidation of defective DNA (N. Stow, personal communication)
and the transfer of genome terminal sequences to a second site in
the HSV-1 DNA molecule (58) show that cleavage and encapsidation
signals are contained within the a sequence. Furthermore, the
latter studies (58), in addition to our analysis of sequences at
the termini of HSV-1/HSV-2 intertypic recombinants (59) show that
the signal responsible for segment inversion also resides in the a
sequence.

These studies point out the importance of‘the a sequence in DNA
replication. Therefore the DNA sequences of the termini and L-S
joint in HSV-1 clones were determined, and showed the presence of
a short direct repeat (DR) of 17-21 bp at the b-a and a-c
junctions (Figure.7). A DR of 17 bp which is present in the same
locations in HSV-2 has a different sequence. The HSV-1 and HSV-2
termini are located close to one end of the DR sequences. The 3'
nucleotide at the HSV-1 S terminus was identified unambiguously
from the autoradiograph shown in Figure 8, but that at the L
terminus could be one of three owing to the presence of the
homopolymer "tail". However, recent evidence suggests that the
genome of HSV-1 strain F possesses a single 3'-protruding
nucleotide at each terminus (58), so this has been assumed in
Figure 7 to be the case for HSV-1l strains 17 and USA-8. Although
circularization of HSV-1 DNA has been assumed for several years to

occur by annealing of complementary strands of the a sequence
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exposed by the action of an exonuclease (60), our careful analysis
of the termini of HSV-1/HSV-2 intertypic recombinants (59) and the
discovery of a 3'-protruding nucleotide at each terminus (58)
provide two separate lines of evidence for circularization by
direct ligation of termini. Clearly, termini could be produced by
cleavage of concatemeric DNA between two adjacent a sequences.

The sequence at the cleavage site is somewhat variable (Figure 7),
but it is likely that one function of DR is as part of the

cleavage signal.

*
strain 17 CCGCGGGGGGCCCGGGCTGCC CGCCGCCGCCGCTTTAAA
GGCGCCCCCCGGGCCCGACG GGCGGCGGCGGCGAAATTT

strain USA-8 CCGCGGGGGGCCCGGGCCGCC -GCCGCCG-CGCTTTAAA
GGCGCCCCCCGGGCCCGGCG G-CGGCGGC-GCGAAATTT

strain F CCGCGGGGGGCCCGGGCTG —-CGCCGCCG-CGCTTTAAA
GGCGCCCCCCGGGCCCGA C--GCGGCGGC-GCGAAATTT

FIGURE 7. Location of DR sequences (arrows) at the termini and
L-S joint of the HSV genome. The a sequences are shown as
rectangles. Sequences at the genome termini of three HSV-1
strains are aligned below. The DR sequences are underlined, and
dashes indicate absent nucleotides. The asterisked G/C base pair
at the S terminus of strain 17 was present as an A/T base pair in
the L-S joint fragment sequenced. The data for strain F are from

Mocarski and Roizman (58,62).



FIGURE 8. Autoradiographs showing DNA sequences at the L and S
termini of HSV-1 strain 17. The sequences were determined from
Kpnl r and k by the chemical degradation method (61), and run
3'-5' across the genome termini, through the homopolymer "tail"
and into vector DNA. Arrows indicate the terminal nucleotide in
each case.

Our sequence analysis of PRV and VZV clones has provided a
useful comparison with HSV-1 and HSV-2. Circularization of the
DNA of these viruses probably occurs by direct ligation of
termini, since neither is terminally redundant. It is not yet
known whether these genomes also have a 3'-protruding nucleotide
at each terminus. HSV-1l, HSV-2, VZV and PRV possess a

structurally conserved sequence approximately 30 bp from the S
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terminus (Figure 9), which may function as part of the cleavage or
inversion signal. Further analyses of the VZV and PRV genomes, in
which only one segment inverts, will complement studies on the

HSV-1 and HSV-2 genomes, in which both segments invert.

*

HSV-1 CCCCGGGGGGTGTG-~-TTTT-GGGCGGGGG

HSV-2 CCCCGGGGGGGGTGTT-TTTT-GGGGGGGGG

vzv AACCGGGGGGGG-GTTATTTTCGGGGGGGGG

PRV CCCCGGGGGCCGCG-ARAAAA-GGGGGCGGG
O >

AT-rich region

FIGURE 9. Sequence of conserved structure in the HSV-1, HSV-2,
VZV and PRV genomes approximately 30 bp from the S terminus (to
the left). Totally conserved sequences are underlined. The
asterisked T residue in HSV-1 strain 17 is a C residue in strains
USA-8 and F (17,62).

Tandem reiterations in the HSV-1 genome

Restriction enzyme analysis of DNA from independent isolates of
HSV-1 has revealed several fragments which exhibit considerable
variation in their mobility in agarose gels (63). A sub-set of
these fragments was also found to be variable when DNA from
individually plaque purified stocks of a single virus strain was
examined (63,17). When fragments which demonstrated intra-strain
variation were subjected to detailed restriction endonuclease
analysis, it became clear that the size differences were a result
of very great variability within a small region rather than
general changes throughout the fragments (15,17). Overall size
variation within a particular fragment was sometimes the result of
variability at more than one locus. Thus, the L-S joint fragment
BamHl k from HSV-1 strain 17 is highly heterogeneous as a
consequence of variation in at least two separate loci (17).

Analysis of the DNA sequence of cloned HSV-1 DNA fragments has
revealed a common cause for intra-strain variability. All such
regions examined to date contain tandem reiterations of short

sequences of between approximately 10 and 30 bp. A .number of the
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U, IR, a IR Us

e 11 B
mRNA ’_2_. 1 3 /S
A i

bp

[ ccecrccecrcccc 12

ccecreccecrTcccee 11

ccegpcrcecrccecce - 24
TCTGTGGG6TG66

Il CCCTCCCCAGCCCCAG 16

ccecrTcccceeCccccCcAc 16

111 cceccccecrcoecccecceccerTc 17

Iv cccccrccecrecceceeccceceCoeTC 22

ccccecreccecrccaccccceoeeTC 22

v ACTCCCACGCACCCCC 16

FIGURE 10. Reiterated sequences present in HSV-1 strain 17 DNA.
The locations of five tandem reiterations are shown with respect
to IRp, and IRg and the five major IE mRNAs. Reiteration I lies
within the a sequence and reiteration IV lies within the intron of
IE mRNAs-4 and -5. When more than one sequence is given it
indicates that more than one form of the reiteration has been
described (17,55). Asterisked sequences indicate reiterations
present in strain USA-8.
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best characterized examples and their locations in the HSV-1
genome are shown in Figure 10. Those shown are from IRL/TRy, and
IRg/TRg, but others have been identified in Ug (D. McGeoch,
personal communication). Size variation in these regions is
caused by changes in the number of copies of the short sequences.
The variation in copy number is probably a consequence of
recombination between misaligned families of .reiterations. Our
recent identification of a reiteration of a 27 bp unit in IRg/TRg
of VIV suggests that such sequences are common to the genomes of
other alphaherpesvirinae.

The function of tandem reiterations is unknown. Mocarski and
Roizman (62) have suggested that they may function as binding
sites for viral proteins, and that this could play a role in
segment inversion. However, it is unlikely that reiteration I,
which is located in the a sequence, functions thus, since the
HSV-2 strain HG52 a sequence contains no equivalent reiteration
(17). Reiterations have the potential to act as "hot spots" for
recombination which could facilitate rapid exchange of genetic
information and would increase the apparent genetic distance
between loci flanking such sequences. At present insufficient
genetic markers are available in regions containing reiterations
to test whether this is so. Reiterations which are present at
equivalent locations in the HSV-2 genome also might provide sites
for high frequency intertypic recombination. Evidence against
this hypothesis stems from the observation that HSV-1 reiteration
4 and the reiteration in an equivalent location in the HSV-2
genome are markedly dissimilar in sequence (J.L. Whitton and J.B.
Clements, personal communication). Rapid divergence of
reiterations may constitute a mechanism by which intertypic
recombination is minimized.

Smith (64) has suggested that tandem reiterations will
accumulate as a result of non-homologous recombination in any
region of DNA which is not subject to selection pressure. The
reiterations shown in Figure 10 lie outside coding regions and may

fall into this category.
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Transcript mapping

The large size of herpesvirus genomes is an indication of their
considerable coding capacity, which makes the analysis of their
expression a considerable undertaking. Mapping of HSV mRNA was
done initially by Southern blot analysis, and permitted mRNA from
different temporal and size classes to be ascribed to approximate
locations in the genome. This method proved particularly useful
in examining the HSV~1l immediate-early (IE) class of mRNA (viral
mRNA made in the absence of de novo protein synthesis), and
allowed the map locations and orientations of the five major IE
mMRNAs to be determined (65,66). However, Southern blot analysis
is of limited use when large numbers of transcripts are present as
it does not allow characterization of individual mRNAs. It is
particularly limited where overlapping and spliced mRNAs are
concerned.

The Northern blot technique (67), in which RNA is separated by
gel electrophoresis and immobilised on nitrocellulose filters, is
more powerful as it allows detailed analysis of viral mRNA from
specific regions of the genome, using cloned DNA fragments. DNA
probes may be of any length and may represent either or both DNA
strands. The advantages of this technique in studying individual
mRNA species from a heavily transcribed region of the genome are
illustrated by examining the temporal transcription patterns of
HSV-1 IE genes (Figure 11l). The behaviour of four of the five
major IE genes was determined by analysis of mRNA made under IE
conditions and at 3 hr and 6 hr PI, using DNA probes containing Ug
(EcoRI h) or the junctions of IRy/TR; with Up (BamHI b and BamHI
e). Only IE mRNAs were made under IE conditions, whereas at 3 hr
and 6 hr PI increasingly complex transcription patterns were
revealed. mRNA species corresponding in size to the IE mRNAs were
present at 3 hr and 6 hr PI, suggesting that the IE genes
continued to be expressed. To examine if this was the case, 6h
Northern blot strips were reprobed with smaller fragments from the
regions known to encode the IE mRNAs. Probing with BamHI n, x and
z confirmed the presence at 6 hr of the 2 kb mRNAs thought to
represent IE mRNAs-4 and -5 (Figure 1l1l). Use of single-stranded
DNA probes cloned in bacteriophage M13 showed that the 2 kb mRNAs
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FIGURE 1l1l. Northern blot analysis of HSV-1l mRNA. Tracks 1, 2 and
3 represent IE, 3 hr and 6 hr mRNA respectively. The DNA probes
used were: panel (a) BamHI b; panel (b) BamHI e; panel (c) EcCORI
h. Panel (d) shows & hr mRNA probed with the following cloned DNA
fragments: EcoRI h (track 4); the left (track 5) and right (track
6) HindIII sub-fragments of BamHI n; BamHI j (track 7); BamHI z
(track 8); BamHI x (track 9). The 3 kb (IE mRNA-1l) and 1.75 kb
(IE mRNAs-2, -4, -5) mRNAs are indicated.

present at 3 hr and 6 hr PI had the same orientations as the
equivalent IE mRNAs.

Transcription patterns and the behaviour of individual mRNA
species may be examined over large regions of a genome by Northern
blot analysis. However, in order to map precisely mRNAs on the

genome and to determine their structures it is necessary to use
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FIGURE 12. Temporal transcription pattern of IE gene 5.
5'-labelled BamHI x was hybridised to: 1&5, 15 ug of IE mRNA;

2&6, 15 pyg of 3 hr mRNA; 3&7, 15 ug of 6 hr mRNA; 4&8,: 20 ug of
mock-infected mRNA. Samples 1-4 were nuclease Sl digested,
samples 5-8 were exonuclease VII digested. The nuclease-resistant
material was analysed on a 6% denaturing polyacrylamide gel.

the nuclease digestion techniques of Berk and Sharp (68). The
termini and splice points of individual mRNAs may be located using
DNA probes which have been end-labelled at specific sites. This
is particular useful where different mRNAs are generated from the
same region of the virus genome by differential splicing or by
independent initiation and termination events which result in
overlapping mRNAs. The temporal transcription pattern of IE gene
5 was examined by this method. Nuclease S1 and exonuclease VII
digestion of hybrids formed between BamHI x 5'-labelled at the
BamHI sites and mRNA made under IE conditions and at 3 hr and 6 hr
PI resulted in the appearance of two bands on a denaturing gel
(Figure 12). These represent the unspliced and spliced forms of
IE mRNA-5 (70). The relative abundance of the two forms was
constant in the different mRNA preparations, indicating that there
was no alteration in splicing pattern during infection. The
absoclute concentration did change, however, and the increase
between 3 hr and 6 hr PI indicates that synthesis of IE mRNA-5 was
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maintained until 6 hr PI. The observation that IE polypeptides
were translated in vitro from mRNA made at late times PI (66,69)

confirms the continued presence of IE mRNA. This is in sharp
contrast to the results of Watson et al. (71), who found that both

IE mRNAs-4 and -5 were present in very low amounts in mRNA made at
early or late times PI. It is probable that continued expression
of these genes represents a variable aspect of virus infection and
is dependent on the virus/cell system used.
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THE CLONING AND SEQUENCING OF SITES OF LINKAGE BETWEEN ADENOVIRUS
DNA AND CELLULAR DNA: RECOMBINATION OF FOREIGN DNA WITH THE
MAMMALIAN GENOME

WALTER DOERFLER, REINHOLD GAHLMANN, SILVIA STABEL, RENATE
DEURING, MANFRED SCHULZ, URSULA LICHTENBERG, DIRK EICK, ROLF
JESSBERGER, AND REINER LEISTEN

Institute of Genetics, University of Cologne, Cologne, Germany

INTRODUCTION

We have studied the mechanism of recombination between human
adenovirus DNA and the mammalian genome in considerable detail.
Human adenovirus type 2 (Ad2) and type 12 (Adl2) have been in-
vestigated. This research was conducted as a model, as it were,
to elucidate the mechanism of insertion of foreign DNA into the
mammalian genome. There is no doubt that practically any foreign
DNA molecule can be taken up by mammalian cells and can be in-
serted as a whole or in part into the host genome. It is not
clear yet how frequent these integration events are. Insertion
could be transient in certain cases, and stable integration might
be a relatively rare event. As often in molecular biology of
eukaryotes, adenoviruses have served a very useful function in
the investigation of reaction mechanisms (for recent reviews see
1-3). At least certain aspects of the mechanism of insertion of
foreign (viral) DNA into the mammalian genome can be investigated
by studying the modes of integration of adenovirus DNA. In pre-
vious work, we have used clonal lines of adenovirus-transformed
cells or of adenovirus type 12-induced tumor cells to determine
patterns of adenovirus DNA integration in mammalian cells and to
gauge the gamut of possibilities for foreign DNA insertion (for
reviews 4, 5). The clonality of the cell lines used facilitates
detailed analyses of the sites of adenovirus DNA insertion by
molecular cloning and determinations of their nucleotide se-
quences. This approach, however, forecloses the possibility to

Y. Becker (ed.), RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
Boston. All rights reserved.
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study all the recombination events actually occurring, since
transformed or tumor cells represent a highly selected cell
population. This possibility could be realized, in principle
though in practice only with difficulties, by choosing the
logical way and by studying viral-host DNA recombinations in
abortively (6, 7) or productively infected cells (8-10). In these
systems many different recombination products are generated, and
there are considerable difficulties in analyzing them in detail.
So far, we have therefore resorted to a compromise solution and
elucidated patterns of adenovirus DNA integration in some 70
different transformed cell lines, tumors or cell lines estab-
lished from these tumors (4). Moreover, we have cloned nine and
sequenced seven sites of junction between adenovirus and cell DNA
derived from several different cell systems (5) including the
junction from a symmetric recombinant (SYREC2) between Adl2 DNA
and human cell DNA (10, 11).

For a number of reasons, we consider it important to investi-
gate in detail the cellular mechanism involved in the uptake and
fixation of foreign DNA in mammalian cells. Acquisition of
foreign DNA sequences may have played a decisive role in evolu-
tion and continues to do so in inducing significant genetic
change in eukaryotic cells. Moreover, the mechanism at least of
viral oncogenesis involves foreign DNA insertion. Lastly, the
application of genes to cells, one of the paramount goals in gene
technology, particularly the insertion of foreign genes at
specific sites in the mammalian genome, will require more de-
tailed research on the mechanisms involved in the fixation of
foreign DNA.

For the insertion of adenovirus DNA into host DNA homologous
or heterologous recombination mechanisms could be relevant. The
data accumulated so far would tend to favor a mechanism akin to
heterologous recombination which can utilize patch homologies
between segments of the viral genome and many different seguences
in the host genome. The mechanism of insertion does not appear to
be dependent on the occurrence of such patch homologies.

The main results presented in this overview can be summarized

as follows. In the adenovirus-transformed cell lines, Adl2-in-
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duced tumors or tumor lines established from them, Ad12 DNA was
usually inserted intact or nearly intact (see below) and colinear
with the virion DNA. Integrated Ad2 DNA, on the other hand,
carried internal deletions. This apparent difference may reflect
the permissivity of the hamster or mouse cell systems used.
Hamster cells are nonpermissive for Adl2. At the junction sites
investigated by sequence analyses, the adenovirus genomes had
recombined exclusively at their termini with host DNA. Similar
conclusions had been suggested by Southern blot analyses of the
integration patterns of adenovirus DNA in about 70 different
transformed lines or tumors (for review, see reference 4). Inser-
tion of adenovirus DNA has been observed in unique or repetitive
cellular DNA sequences. At least for some of the junctions, the
data justify the conclusion that the mechanism of adenovirus DNA
insertion is different from that of bacteriophage X DNA in
Escherichia coli and of retroviral DNA in vertebrate genomes.

Insertion of adenovirus DNA is accompanied by deletions of
between 2 and 174 nucleotides at the viral termini (5). In cell
line HE5, not a single cellular nucleotide was deleted, dupli-
cated or rearranged at the integration site. In another instance
(tumor CBA-12-1-T), at least 1500 to 1600 cellular nucleotides
were deleted. We have also investigated a symmetric recombinant
(SYREC2) between Adl2 DNA (left terminal 2081 nucleotide pairs)
and human cellular DNA. This recombinant is encapsidated into
Adl2 virions. The occurrence of this recombinant constitutes
proof for recombination between viral and cellular DNA in pro-
ductively infected cells (8, 9).

SUMMARY OF EARLIER FINDINGS

The mode of insertion of the adenoviral genome is influenced
by the permissivity of the virus-cell system. As pointed out
previously, the Adl2 genome is usually inserted in the hamster or
mouse genome without internal deletions (12-16), although in a
few Adl2-induced tumors, deletions of parts of the Adl2 genome
have been observed (17). Adl2 DNA cannot replicate in hamster
cells (6, 12, 18, 19, 20) and in mouse cells (16). In contrast,
the patterns of integration of the DNAs of Ad2 and adenovirus
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type 5 (Ad5)in hamster cells, which are permissive or at least
semipermissive for Ad2 and Ad5, reveal extensive deletions of the
viral genome (21-23). It is therefore reasonable to postulate
that Adl2 DNA can persist intact or nearly intact in hamster
cells, because the nonpermissive disposition of hamster cells
toward Adl2 does not allow Adl2 DNA to replicate, and thus cells
containing the entire Adl2 genome are not selected against. In
Ad2- or Ad5-infected hamster cells, however, complete free viral
genomes will replicate and eventually destroy the host cells.
Transformants with intact integrated Ad2 or AdS5 genomes are not
likely to be found, but in most cases the persisting viral ge-
nomes carry deletions. Of course, there may exist additional,
more complex reasons for the differences in integration patterns
found in Ad2- and Adl2-transformed cells.

The patterns of integration of highly oncogenic simian adeno-
virus type 7 (SA7) in virus-induced hamster tumor cells are
complicated and imply that deletions and amplifications of the
SA7 genome have occurred (E. Timme, H., Soboll, R. Neumann and W.
Doerfler, unpublished results; compare also reference 24).

In general, multiple copies of adenoviral DNA were inserted in
the host genome, in one cell line usually at the same site or at
a very limited number of sites. The number of viral genome equi-
valents per cell ranged from one to two to over 30, both incells
that were transformed in culture and in Adl2-induced tumor cells
isolated from tumor-bearing hamsters or mice. From several lines
of evidence it appeared plausible to argue that one or a limited
number of genomes were integrated initially and that viral DNA
sequences, probably in conjunction with abutting cellular se~-
guences, were postintegrationally amplified. Adenoviral DNA was
found to be inserted into unique or repetitive cellular DNA
sequences in different cell lines or tumors (25-27, 42). In a few
Adl2-transformed cell lines, terminal sequences of the integrated
adenoviral genomes were disproportionately amplified (14).
Multiple inserted adenoviral genomes were usually not arranged in
true tandems, with one entire genome being followed by another
(14, 16, 17). In the cases analyzed in this respect, it was found

that individual genomes were separated by sequences not identical
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to authentic viral DNA. These sequences could have constituted
cellular or possibly rearranged viral DNA. Deletions and re-
arrangements at the right termini of most of the 20-22 Adl2
genomes integrated in cell line T637 have been demonstrated (28).

From the analyses of over 70 different adenovirus-transformed
and tumor cell lines investigated in our laboratory and from the
results of several other laboratories, no evidence emerged for
the notion that adenoviral DNA would insert at identical or
similar sites in the host genome. Similar conclusions were
derived from studies on the insertion of SV40 or polyoma DNA (29-
35). Absence of specificity was documented by the results of
Southern blot analyses and/or of determinations of nucleotide
sequences across the sites of junctions.

From several Adl2-transformed or tumor cell lines, morphologi-
cal revertants were isolated which had arisen spontaneously and
had lost part or all of the integrated adenoviral genome copies.
Cell line T637, which carried 20-22 genome equivalents of Adl2
DNA, lost all of these copies or retained one-half or one genome
equivalent or one genome and a fraction of a second per revertant
cell. The revertants were different from the parent line (36-38).
From an Adl2-induced hamster tumor line, morphological variants
were isolated that had gradually lost all detectable traces of
viral DNA, but preserved their oncogenic phenotype, the absence
of viral DNA notwithstanding. It was therefore concluded that -
at least in these variants - persistence of adenoviral DNA was
not an essential precondition for expression of the oncogenic
phenotype (17). It could not be ruled out that a viral DNA frag-
ment of extremely short length (10-100 nucleotides) might have
persisted in these cells. The occurrence of the morphological
revertants and variants simultaneously proved that foreign DNA
could not only be fixed in cellular DNA but could also be excised
from it more or less completely.

By reassociation kinetics measurements (12) as well as by
Southern (39) blot analyses (14), scattered fragments of viral
DNA could be detected in an integrated form in Adl2-tranformed
cell lines in addition to the intact or nearly intact Adl2 DNA
molecules. Apparently, apart from the nearly intact integrated
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viral DNA molecules, some cell lines also contained fragments of
viral DNA which might have been inserted, independent of the
intact viral DNA molecules. It is not known how stably these
scattered fragments of viral DNA are inserted in the cellular
genome.

Analyses of nucleotide sequences at several sites of integra-
tion of adenovirus DNA in hamster, mouse, or rat DNA revealed
that terminal viral nucleotides were deleted at the sites of
junction (25-27, 40-42, see also Table 1). In the Ad2-transformed
hamster cell line HE5, cellular nucleotides were not deleted at
the site of insertion (41). In the mouse tumor CBA-12-1-T, cellu-
lar DNA was deleted at the site of junction (42). A detailed
discussion of the structure and the peculiarities of each site of
junction analyzed will be presented below.

The mechanism of foreign (viral) DNA insertion in mammalian
cells is not yet understood. It is conceivable that patchy ho-
mologies between viral and cellular DNA sequences might have
played a role in some recombination events (25-27, 33, 42, 43).
Such short homologies, particularly certain combinations of
nucleotide patches, might stabilize the recombination complex.
Moreover, patch homologies between adenoviral DNA and cellular
DNA are abundant and might help to explain the apparent lack of
specificity in insertion sites. Depending on the combinations of
patch homologies selected, insertion of foreign DNA might be
facilitated at a very large number of sites. At some sites,
integration of foreign DNA might be fatal for the cell. When
nonessential sites in unique DNA or in repetitive DNA are hit by
the insertion event, the cell might survive and even gain selec-
tive advantages from the added genetic information. Depending on
the site of insertion, viral DNA sequences may be linked to
cellular enhancers or vice versa and cells with viral DNA in-
serted at such sites may exhibit the transformed phenotype due to
more efficient expression of viral or cellular DNA.

It will also be interesting to elucidate in what conformation
the adenoviral genome can recombine with host DNA., Circular viral
DNA - perhaps not a covalently linked circle, but one stabilized

by the terminal viral protein (44) - has sometimes been impli-
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cated in that precursory function (21, 23, 44). Evidence for the
presence of covalently closed circular viral DNA molecules in
abortively or productively infected cells has been difficult to
obtain (45, 46). Recently, evidence has been published for adeno-
viral molecules which are joined end to end (47), but it is not
yet certain that these molecules actually represent circular
structures.

The expression of integrated viral genomes in transformed or
tumor cell lines will not be dealt with in this chapter. Suffice
it to say that, in general, early viral genes are expressed and
late viral genes are shut off (19, 48-51), although in most Adl2-
transformed hamster lines the late regions of the Adl2 genome
persist in a perfectly preserved form. In general, these late
regions are extensively methylated (13, 52-54). In Adl2-induced
rat tumor cell lines, some of the late segments of the integrated
Adl2-genomes can be expressed (55).

CLONING AND SEQUENCING OF JUNCTION FRAGMENTS

The problem of viral DNA insertion, in particular with respect
to the possible specificity of integration sites and the mecha-
nism of integration, could be approached by cloning sites of
junctions between viral and cellular DNA from a number of
transformed and tumor cell lines and by determining the nucleo-
tide sequences at these sites. In general, the following proce-
dures were employed:

1. The sizes of the junction fragments were determined as off-
size fragments, usually after cleavage of transformed cell DNA or
tumor cell DNA with different restriction endonucleases, blotting
and hybridization to 32P—labeled, cloned adenovirus DNA fragments
from the termini of viral DNA. Off-size fragments representing
host-virus DNA junctions were identified by comparison with the
cleavage patterns of authentic viral DNA. This approach has been
described in detail (13, 14), and the integration maps of many
different adenovirus-transformed and tumor cell lines have been
published (for review see reference 4). All these cell or tumor

lines had been obtained by transforming cells with Ad2 or Adl2 or
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by inducing tumors in animals with Adl12. Cells analyzed in our
laboratory so far were not transformed with viral DNA fragments.

2. DNA fragments with a length corresponding to the off-size
fragments to be cloned were selected by gel electrophoresis or by
zone sedimentation on sucrose density gradients. The latter
method was usually preferred. Gradient fractions were charac-
terized by subsequent gel electrophoresis. Adenovirus DNA cut
with the same restriction endonuclease was used as size marker
and off-size positions were determined in this way.

3. The selected size-class of EcoRI-cut DNA was ligated with
the "arms” of AgtWES*AB DNA (56) or ACharon DNA (57). The arms of
the X vector DNAs, i.e., the terminal EcoRI fragments of the
vector, were purified by zone sedimentation on sucrose density
gradients. The ligated DNA was then packaged in vitro into
phage heads (58, 59). Phage plaques containing the junction
fragment to be cloned were identified by the method of Benton and
Davis (60), using cloned terminal viral DNA fragments as hy-
bridization probes. It proved advantageous to perform the initial
cloning of junction sites in A vectors, since with that vector
system large enough numbers of plaques per petri dish could be
produced and screened. Comparable colony numbers could not have
been attained using plasmids, since, upon insertion of foreign
DNA into plasmids, transformation efficiencies sometimes dropped
precipitously. A comparable drop in packaging and plaquing
efficiencies was not observed with phage A DNA. Usually, the
desired fragments were detected as clones in about 0.5x10%
plagques, equivalent to about 40-50 petri dishes. In some in-
stances, much higher numbers of plaques were screened without
detecting a cloned junction fragment. With DNA from the Adl2-
transformed cell line T637, several millions of plaques were
screened without isolating a single junction fragment. Internal
fragments of adenoviral DNA could be readily cloned from T637 DNA
(U. Winterhoff and W. Doerfler, unpublished). It has been shown
that in this cell line peculiar DNA structures at the sites of
junction between Adl2 and cell DNA and between Adl2 DNA copies
probably forestall the cloning of the junction sites (61).
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4. Frequently, suitable subfragments of the X junction clone,
still containing the site of linkage, were subcloned in pBR322
(62), pPUR222 (63), pUR250 (64), or in bacteriophage M13 DNA (65),
and were then analyzed further.

5. The cloned insert was characterized by restriction analyses
using restriction endonucleases that frequently cut adenovirus
DNA. Junction fragments were again identified by Southern
blotting and by comparison with the authentic restriction pattern
of adenovirus DNA. These junction fragments assumed off-size
positions relative to the known virion DNA fragments. In most
instances, the off-size fragments or parts thereof were subcloned
in a suitable vector either directly or using appropriate linkers
when necessary.

6. Subsequently, a detailed restriction map of the subcloned
junction fragment was established. It was also ascertained that
the subcloned fragment still contained cellular DNA by hybrid-
izing the clone back to cellular DNA from transformed or un-
transformed cells of the same species. Moreover, it could be
demonstrated that cloning and subcloning of the junction frag-
ments did not lead to deletions or rearrangements of the DNA
insert in the clones we have analyzed. Thus, we have not obtained
evidence for cloning artefacts.

7. Employing the Maxam and Gilbert sequencing technique (66,
67) and terminal labeling at the 5' or 3' ends of distinct frag-
ments, the nucleotide sequence across the sites of junction was
determined. In most instances, it was considered necessary to
sequence several hundred nucleotides into the cellular segment,
as it was conceivable that decisive recombinatorial signals might
have been situated remote from the actual site of junction. More
recently, the method of Sanger et al. (68) was also used to
determine nucleotide sequences.

8. A special approach was designed to clone certain fragments
that did not fit into available X phage vectors or in order to
avoid the use of nucleotide linkers (R. Gahlmann and W. Doerfler,
unpublished results). The DNA from transformed or tumor cells
was cut with the restriction endonucleases PstI, or HindIII, or
BamHI. The off-size fragment to be cloned was then size-selected
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by zone sedimentation on sucrose density gradients and ligated
into the appropriate site of plasmid pBR322 DNA. The resealed
plasmid carrying the insert was subsequently cleaved with EcoRI
and ligated to the arms of phage XgtWES°AB DNA. On in vitro
packaging of » DNA, appropriate plaques containing the junction
fragment were identified by the Benton-Davis technigue using
terminal virion DNA fragments as probes.

CELL LINES AND JUNCTION SITES ANALYZED

Adenovirus-transformed cell lines and adenovirus-induced
tumors or cell lines established from them constitute a source of
clonal recombinants between viral and cellular DNA. As much as it
would be desirable to investigate such recombinants shortly after
their inception, sites of insertion could not easily be studied
at that stage, as insertions occur at many different sites. Thus,
it was more realistic to concentrate on the study of clonal
lines. Eventually, we will have to return to investigations on
cells shortly after infection with virions or subviral particles
or after transfection with viral DNA or with cloned DNA frag-
ments. Such experiments have been initiated.

In Table 1, the sites of junction between adenovirus DNA and
cell DNA that have been cloned and sequenced in our laboratory
have been summarized. Different adenoviruses and cells from
different species were used in these investigations. In symmetric
recombinant (SYREC2) DNA, which was found to be encapsidated into
adenovirions, linkage between Adl2 DNA and human KB cell DNA was
shown by sequence analysis (11). SYREC DNA was generated in
productively infected human cells (10), and its existence consti-
tuted proof for the occurrence of recombination between the
adenoviral and host genomes in productively infected cells (8,
9).

The sequence data from all the transformed and tumor cell
lines represented unequivocal proof for the covalent linkage
between adenovirus-DNA and cellular DNA (6). The findings that
adenovirus DNA in infected and transformed cells was associated
with high molecular weight DNA (6, 7, 69) and that adenovirus DNA
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was linked to unique (25, 26, 42) or repetitive DNA sequences
(27) argued for the chromosomal location of inserted wviral DNA.

In situ DNA hybridization analyses have been performed in a
CELO virus (avian adenovirus)~induced rat tumor cell line. The
tumor cells carry about 33 % of the viral DNAmolecule linked to
cellular DNA. This viral-cellular sequence has been repeated 160
times and is distributed on only a few chromosomes per hypo-
tetraploid tumor cell (70).

In the following section, the nucleotide sequences of indi-
vidual integration sites determined in our laboratory will be
presented and their analyses discussed. These sequence data did
not reveal evidence for specific integration sites based on
nucleotide sequence, in the sense that adenoviral DNA integrated
at a few highly specific sequences in all cell lines. Certain
regularities could, however, be observed; e. g., in all lines
investigated in this respect, the viral DNA was linked via its
termini to cellular DNA and viral nucleotides were deleted at the
site of junction. Only in an exceptional case was Ad2 DNA linked
to cell DNA via internal fragments (23). As pointed out previous-
ly, we consider it likely that the terminal protein of adenovirus
DNA or terminal viral DNA sequences or both can play a role in
integration. It has also to be considered that signals of possi-
ble specificity for the integration event might not reside in
nucleotide sequence, but rather in the structure of chromatin or
of protein-DNA complexes. At the present stage of technical
developments, the possibilities to unravel such structural sig-
nals are very limited. Hence any statements with respect to
specific sites of viral-cellular recombinations, or the lack
thereof, will have to be phrased with caution at the present
time. The concept of specificity of integration sites has to be
viewed in the light of highly complex interactions between viral
and cellular genomes.

NUCLECTIDE SEQUENCES AT INDIVIDUAL SITES OF JUNCTION

Adl2-induced hamster tumor line CLAC3
The tumor cell line CLAC3 (14) carries four to five Adl2
genome equivalents per diploid genome. Using the A gtWES.AB vector
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FIGURE 1. Junction site between Adl2 DNA and hamster cell DNA in
cell line CLAC3 (25). a) Nucleotide sequence at site of linkage.
b) Region of dyad symmetry and possible stemmed loop at site of
junction. There is at present no proven way to ascertain the
actual occurrence of such structures in vivo.
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DNA as cloning vehicle, a left terminal site of junction between
Adl2 DNA and hamster cell DNA was cloned and sequenced (25). The
colinearly inserted Adl2 genome exhibited the authentic virion
DNA sequence starting with base pair 46 (Fig. la). The first 82
base pairs of the cloned fragment were not viral and contained
scattered homologies of octa~ to undecanucleotide patches to
sequences within the left terminal 2722 base pairs of Adl2 DNA.
The phenomenon of patch homologies and its significance will be
discussed below. No homologies were observed between the deleted
string of the 45 left terminal nucleotides of viral DNA and the
cellular sequence replacing them (cf. however, line CLACl). At
the site of junction, a stemmed loop could be constructed, based
on extensive regions of dyad symmetry (Fig. 1lb). Across the site
of junction and close by in the viral DNA sequence, there were
stretches of 27 base pairs that exhibited 70% homology (under-
lined sequences in Fig. 1lb). The significance of these peculiari-
ties for the recombination event is not understood.

Ad2-transformed hamster cell line HES

The cell line HE5 (23, 71, 72) was generated by transformation
of primary hamster embryo cells with UV-inactivated Ad2 (72).
Each cell contained approximately two copies of Ad2 DNA, and the
viral DNA exhibited a major internal deletion (23) extending from
about 35 to 82 map units of Ad2 DNA (41). The junction sites of
both termini of Ad2 DNA with hamster cell DNA, as well as the
site of linkage of the two Ad2 DNA fragments at the internal
joint, were cloned and sequenced (26, 41). The unoccupied site of
cellular DNA from cell line HE5 corresponding to the insertion
site was also cloned and sequenced (26). This site was unique or
occurred only a few times per cell. The results indicated that
there was an almost perfect insert of the Ad2 DNA molecule via
the termini. Not a single cellular nucleotide pair was lost,
altered, or repeated in the integration event, while eight and
ten nucleotide pairs of Ad2 DNA were deleted at the right and
left termini, respectively. Figure 2 presents a survey of nucleo-
tide sequences at the site of insertion. The cellular DNA se-
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HAMSTER CELL DNA
TCTATTTCAT GGTGGGGTAG TCATTATGGG AATGGAGGTA AAACAGCTTA TCTCTCATCT ATTGTCTAAG TAAAAACTAA ATTCATGAAG AATATTCATT

SITE OF INSERTION

INSERTED AD2 DNA a108P ATATACCTTA TTTTGGATTG // CAATCCAAAA TAAGGTATAT a8pe
LEFT TERMINUS RIGHT TERMINUS
AUTHENTIC AD2 DNA CATCATCATA ATATACCTTA TTTTGGATTG 1 CAATCCAAAA TAAGGTATAT TATGATGATG

FIGURE 2. Insertion of Ad2 DNA into cellular DNA incell line HES
(41). Insertion without deletion, amplification or rearrangement
of cellular nucleotides. /A Indicates the deletion of 10 left
terminal and 8 right terminal adenoviral nucleotides at the site
of junction. The viral genome is schematically presented by its
terminal sequences and an interrupted line designating the
remainder of the genome with an internal deletion between map
units 35 and 82.
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FIGURE 3. Maps of patches of homologies between the right
terminus of Ad2 DNA and the abutting hamster cell DNA sequence in
cell line HE5 (26). Scale at the bottom indicates number of
nucleotides from junction site. Letters refer to individual
nucleotide patches (not shown).
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quence and the abutting viral sequences at either end exhibited
short patch homologies.

Patch homologies ranging in length from dodeca- to octanucleo-
tides were detected by computer analyses at sites also quite
remote from the points of linkage. Patches exceeding octanucleo-
tides in length detected at the right terminus have been mapped
as shown in Fig. 3. The nucleotide sequence at the right arm of
the Ad2 genome was compared with randomly selected sequences of
401 nucleotides in length from vertebrate or prokaryotic DNA. In
all cases, similar numbers of patch homologies were observed,
indicating that patch homologies of up to 12 nucleotides long
were abundant between Ad2 DNA and randomly chosen DNA sequences
(26). It is conceivable that such homologies play a role in the
insertion event, perhaps stabilizing the recombination complex.
The abundance of patch homologies, which were quite different in
sequence in each case, was consistent with the apparent lack of
specificity with respect to integration sites of adenovirus DNA

) ~82%  =100%)
5 TTTGTCAATGACTGG6C

6 (RIGHT VIRAL SEQUENCE
A GCTTGGACATGTGGT

FROM MAP UNIT 82 ON)

[ﬁ5'GTACCAGTCCGGGCCAGAQ\EerCTTGGACATGTGGT ]

(LEFT VIRAL SEQUENCE g S
0P TO 35 MAP UNITS) GTACCAGTCCGGGCLCAGAE T
TTTTTTCCAGA
(0%=) ~357

6=

6—C

Ch

C—6

T—A

6— ~e—END OF LEFT VIRAL SEQUENCE

A ~=— ADDITIONAL TWO NUCLEOTIDES
s /C‘G\ ~e— START OF RIGHT VIRAL SEQUENCE
5'6TAC CTTGGACA

FIGURE 4., Internal viral junction site in cell line HE5 (41).
Sequence at the junction site is boxed. The additional GT di-
nucleotide is also indicated. Sequences outside the box and
connected by broken lines are the immediately adjacent viral
sequences that have been deleted. A region of dyad symmetry is
apparent at the site of linkage (bottom).
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(4), since many different sites could have been chosen in this
way. Patch homologies thus may help the recombination process,
they do not seem to be essential. Recombination via patchy se-
quence homologies might be considered a mechanism in between
homologous and heterologous recombination.

The internal junction between the right and left arms of Ad2
DNA remaining after the deletion was also cloned and sequenced
(41) (Fig. 4). Comparison of the sequence data with those of
authentic Ad2 DNA (73, 74) revealed that map position 35 from the
left end was -linked to map position 82 from the right end. A
dinucleotide, GT, of unknown derivation was interspersed between
the two arms of Ad2 DNA (Fig. 4). Intercalation of nucleotides
between recombining molecules has also been described in somatic
CV1l monkey cells, in which SV40 and pBR322 DNA molecules were
rejoined (75).

Extensive deletion of Ad 2 DNA

Ad2 DNA

deletion of 10bp * \ delition of 8bp

terminal viral protein

AAACAGCTTATCTCTCATCT

Unique hamster DNA sequence

FIGURE 5. Hypothetical model of Ad2 DNA insertion (41). A circu-
lar intermediate has not been proven. In fact, a linear interme-
diate is equally likely. This model ascribes a guiding function
in recombination to the terminal viral protein, or to terminal
DNA sequences, or to both. Other models cannot be ruled out.
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It is also interesting to note that at the site of junction
between the two arms a short inverted repeat can give rise to a
cruciform structure (Fig. 4).

The apparent mode of insertion of adenovirus DNA preserving
the continuity of cellular DNA sequence in this cell line and
involving linkage to cellular DNA by the termini of viral DNA
suggests a model of foreign DNA insertion in which both termini
of Ad2 DNA would have to interact with adjacent nucleotides in
cellular DNA either simultaneously or in succession. One possi-
ble, but unproven intermediate structure of viral DNA partici-
pating in this event would be a circular adenovirus DNA molecule
in which the termini were linked together noncovalently via the
terminal viral protein (41). It is not clear at what stage the
deletion was introduced into Ad2 DNA. Such a deletion could have
occurred before, during, or after the integration event. In the
transformation experiment that led to cell line HE5, Ad2 virions
irradiated with ultraviolet light had been used. This procedure
might predispose the genome to deletion events and might also
stimulate recombination. A possible model of the integration
event is presented in Fig. 5.

We have also investigated RNA with homologies to the cellular
DNA sequence at the junction site (76). The hamster cell DNA
sequence of about 400 nucleotides to the right of the integrated
Ad2 DNA is homologous to low molecular weight RNAs (Fig. 6). The
predominant size class is an RNA population of about 300 nucleo-
tides which is present in about 20 copies per cell. Minority
populations of about 150 and possibly 80 nucleotides are also de-
tectable. This low molecular weight cellular RNA is not poly-
adenylated and is found predominantly in the cytoplasm. The
nucleotide sequence of the DNA segment homologous to this RNA
does not contain open reading frames in excess of a sequence
theoretically encoding an 18 amino acid polypeptide. Thus, it is
unlikely that the low molecular weight RNA can be translated. The
nucleotide sequence does not exhibit any similarity to known low
molecular weight RNAs of eukaryotic origins. The low molecular
weight cellular RNA has been found expressed in HE5 cells and
also in various organs of 15 - 16 week old animals and in embryo-
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FIGURE 6. Restriction map of the site of insertion of Ad2 DNA in
cell line HES5. Site of insertion has been designated by a double-
headed arrow. The bracket indicates the region of homology to the
low molecular weight, cellular RNA (76).
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FIGURE 7. Restriction maps (a, b) and sequencing strategy (c) at
site of junction between Adl2 DNA and repetitive hamster cell DNA
in cell line CLACl (27). The site of junction is designated by a
double-headed vertical arrow.
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nal tissues, as well as in BHK21l cells and in the Adl2-trans-
formed hamster cell line T637. The same or a similar RNA is also
present in mouse cells. Homologous RNA sequences have not been
detected in human, amphibian or insect cells. The biological
function of this RNA is not known. Perhaps, foreign DNA can be
more easily inserted at cellular sites that are actively
transcribed. The RNA homologous to cellular DNA sequences adja-
cent to the site of insertion of Ad2 DNA could indicate tran-
scriptional activity at that site (76). Transcriptional activity
may constitute an important feature for sites of foreign DNA

insertion.

Adl2-induced tumor cell line CLAC]
Cell line CLACl (14, 27) was established from an Adl2-induced

hamster tumor, and each cell of this line contained 10-13 copies

of colinearly integrated viral DNA, which seemed to be inserted
at a limited number of sites. A left terminus of Adl2 DNA linked
to cellular DNA was molecularly cloned (Fig. 7) and sequenced
(Fig. 8). The first 174 nucleotides of Adl2 DNA at the site of
linkage were deleted (Fig. 8b). Within 43 nucleotides of cellular
DNA starting from the linkage point, there were one hepta-, one
tri-, two tetra-, and one pentanucleotide which were identical
and arranged in the same order as in the 174 deleted viral
nucleotides and the cellular sequence replacing them (underlined
sequences in Fig. 8b). In addition, there were patch homologies,
twenty two octa-, twelve nonanucleotides and one decanucleotide
between the left terminal 2320 bp of Adl2 DNA and the sequenced
529 cellular nucleotides at the site of junction. Thus, two types
of patch homologies have been noted: One between the deleted
terminal viral DNA sequence and the cellular sequence replacing
it (27), another one between the persisting viral DNA and the
adjacent cellular DNA sequence. In the cellular seguence, an
internal undecanucleotide repeat can be detected (brackets in
Fig. 8a). The sequence GCCC is repeated six times in succession
(underlined sequence in Fig. 8a), and the nucleotide sequences
GCC, GCCC, and GCCCC occur 25, 12, and two times respectively and

comprise 25% of the entire cellular sequence of 529 base pairs.
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The cellular DNA sequence corresponding to the fragment spanning
the junction site was also cloned from BHK21 (B3) hamster cells
and was determined by the Maxam-Gilbert technique. This cellular
sequence was represented in the hamster genome several hundred
times as determined by Southern blot analyses. Up to the linkage
site with viral DNA, this cellular sequence was almost identical
to the equivalent sequence from CLACl hamster cells (Fig. 9).
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FIGURE 8. Nucleotide sequence at site of junction between the
left terminus of Adl2 DNA and hamster cell DNA (27) in cell line
CLACl. a) Nucleotide seguence. b) Junction site with patch homo-
logies between deleted viral DNA sequence and cellular sequence
replacing it. Patch homologies are underlined. Adl2 sequence is
shaded.
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Based on the results gleaned from this analysis, a model can be
suggested, in which the insertion of Adl2 DNA into cellular DNA
in cell line CLACl was mediated by multiple, short sequence
homclogies (Fig., 10) in an invasive recombination event. Multiple
sets of short patch homologies might be recognized as patterns in
independent integration events. As is apparent from Fig. 10, this
rodel also accounts for the loss of terminal viral DNA sequences
in line CLACl. Such losses have proved a general phenomenon in
the insertion of adenoviral DNA. The model proposed was not
intended to describe all aspects of the insertion mechanism. The
model refers to the situvation at the site of recombination at a
certain moment in one particular recombination event that led to
cell line CLAC1 and does not predict whether linear or circu-
larized viral DNA molecules are intermediates in the reaction., As
mentioned above, it is conceivable that circularized adenovirus
DNA is requireé¢ for recombination.

Another molecular feature of this model predicts (Fig. 11)
that depending on the combination of patch homologies, which may

happen to interact, different sites of recombination could be

yunction

lQCTCEGT_UCECCGAGCCTCCCGCGCT\ZCN’xCTCCGACTTCAAGGAC—ACGCCGCCA ATTTTACACGUAAATGA. . . -
cel Ad12

lC(_TU-GT_T_TCCC(GACCCTCCCGCGCTCCGC-CTCCGACTTGAAGGAGACCCCGCCL TCTCCGGGGGTGCGAGTGCCA

SLLOHGGTCCTCCCCCACGACGCCCACGTCCTCT . - -

HaeIIl

l[( TCEGTGTCCCCEAGCCTCCCGLGCTLCAGCTCCRACTTRAAGGAGACCCCGLCE, TCTCCOGGGETGCGAGTGLCA

~CCOOAGTCCTCCCCOACGACGCCCACGTCCTCT - -

HaeTIl

FIGURE 9., The recloned cellular sequence from nonvirus-trans-
formed hamster cells is identical to the cellular junction se-
guence in cell line CLACl (27). Clone p9 represents the junction
sequence from cell line CLACl. Clones p7 and 3212 are different
clones from BHK21(B3) hamster cells.
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selected. Thus, a certain combination of patch homologies may be
decisive and would also account for the large number of possible
integration sites. It should be added, however, that distinct
patches, like those at the junction site analyzed in cell line
CLAC1, cannot always be found and that the insertion mechanism
cannot be entirely dependent on but may be enhanced by this
feature.

Adl2 DNA an man_ KB DNA in YREC2 DNA
n id d_int i icles

We have previously described a symmetric recombinant SYREC
between the left terminus of Adl2 DNA and human KB cell DNA (10).
The human cell DNA contained, at least in part, repetitive se-
quences recurring several hundred times in cellular DNA. SYREC
DNA was encapsidated into viral particles and exhibited the same
or nearly the same length as authentic Adl2 DNA. It was likely
that SYREC DNAs constituted a collection of similarly but not
identically constructed molecules. Accordingly, the length of the
left terminal Adl2 DNA segment involved in the SYREC structure
might vary somewhat from recombinant to recombinant. In any
event, the presence of the left terminal sequences was important,
as it was demonstrated that the left-most 400 nucleotides and
specifically a sequence between bp 290 and 390 of adenovirus DNA
were essential in packaging viral DNA (77, 78). On denaturation
and renaturation, the recombinant molecules were converted to
molecules half the length of Adl2 DNA. Thus, SYREC DNA repre-
sented a symmetrically duplicated inverted repeat of the type
ABCDD'C'B'A' with the left terminus of Adl2 DNA flanking the
molecule on either end. The occurrence of SYREC molecules
provided proof for the generation of virus-host DNA recombinants
in productively infected cells (8, 9, 79). It was therefore
required to confirm the recombinant structure of SYREC DNA by
determining the nucleotide sequence across the point of fusion
between Adl2 DNA and human KB cellular DNA. A 6.4 kb BamHI frag-
ment was cloned from SYREC2 DNA into the plasmid pBR322. This
clone might also serve as a tool to construct eukaryotic vectors

based on the adenovirus replicon. The immediate junction site was
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Model of Ad 12 Integration
Redombination via Short Sequence Homologies

a
Ad 12 DNA
cellular DNA
= patch homology

r— /"
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c . .
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ceIIH|ar Ad 12 DNA
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FIGURE 10. a) Hypothetical model of adenovirus DNA integration
(27). The terminus of one strand of adenovirus DNA invades
double-stranded cellular DNA. The intermediate in recombination
could be circular or linear. Site of recombination could be
determined by patterns of patch homologies. Recombination
occurred outside the realm of these patches. b) The model ex-
plains the deletion of terminal nucleotides. It is, of course,
possible that the circular structure forms only at the time of
insertion. ¢) and d) Inserted wviral DNA.
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recloned as a 1.4 kb MspI fragment, again in the plasmid pBR322.
The results in Fig. 12 present the nucleotide sequence across the
joint between the left terminus of Adl2 DNA and KB cell DNA (Fig.
12a). A comparison with the nucleotide sequence at the left
terminus of authentic Adl2 DNA (80-82) revealed that the SYREC2
DNA analyzed contained 2081 nucleotides from the left end of Adl2
DNA covalently linked to KB cellular DNA (11). The 6.4 kb BamHI
fragment hybridized to Southern blots of KB DNA. Thus, the DNA

Patterns of Sequence Homologies

Ad 12

....Cellutar

Ad12

cellular

Ad12

cellular

—— Site n

FIGURE 11. Patterns of patch homologies determine site of inser-
tion (27); letters a, d, £; b, g, w; and ¢, o, g represent
combinations of patch homologies.
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S'Rsal 50
ACTTGACTCT GGCGAAGHCC GCGGTGCTCC TGGCCGCGLT GGLTGLGOT6

100
GGGGCAGCCT ACTGTGTGCG GCGGGGGCGG GCCATGGCAG CAGCGGCTCA
150
GGACAAAGGG CAGGTGGGGC CAGGGGCTGG GCCCCTGGAA CTGGAGGGAG
200
TGAAGGTCCC CTTGGAGCCA GGCCCGAAGG CAACAGAGGG CGGTGGAGAG
250
GCCCTGCCCA GCGGGTCTGA GTGTGAGGTG CCACTCATGG GCTTCCCAGG
300
GCCTGGCCTC CAGTCACCCC TCCACGCAAA GCCCTACATC TAAGCCAGAG

AGAGACAGGG CAGCTGGGGC CGLCGGATC
3'BamMHI

SITE OF JUNCTION
S'Rsal  Apl2 DNA CELLULAR DNA
ACTTGACTCT _GGCGAAGRLC GCGGTGCTCC TGGCCGLGLT GGCTGCGGTG

C
CTAGTTGCGC AGATGATAGA GATAAGCAGG
Apl2 DNA

FIGURE 12, Site of junction between the left terminal 2081
nucleotides of Adl2 DNA and KB cellular DNA in SYREC2 DNA (10,
11). a) Nucleotide sequence. The Adl2 Elb protein starts at base
pair 1846 of Adl2 DNA and continues in an open reading frame
beyond the site of junction into cellular DNA for another 66
codons. Two termination codons TGA have been indicated. b) Com-
parison between the deleted viral nucleotide sequence and the
cellular sequence replacing it. Sequence homologies are not
apparent. CTGGC is a common pentanucleotide between the remaining
viral and the adjoining cellular DNA sequences.
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fragment adjacent to the 2081 nucleotides of Adl2 DNA was indeed
cellular. Sequence comparisons between the KB cellular sequence
and the deleted Adl2 sequence from nucleotide 2082 on to the
right showed no obvious homologies that might have been instru-
mental in recombination (Fig. 12b).

It was also interesting to note that the SYREC1 DNA molecule
isolated in 1980 had only about 700-1150 nucleotides of Adl2 DNA,
again derived from the left terminus (10). The recombinant SYREC2
described here was isolated in 1977 and carried the first 2081
nucleotides from the left end of Adl2 DNA as determined by se-
quence analyses (ll). These data suggest that SYREC DNA molecules
may undergo alterations during continued passage, e.g., selective
deletions of viral nucleotides. It is, however, also conceivable
that at different times, different SYREC populations became the
preponderant ones or that different recombinants were chosen for
the study in different experiments.

Preliminary results indicate that the sequence immediately
adjacent to the Adl2 DNA in SYREC2 recombinants (note open rea-
ding frame to the right of arrow in Fig. 12a) is transcribed into
RNA in human cells (U. Freisem and W. Doerfler, unpublished
results). It will be interesting to investigate whether this RNA
is also translated and what function such a protein might have.

Linkage between the left terminus of Adl2 DNA and mouse cell DNA
in -i mor CBA-12-1-T

Cells of the Adl2-induced mouse tumor CBA-12-1-T contain > 30
copies of integrated viral DNA (42). Restriction analyses using
the PstI restriction endonuclease revealed that there is one
major site of linkage between the right and the left termini of
Adl2 DNA and mouse cell DNA. The inserted viral DNA molecules are
not arranged in true tandems, since terminally linked Mspl frag-
ments of authentic sizes have not been detectable (16). It is
unknown at present how that many viral genomes have been accom-
modated. One model proposes that, initially, one viral DNA mole-
cule is inserted into cellular DNA and that subsequently the
integrated viral genome is amplified together with the flanking
cellular DNA sequences (83).
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FIGURE 13. Nucleotide sequence at the left terminal site of
junction between Adl2 and mouse cell DNA (42) in the tumor
CBA-12-1-T.

The nucleotide sequence from the Mspl site in cellular DNA to the
left-most MspI site in Adl2 DNA (nucleotide 143 from the left
terminus of virion DNA) was determined. Only part of the viral
DNA sequence is shown. It was identical with the published se-
quence (80-82), except that the first 9 viral nucleotides were
deleted. In the sequence shown, this deleted sequence was added
for comparison underneath the cellular sequence replacing it. A
short stemmed loop at the site of junction is also indicated.
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We have cloned and sequenced the left terminal junction se-
quence between Adl2 DNA and mouse cell DNA (Fig. 13), as well as
the preinsertion (unoccupied) site from normal CBA/J mouse cells
(Fig. 14) (42). The preinsertion sequence is characterized by a
transition from unique to more abundant to repetitive mouse DNA
close to the site of viral DNA integration. At the site of inser-
tion a cellular DNA fragment of at least 1500-1600 bp has been
deleted. At the left site of linkage of viral DNA, nine nucleo-
tides are missing. It has been pointed out previously that
nucleotides 8 to 10 from the end of adenovirus DNA may represent
a frequent site of recombination. This site is located just in
front of a consensus sequence shared by all adenovirus DNAs, a

Hhal
(=140} -90 =50

5’l//—CCCTCT AAGTCATTTT TATCCTATCC CTGGCTCTCT CTATTCAGAG

site

-1}+1 integration
TCTGGTAAAA TGTCTTCTCC CTTTGACAGG TTCTCGGTCT GTTTGGAGG{A

+10
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GGACGGTCCT CATGCCGCTG TGGCTCATAC ATCAGCTTCC ACCAAAACTT

+60
ATATTGGGAG GTGETGTGTC CCAGGAAGAA GTGCTAGGTC AGGAG —7~—3'

HaeIIl
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site

P e
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5'--CGGTCTGTTT  CGCTGTGGCTC--3"

FIGURE 1l4. Nucleotide sequence at preinsertion site in mouse DNA
(42). The site of integration of Adl2 DNA is designated by a
double-headed arrow. At this site a sizeable palindromic sequence
can be detected. The HhaI-HaeIII sequence was only partly
determined.
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sequence that has been shown to be essential in viral DNA repli-
cation (84-87). Recombination at this site has also been observed
in adenovirus type 16 (77, 78), in a mutant of Ad2 (88), and
between both termini of Ad2 DNA with hamster cell DNA in cell
line HE5 (41). Recombination in the tumor CBA-12-1-T between
nucleotide 10 of Adl2 DNA and mouse DNA (this report) represents
a further example. Up to the site of linkage the cellular DNA
sequence in CBA-12-1-T tumor DNA and the preinsertion sequence in
CBA/J mouse cells were identical. The nucleotide sequence at the
site of linkage (Fig. 13) and at the preinsertion site (Fig. 14)
revealed palindromic stretches of 5 and 10 nucleotide pairs,
respectively. Scattered patch homologies (8-10 nucleotide pairs
long) were observed between adenovirus DNA and cellular DNA. A
hypothetical model for DNA arrangements at the site of recombina-
tion is presented (Fig. 15).

site of
junction

A of~16 cellular bp
AN

Aof 9 viral bp

FIGURE 15. Hypothetical sequence arrangement in recombination
complex in the tumor CBA-12-1-T (42). This scheme is based on
sequence homologies at or close to the site of junction as
determined by computer analysis.
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Linkage between the left terminus of Adl2 DNA and hamster cell

DNA in Adl2-ind T1111

The tumor T1111(2) was induced by injecting Adl2 into newborn
Syrian hamsters; each cell contained 10-11 viral genome equiva-
lents (17). A left terminal off-size fragment was cloned in
AgtWES*AB DNA, and a Hhal fragment carrying the site of junction
was subcloned in pBR322. The off-size band proved interesting, as
it disappeared upon subsequent passage of the T1111(2) cells in
culture (17). The nucleotide sequence across the site of junction
was determined (Fig. 16a) (U. Lichtenberg and W. Doerfler, manu-
script in preparation). The data revealed that the terminal 64
nucleotides had been deleted at the site of junction. Thus,
deletions of terminal viral nucleotides again proved a general
principle in this type of recombination process. Unlike the
findings in tumor cell line CLACl, comparison of the deleted
sequence of 64 nucleotides of Adl2 DNA with the hamster cellular
sequence replacing it did not reveal patchy homologies (Fig.
16b). Thus, the insertion event was apparently not directed by a
mechanism similar to the one proposed for cell line CLACl or,
alternatively, the cellular DNA with homologies to viral DNA had
been deleted during integration.

An interesting peculiarity of this junction site was uncovered
by computer analysis of the nucleotide sequence (Fig. 16a). The
left terminal nucleotide number 65 of Adl2 DNA was linked to
cellular DNA of the unique type or of low abundance in hamster
cell DNA. At 135 nucleotides to the left from this junction site,
64 nucleotides of Adl2 DNA from the left viral DNA terminus
(nucleotides number 1297 to 1361) were inserted in the opposite
direction into cellular DNA. It is unknown at what stage or in
what way this insertion or partial duplication of viral sequences
had occurred. This finding indicates that complicated rearrange-
ments of sequences can occur occasionally before, during, or
after the integration event.
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FIGURE 16. Site of junction between the terminal Adl12 DNA and
hamster cell DNA in the tumor T1111(2) (U. Lichtenberg and W.
Doerfler, manuscript in preparation). a) Nucleotide sequence.
Note the inverted insert of viral nucleotides into cellular PNA.
b) Sequence comparison between 64 deleted adenoviral nucleotides
and the hamster cell sequence replacing them.
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The hamster cell line HAl2/7 was derived from primary hamster
embryo cells which were transformed in culture by Adl2, Each cell
carried about three to four Adl2 DNA equivalents, and the inte-
gration patterns were described in detail (14). These patterns
were characterized by a peculiar selective amplification of left
terminal Adl2 DNA sequences (l4). Moreover, there is evidence
that the El region of integrated Adl2 DNA is expressed abundantly
in cell line HAl12/7 (50, 51). We have cloned and are sequencing
the left and right terminal junction sites of viral DNA from this
line, since it was conceivable that the terminal amplifications
were relevant to explain the levels of expression of the El
region. A PstI off-size fragment of about 4 kb (see Fig. 9c in
reference 14) was cloned into pBR322, and the EcoRI-cut plasmid
vector was subsequently cloned into AgtWES.XB DNA to facilitate
detection of clones containing the junction fragment. Similarly,

1 2 3 4 5 kbp
Pstl Pstl
Pl ceeemecemeaene * 36 Ad 12 ‘z‘ _____ pBR322
(left terminus) ? T ’ 2q—
< (' 398
g §~?~o £&=
£ € 3
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-e- ‘}‘ 322
Pl 36Ad12 0B kep T PER
(left terminus)
Pst| pTl
p¥ 115 Ad 12 “ f~‘0.75 pBR322
(right terminus) :—R‘“:L %
(88 8

tgmujmmu»

FIGURE 17. Restriction maps of the left and right junction sites
from cell line HAl2/7. (R. Jessberger, S. Stabel, and W.
Doerfler, unpublished results).
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the right terminal site of junction was cloned by the same proce-
dure. Restriction maps of both sites are shown in Fig. 17 (R.
Jessberger, S. Stabel, and W. Doerfler, unpublished results).
Experiments are in progress to determine the nucleotide sequences
of these sites.

Excision of amplified viral DNA at palindromic sequences from the
Adl2- n m m ine T

In the Adl2-transformed cell line T637, 20-22 copies of viral
DNA are integrated into cellular DNA, Morphological revertants of
cell line T637 (36) that had lost all but one or one-half of a
viral DNA copy were considered useful tools in elucidating the
mechanisms of insertion and excision of the Adl2 DNA molecules.
It was shown that specific sites of linkage between viral genomes
were lost in many of the morphological revertants. The same sites
proved highly sensitive to endogenous nucleases, as shown by
autoincubation of T637 nuclei. The failure of all attempts to
clone the sites of junction in cell line T637 (see section 3,
item 3) suggested that excision-prone palindromic sequences might
exist at these sites and prompted experiments in which T637 DNA
was denatured, briefly renatured, and subsequently digested with
S1 nuclease. The fold-back structures generated in this way were
of distinct sizes and could be localized to the termini of the
integrated Adl2 genome. Evidence was adduced that identical DNA
sequences at these termini generated fold-back structures and at
the same time were highly sensitive to autodigestion by endoge-
nous nucleases. One of these sites appeared to be less sensitive
to nuclease digestion than the other one. The results of experi-
ments in which T637 DNA was treated with endonuclease VII (89),
an enzyme presumably recognizing Holliday structures (90) in DNA
(91), strengthened the notion that palindromic DNA sequences
existed at the sites of linkage of Adl2 genomes in cell line
T637. It appeared likely that only part of these sequences
assumed the cruciform configuration at a given time. Thus, there
was evidence for special sequence arrangements at the sites of
viral-viral or viral-cellular DNA junctions (61).
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COMPUTER ANALYSES OF CELLULAR SEQUENCES AT JUNCTION SITES

The cellular nucleotide sequences linked to the left or right
terminus of adenovirus DNA were computer analyzed for the
presence of common features. The following parameters were in-

cluded in the analyses.

nc om i in di m i Ad2 Adl2

DNA
The data in Fig. 18 list sequence homologies found between
cellular junction sequences as listed (v-c, viral-cellular se-

quence or c-v, cellular-viral sequence in direction of reading),
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FIGURE 18. Computer-aided analyses of some of the cellular
junction sequences. The nucleotide sequences of cellular junction
sequences read in both directions (5'-3"), viral-cellular (v-c)
or cellular-viral (c-v), were compared with the aid of a CDC76
computer, to the entire sequence of the E. coli plasmid pBR322
(92), to the left terminal 2320 nucleotides of Adl2 DNA (80, 81),
and to the left and right terminal sequences of Ad2 DNA (73) as
indicated. The designations used are the following: 8:2 two
common octanucleotides, 10:1 one common decanucleotide, etc.
Compare legend to Fig. 19 for relative length of cellular se-
quences.
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and the left terminal HindIII-G fragment of Adl2 DNA (2320 bp)
(80, 81), or the left terminal 38% of Ad2 DNA, or the sequence
comprised by the right terminal EcoRI fragments F, D, E, and C of
Ad2 DNA (73). As expected from previous analyses on the occur-
rence of patch homologies (26), such homologies are very abun-
dant. They comprise sequence identities of up to 14 nucleotides.
Homologies shorter than eight nucleotides have not been tabu-
lated, as they occur very frequently. Obviously, the longer the
viral and cellular sequences included in the analyses, the more
abundant is the number of sequence homologies detected. Such
sequence homologies could theoretically be used in directing
recombination events. In some instances, they may actually have
been used (Figs. 8b, 15). In other cases, no homologies have been
found. Thus, patch homologies represent a very sizeable
repertoire that can potentially become important in directing
recombination events. A purely statistical treatment of sequence
homologies is obviously not sufficient. As revealed by the abun-
dance of sequence homologies, their occurrence 1is statistically
predicted, and they could be useful as signals in recombination

events.

uenc omologies to t nucleotid sequence of t cloning

ct BR322
The entire nucleotide sequence of plasmid pBR322 was included
in this comparison, mainly to rule out cloning artifacts in the
sense that longer nucleotide sequences from the plasmid vector
could have recombined with the cellular junction sequence. The
data presented in Fig. 18 provide no evidence whatsoever for this
possibility. Patch homologies occur at rates comparable to those
found between cellular junction sequences and adenovirus DNA. It
is concluded that cloning artifacts have not occurred with the
junction sequences analyzed. This possibility had already been
ruled out by cloning and sequencing the original unoccupied
cellular sequence that had remained unaltered in cell lines HES5,
CLACl and CBA-12-1-T (26, 27, 41, 42). It is also apparent from
the data presented that patch homologies in cellular junction
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sequences are about equally frequent to the sequence of the
prokaryotic vector as to sequences of human adenoviruses. Thus,
patch homologies appear to be a common phenomenon.

Comparison of cellular junction segquences

Lastly, some of the cellular junction seguences were compared
with each other (Fig. 19). Again, the matrix reveals only short
sequence homologies at frequencies that may not exceed values
statistically expected. Moreover, there are no striking similari-
ties or identities of nucleotide sequences when these patch
homologies are compared with each other. Hence, a cellular
nucleotide sequence common to all junction sites involving adeno-
virus DNA integration does not exist. Allowing for maximal flexi-

HES HES  |CLAC3 1CLAC3 | CLACL ' CLACL, SYREC| Syrec| T1111(2)iT1111(2)
(VCaev | ve cv ve v vC v ve cv
1 — — =
HES ve 7/3:5 T - sl |82 - lew | @i - 8:1
g, | . _
S v 1 9.1
HES cv // 8:1 | - - 8:2 : 8:4 8:1 -
7 8:1

CLACS ve | /// - - i . - 'r . -

CLAC3 cv %

CLACL ve | | “ % _ §i° :

i
CLACL cv |

SYREC v¢
4

mmewe 4 ZE
- | T

11111(2>cvl

FIGURE 19. Computer-aided comparison of some of the cellular
junction sequences among each other. The lengths in nvcleotide
pairs of the cellular DNA sequences are the following: HES 401,
CLAC3 82, CLACl1 529, SYREC 304, T1111(2) 170. Thus, strictly

speaking, comparisons of frequencies of patch homologies have to
take into account the relative nucleotide numbers of each

cellular sequence.

|
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bility of the recombination mechanism in eukaryotic cells, patch
homologies as abundantly found may be utilized in stabilizing
recombination complexes, but it cannot be claimed that such
homologies are absolutely essential, since they are not always
found.

MAIN CONCLUSIONS

We do not understand yet the mechanisms of recombination in
molecular terms that explain the insertion of foreign (viral) DNA
into the genome of mammalian cells. For a number of reasons, it
will be very important to elucidate this mechanism. One may have
to accept the possibility that more than one functional pathway
for insertion exists.

In comparing results on the analyses of several different
sites of linkage between adenoviral and cellular DNAs (for
reviews, see references 4, 5), the notion emerges that recombina-
tion of adenovirus and cellular DNAs can lead to a considerable
variety of phenomena with respect to the structure of the
junction site. This variety suggests that recombination may not
occur by a rigidly defined mechanism but seems to tolerate
variability. Common features in this recombination event, on the
other hand, involve recombination at the termini of adenovirus
DNA and deletion of terminal viral nucleotides ranging between 2
and 174 bp in the instances examined so far. Nucleotide sequence
specificities or duplications of cellular nucleotides at the
sites of integration have not been observed. This finding does
not preclude the possibility that in some instances (27, 42)
patchy sequence homologies between viral and cellular DNA can be
utilized to stabilize the recombination complex. Cellular DNA was
preserved completely (41) or extensive deletions were denerated
at the integration site (42). At other sites of junctions,
selective amplifications of terminal viral nucleotides (14),
deletions and rearrangements (28) or palindromic sequence
arrangements (61) have been described. It is impossible to decide
at present whether this apparent variability in the structure of
junction sites reflects peculiarities of the insertion mechanism
or ensues rather as a consequence of postintegrational events.
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From the data collected in this review, we shall try to deduce
a few general features which may help to formulate new experimen-—
tal approaches. In evaluating these general features, we are
aware of the fact that we have analyzed highly selected, clonal
lines of adenovirus-transformed cells or adenovirus-induced
tumors. In these cells the sites of insertion may reflect in a
complex way the mode of selecting for transformed cells with
certain growth properties. Proximity of viral promoters and/or
enhancers to certain cellular sequences and vice versa may bestow
upon the carrier cell of such inserted genomes growth advantages
that have led to the selection of these cells. Thus, the cells
selected for analyses do not necessarily have to reflect the
entire gamut of possible recombinations between viral and host
DNA.

What are the most important general findings gleaned from
extensive analyses of host-viral DNA junction sites?

1. The insertion sites have been studied in a series of
transformed or tumor cell lines which were usually initiated by
adenovirions, not by transfection with viral DNA. Exceptions have
been noted (10, 93). The mode of introducing foreign DNA into the
host cell may be of importance in guiding or selecting the
mechanism of recombination. Usually adenovirus DNA has been
linked to cellular DNA via the terminal viral sequences. This
finding suggested a mechanism that somehow gave special signifi-
cance to the termini of viral DNA. A circular intermediate, in
particular one that was formed by the interaction of the terminal
protein molecules, appeared conceivable. On the other hand, in
some instances the recombination event had also involved internal
viral DNA sequences (21, 23). Thus, one type of mechanism may not
exclusively apply; there may be alternative ways of inserting
foreign DNA.

2. It has been previously pointed out (83) that colinear
insertion of the nearly intact genome of Adl2 and the insertion
of partly deleted Ad2 genomes may be a consequence of the degree
of permissivity of the interaction between virus and host cells.
Adl2 infects hamster and mouse cells abortively, Ad2 replicates
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in hamster cells. In some of the Adl2-induced hamster tumors
analyzed, fragments of viral DNA were integrated. Moreover, cell
lines carrying multiple copies of nearly intact Adl2 genomes
contained, in addition, nonstoichiometric sets of fragments of
the viral genome.

3. In considering a model that emphasizes the functional role
of the viral protein in the recombination event, this function
could be exerted in a circular, as well as a linear, inter-
mediate. In fact, a circular structure may never be formed, but
the two viral DNA termini may contact the same cellular site in
immediate succession, the second terminus perhaps only after
cellular DNA has been endonucleolytically cleaved. It is also
conceivable that the viral termini have a special propensity to
undergo recombination, because the terminal sequences are the
sites of initiation of viral DNA replication and hence particu-
larly prone to local denaturation and/or interactions with
protein or DNA molecules.

4. In cell line HE5, it was striking that insertion of Ad2 DNA
did not lead to deletion of a single cellular nucleotide at the
site of linkage. In cell line HE5, the original cellular sequence
was unaltered (41). In the tumor CBA-12-1-T cellular DNA was
deleted (42). Again, several possibilities appear to be realized.

5. Repetitions of cellular nucleotides at the sites of linkage
between adenovirus and cellular DNA were so far not observed.
This result rendered the possibility of a transposon-like
mechanism unlikely as reported for integration of the retroviral
proviruses (94).

6. Deletions of viral nucleotides of varying lengths (com-
prising 2, 8, 10, 9, 45, 64, or 174 nucleotides) were seen at all
junctions analyzed. An invasive model of recombination (cf. Fig.
10) would explain these microdeletions. In cell line HE5, hamster
cell DNA was linked to nucleotide 11 on the left terminus and to
nucleotide 9 on the right terminus of the integrated Ad2 genome
(41). In the mouse tumor CBA-12-1-T, cellular DNA was connected
to nucleotide 10 on the left terminus of Adl2 DNA (42). In two
variants of Adl6, the viral DNA carried a reduplication of left

terminal DNA sequences on the right terminus of the Adl6é genome.
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In the DNA of both variants, the 8 right terminal nucleotides
were deleted (78). It was therefore tempting to speculate that a
hot spot of recombination might exist around nucleotides 8 to 10
at the adenovirus DNA termini. These nucleotides are located just
in front of the essential consensus sequence at which viral DNA
replication is initiated (84-87).

7. We have discussed the hypothetical role that patch homolo-
gies or combinations of patches could play in the recombination
event, perhaps by stabilizing the recombination complex. We
should like to emphasize, however, that such patch homologies
have not always been found or are sometimes located remote from
the site of junction (Fig. 15). Patches may not be essential in
some integration events. One has to consider patch homologies of
up to 14 nucleotides in length and certainly combinations of
nucleotide patches involving even longer stretches (cf. Fig. 8b)
as naturally occurring. These homologies could then be exploited
by the mechanism of recombination. This concept is consistent
with the large number of different recombination sites actually
found. In the sequences analyzed, we have noted two types of
patch homologies; one type existing between neighboring cellular
and preserved viral DNA sequences, another one between the
deleted viral nucleotides and the cellular sequence replacing
them.

8. Another interesting phenomenon is the insertion of nucleo-
tides of unknown origin at the internal junction of Ad2 DNA in
cell line HE5 (cf. Fig. 4). Is this insertion haphazard or does
it point to a complex recombination event involving other (cellu-
lar?) sequences?

9. Adenoviral DNA integration has been observed in unique or
repetitive cellular sequences. It is always possible that repeti-
tive cellular sequences were generated as a consequence of the
insertion event or were due to another viral function. This
reservation obviously does not hold for the data obtained with
cell line CLACl, since in that case integration had occurred into
preexisting repetitive cellular DNA (27).
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10. We have also studied the expression of cellular junction
sequences in normal and adenovirus-transformed cells and have
found a low molecular weight cytoplasmic, non-polyadenylated RNA
homologous to cellular DNA adjacent to the right site of junction
in cell line HE5 (76). The data obtained are compatible with but
do not prove the hypothesis that adenovirus DNA can integrate at
transcriptionally active sites of cellular DNA.

11. The mechanism of adenovirus DNA insertion is not like the
integration of bacteriophage »DNA into the bacterial chromosome
at one highly specific site, since all cellular junction se-
quences are different. Moreover, the mechanism of adenovirus DNA
insertion does not resemble that of retroviral proviruses or of
transposons. There must be yet another mechanism or other
mechanisms of recombination in mammalian cells.

Comparisons with the integration of bacteriophage A DNA are
interesting also in that A DNA can integrate with low frequency
at nonspecific sites. Several of these sites have been sequenced
{95). The highly significant finding has been reported that at
presumably nonspecific sites the internal hexanucleotide TTTATA
of the highly specific "attachment site" GCTTTTTTATACTAA sequence
(96) has been preserved. Thus, even part of this highly specific
sequence can be recognized. A hexanucleotide is consequently
sufficient to direct recombination mechanisms. This hexanucleo-
tide is certainly a less conspicuous signal than some of the
patch combinations we have observed at sites of adenovirus DNA
integration. The data on sequence peculiarities at nonspecific
sites of » DNA insertion tend to caution one toward a purely
statistical interpretation of patch homologies and their possible
function. Highly specific proteins that have the capacity to
recognize short sequence identities and utilize them could be
involved in recombination.

12. In searching for signals to direct the recombination
event, palindromic DNA structures may also play a role. Future
research may have to be directed, in particular, toward specific
cellular chromatin structures that may predispose for foreign DNA

insertion,
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13. The sequence data on the SYREC2 DNA molecule (cf. Fig. 12)
at the site of junction between Adl2 DNA and human cell DNA (11)
and on the Ad7 - human cell DNA recombinant (93) provide un-
equivocal proof for the occurrence of recombinants between adeno-
virus and cellular DNA in productive infection (8).

14. A comparison of many of the features of adenovirus DNA
insertion with those derived from investigations on the SV40 (32,
33) or polyoma virus system (34, 35) reveal striking similari-
ties. The recombination mechanisms of a mammalian cell - there
may in fact be more than one exclusive way of inserting foreign
DNA - may not be capable of differentiating among different
foreign DNA molecules. This assumption would rather tend to
belittle the role that the terminal adenovirus protein might have
in the insertion process. Since viral-cellular recombinations
with simian virus 40, polyoma virus, and adenovirus DNAs have
many features in common, it is conceivable that the terminal
adenovirus protein or the terminal DNA sequence has a guiding
function in recombination and that the actual recombination is
catalyzed by cellular functions. It is, however, remarkable that
adenovirus DNA frequently recombines via its termini, whereas
SV40 DNA or polyoma virus DNA recombine at random sites of the
viral sequence.
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INTRODUCTION

Papillomaviruses induce epithelial proliferation in man
and in a number of animal species (for review see 1, 2).
Replication of the virus particles occurs within those
tumors, but is restricted to the upper layers of the
epidermis (3, 4) indicating that only cells at a certain
level of differentiation can support the virus multipli-
cation. This might be the reason for the lack of an in vitro
system to propagate the virus particles (for review see 5).
Thus, investigation of papillomaviruses depends upon their
isolation from biopsy material which contain - as a proper-
ty of the virus type-different quantities of virus particles.
Even those human papvillomaviruses which are of special
interest because their association with malignant tumors
is suggested by enidemiological or histological studies (for
review see 6) are poorly remlicated in the respective
lesions. Therefore the availability of molecularly cloned
viral DNA is a prerequisite to investigate the physical
organization as well as the biological behaviour of these
viruses in more detail.

This article first describes different cloning
strategies (Table 1) which were employed for papillomavirus
genomes emvhasizing the different types of human papilloma-
viruses (HPV). For details concerning the cloning technology
per se the reader is referred to the excellent laboratory
manual by Maniatis et al. (7). In the following chaoters
use of the cloned material in experiments on molecular
characterization, transforminag ability and detection of the

Y. Becker (ed.), RECOMBINANT DNA RESEARCH AND VIRUS. Copyright © 1985. Martinus Nijhoff Publishing,
Boston. All rights reserved.
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papillomavirus genomes in tumor biopsies will be reported.

Cloning of human papillomavirus DNA from virus particles

This approach can only be used with papillomaviruses which
are produced in considerably high guantities within the
different papillomas. The virus particles are purifed in
CsCl equilibrium gradients (8) or by velocity centrifugation
(9). Supercoiled DNA extracted from the virions is obtained
after equilibrium centrifugation in a4.5 M CsCl solution con-
taining intercalating dyes (10). The papillomavirus DNA is
then cleaved with restriction endonucleases to identify the
most suitable enzyme for the insertion into a given bacterial
plasmid. Single restriction enzyme recognition sites which
are also present in the vector permit the cloning of the
circular papillomavirus DNA in one piece and the proper
recovery from the plasmid after DNA amplification. Cloning
in different fragments must be performed if a suitable enzyme
cleaves the viral DNA more than once (11) or if only partial
cloning of the genome is permitted by the national safety
guidelines (12).

Whereas the availability of the complete genome is
desired for biological studies (13, 14, 15), restriction
enzyme analysis (12, 16, 17, 18, 19, 20), comparison with
other papillomavirus types or for detection of this DNA in
other tumors by hybridization (see below), fragments of the
papillomavirus DNA are reguired in some instances. Subcloning
into smaller pieces is the only way to obtain clean probes
for the analysis of definite areas of the papillomavirus DNA.
Subgenomic fragments were used to identify the transforming
region of BPV (21), for mapping of BPV transcripts (22, 23)
and for DNA sequencing by the M 13 dideoxy method (24, 25, 26).

Cloning of HPV genomes from cellular DNA

In contrast to the epidermal proliferations at the
hands, feet, trunk or head which usually contain high
particle concentrations, the papillomas located at other
sites of the body (i.e. penile or vulval warts, flat intra-
vaginal or cervical lesions and laryngeal papillomas) which

are induced preferentially by two different virus types,
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HPV 6 or HPV 11 (27), harbour these viruses only in minute
guantities (28, 29). The replication of viral DNA, however,
usually occurs at a higher extent (30). Thus approximately
100 ng of supercoiled DNA could be recovered from one geni-
tal wart (condylomata acuminatum) by centrifugation of total
cellular DNA in CsCl-ethidium bromide equilibrium gradients
(31). This DNA was further purified by gel electrophoresis
and its viral origin was shown by hybridization with DNA
which was extracted from CsCl gradient purified particles
derived from the same genital wart (31). Cloning of the
molecules in pBR322 (12) unequivocally proved this human
papillomavirus to be a thus far unknown type.

A similar approach was used for cloning of HPV 8 (32)
or of HPV 5 and HPV 9 DNA, respectively {(18), whose restric-
tion enzyme pattern has been shown before from virus particle
derived material (33). The DNAs of HPV 5 and 9 were extracted
directly from the clinical biopsies using a modified Hirt
procedure (34) and further purified in a CsCl-ethidium bromide
equilibrium gradient followed by centrifugation through a
sucrose gradient.

HPV 11 genomes were first identified in a juvenile
laryngeal papilloma as circular molecules of 8 kb in length
by Southern blot analysis with 3? p-labelled HPV 6 DNA at
conditions of reduced stringency (19). Since the total amount
of this tumor DNA containing only 10 genome equivalents of
viral DNA per cell was very limited, the theoretical yield
of less than 1 ng HPV 11 DNA did not promise a successful
cloning if one follows the same protocol as described
before. Instead of this, a genomic library was constructed
in a derivative of bacteriophage lambda (L 47) (35) after
cleavage with Bam HI which linearized the HPV 11 DNA. HPV
DNA positive recombinants were identified by the Benton and
Davis plaque hybridization technique (36) using the cloned
HPV 6 DNA as radiocactive probe. HPV 11 DNA was then sub-
cloned in pBR322 to have a more favourable insert-to-vector
ratio in the recombinant DNA (37). Similarly, the DNAs of
HPV 2 and 3 were cloned at their single Eco RI or Bam HI
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sites, respectively, HPV 5 and HPV 10 DNA was obtained in
two different Bam HI fragments (38). Viral DNA recovered
from agarose gels after separation from the wart DNA by
CsCl-ethidium bromide centrifugation served as probe for the
identification of HPV positive plaques.

HPV 13, although containing three Bam HI sites exists
in a single clone, obtained by partial cleavage of cellular
DNA from a focal epithelial hyperplasia (Morbus Heck) in
which this papillomavirus has been identified by Southern
blot hybridization at conditions of low stringency with
32 p-labelled HPV 6 DNA (20).

The HPV DNAs described above were cloned either directly
from virus particles or from purified DNA, respectively, or
a well-characterized viral DNA was used to identify HPV
positive recombinants in a shot-gun cloning experiment. Due
to the sequence relationship of different papillomavirus
DNAs the latter approach can also be followed to screen
for papillomavirus sequences if no homologous DNA is
available as probe. Using hybridization conditions of low
stringency (39), HPV genomes were identified in clones from
the genomic libraries of two different cervical carcinomas
in bacteriophage lambda (40, 41). Hybridization at high
stringency conditions proved these sequences to have very
little if any homology with the other HPV genomes described
thus far but revealed presence in a number of different
genital tumors (40, 41). A more detailed analysis indicated
that complete and defective viral genomes persist within
those cancer biopsies as oligomeric circular molecules (42)
or are integrated in the cellular DNA (43). This of course
raises the question whether such sequences are in fact
viral genomes. In the following the criteria are summarized
which should be fulfilled to designate a cloned sequence

which is not detected in virus particles as HPV DNA.

1. Homology with other HPV DNAs
This can be tested by hybridization of the material in
question with the other HPV DNAs at conditions of different
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stringency.

2. Homology with other HPV genomes at different parts of

the molecule

In Southern blot hybridizations radiocactively labelled
HPV DNA should recognize different restriction enzyme frag-
ments of the unknown sequence and vice versa. This posulate
not being a platitude is substantiated by the recent cloning
of HPV related cellular sequences between 2.5 and 15 kb
in size from different cervical and laryngeal carcinomas
and from the HeLa cell line (44). They consist of repetitive
as well as unique cellular DNA harbouring a short stretch of
homology to a 0.6 kb fragment covering the end of the late
and part of the untranslated region (45) within the HPV 6
genome (46).
3. Colinearity with defined HPV genomes

Restriction enzyme mapping of the DNA to be tested and
hybridization of the purified fragments with cleaved DNA
of a well defined HPV type must show a linear relationship
between both genomes. It is superfluous to mention that the
final proof of a similar organization as for the other
papillomaviruses comprising an early and late as well as
untranslated regions cannot be undertaken until the complete
nucleotide sequence is presented.
4. Presence of the DNA (at least in some tumors) as episomes
of approximately 8 kb in length which is characteristic
for papillomavirus DNA necessary to be encapsidated into
infectious virus particles.

Analysis of the tumor DNA after CsCl-ethidium bromide
¢Juilibrium centrifugation or on a two-dimensional gel
¢ lectrophoresis discriminating between circular and linear
1iolecules (47) uneguivocally shows the occurrence of

circular papillomavirus DNAs of monomeric length.

As summarized for the DNAs cloned from different tumors
(40, 41) and from the HeLa cell line of cervical and
laryngeal origin (44), HPV 16 fulfills all the requirements
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Table 3

List of cloned Papillomavirus DNAs

Virus Type Vector Method* Origin Reference
HPV 1 PBR 322 1 common wart 16, 17
HPV 2 pPBR 322 1 hand wart 17
HPV 3 PBR 322 3, 4 flat wart 38, 48

L 47
HPV 4 PBR 322 1 common wart 17
HPV 5 PBR 322 3, 4 epidermodysplasia 18
L 47 verruciformis (e.v.)
HPV 6 PBR 322 2 genital wart 12
HPV 7 not yet cloned butcher’s warts 49, 50
HPV 8 pPBR 322 2 e.v. 32
HPV 9 PBR 322 3 e.v. 18
HPV 10 PBR 322 1, 3, 4 e.v., flat wart 38, 48, 51
L 47
HPV 11 L 47 5 laryngeal papilloma 19
PBR 322
HPV 12 PBR 322 3 e.v. 48
HPV 13 L 47 S Morbus Heck 20
HPV 14 PBR 322 3 e.v. 52
HPV 15 pBR 322 3 e.v. 52
HPV 16 L 47 5 cervical carcinoma 40
pBR 322
HPV 17 PBR 322 3 e.v. 52
HPV 18 L 47 5 cervical carcinoma 41
HPV 19-24 pBR 322 3 e.v. 52
BPV 1 PBR 322 1 cutaneous fibro- 53, 54
pPAT 153 papillomas
BPV 2 PAT 153 1 " 54
BPV 3 PAT 153 4 atypical bovine 55
L 47 papillomas
BPV 4 PAT 153 1 alimentary tract 54
papillomas
BPV 5 PAT 153 1 rice grain like 56
papillomas
BPV 6 PAT 153 1 teat papillomas 57
CRPV pBR 322 1 Cottontail rabbit 15, 46

papillomas

* according to Table 1
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listed above, another DNA which was not yet found in a
packageable size was tentatively designated as "HPV 18".
In contrast, the nature and function of the HPV related
sequences, listed in table 2, remain unknown.

In table 3, the cloned DNAs which are available from
human, bovine or cottontail rabbit papillomaviruses are

summarized.

Cell transformation by molecularly cloned papillomavirus DNA

Up to now no tissue culture system is available for the
propagation of papillomaviruses. However, BPV virions are
capable of in vitro transformation of bovine, mouse and
hamster cells (58, 59, 60, 61, 62, 63, 64). Furthermore,

BPV DNA extracted from the virus particles can also trans-
form rodent cells in vitro (65, 66). By Lowy et al. (21)

it was demonstrated for the first time that transformation
of NIH 3T3and C127 mouse cells can also be achieved by
molecularly cloned BPV 1 and BPV 2 DNA. The BPV 1 DNA was
cloned in pBR322 either at the single Bam HI site or at
the single Hind III site (53). After separation of the
PBR322 sequences from the BPV 1 DNA by restriction endo-
nuclease digestion, the DNAs were transfected into the
mouse cells. Foci of transformed cells appeared within two
weeks. Albeit with a lower efficiency, transformation was
also successful by using a subgenomic Bam HI - Hind III
fragment which covers 69% of the entire BPV 1 genome.

The 31% counterpart fragment as well as any of the other
subgenomic fragments tested failed to induce transformation.
The transformed cell lines all grew in soft agar and induced
tumors in athymic mice.

In C127 mouse cells transformed either by BPV 1 virions,
by the linearized BPV 1 DNA or by the 69% subgenomic frag-

ment (BPV 1 ), the BPV 1 DNA was present as a circular

69T
extrachromosomal molecule in about 10-200 copies per cell
(13). No evidence for integration of BPV 1 sequences into
the host genome was obtained indicating that in the case of

BPV cell transformation is mediated by the nonintegrated
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viral DNA.

To obtain a high transformation rate it was absolutely
necessary to separate the BPV sequences from the pBR322
moiety prior to transfection. Transfection of the intact
circular hybrid DNA resulted in a reduction of the trans-
formation efficiency to approximately 1% of that of the
linear full-length BPV 1 DNA (67). The inhibitory effect of
the covalently linked pBR322 DNA was even more drastic

when using the BPV 1 fragment for transformation (67,

68). This observation6z:d the reproducibly lower transfor-
mation efficiency of the 69% fragment suggested that BPV169T
does not possess the full transformation capacity and

that some sequences are located within the 31% nontrans-
forming fragment which play a supporting role in the trans-
formation process. Attempts to replace pBR322 by other
bacterial vector sequences which will not inhibit the
transformation acticity of BPV 1 DNA will be discussed later
in connection with the use of BPV 1 DNA as a eukaryotic
vector. The localization of the transforming sequences in
the BPV 1 genome will be discussed in the next chapter.

Campo and Spandidos (14) reported the transformation of
NIH 3T3 cells by the molecularly cloned DNA of BPV type 4.
This is particularly interesting because virus particles
of BPV 4 are not able to transform mouse cells (57) in
contrast to BPV 1 or BPV 2 virions. The authors used the
PBR322 derivative pAT153 as bacterial vector and found that
the separation of the BPV DNA from the pAT153 DNA only
slightly improved the transformation efficiency.

In addition to C127 and NIH 3T3 cells, molecularly
cloned BPV DNA is also able to transform various other
rodent cells in vitro, such as Fisher rat embryo cells
(69), FR3T3 rat fibroblasts (66) and primary hamster embryo
cells (57).

Pecently, it has been shown for the cottontail rabbit
papilloma virus CRPV that the virus particles as well as
the DNA molecularly cloned in pBR322 can transform NIH 3T3
and C127 mouse cells in vitro (15). In contrast to BPV 1,



183

the covalently linked pBR 322 sequences did not hamper trans-
formation. The CRPV DNA persists in the transformed cells as
a multicopy episome.

All attempts to productively infect or to transform
tissue culture cells with human papillomavirus particles
have failed so far. Cultured human epidermal keratinocytes
which resemble in part the natural target tissue of HPV and
undergo differentiation to some extent could be infected
with HPV 1 and the viral DNA persisted as a replicating
extrachromosomal episome with 50-200 copies per cell (70).
However, there was no detectable synthesis of virion pro-
teins and no viral particles could be isolated from the
infected cultures. HPV-specific RNA could be detected in
the nucleus, but only in very small amounts in the cytoplasm
suggesting that some step(s) in the production of stable
cytoplasmic HPV mRNA cannot proceed properly in the
cultured keratinocytes.

Cotransfection of C127 cells with the BPVI1 69T
and HPV 11 DNA linearized at the Bam HI site resulted in
transformed cells which contained both the BPV 1 and HPV 11

fragment

sequences covalently joined in a single molecule of about
13 kb (71). Furthermore, BPV1 cor Was used to introduce
into C127 cells HPV 11 or HPV 16 DNA which were ligated
to the BPV1 69T fragment prior to transfection. The trans-
formation efficiency of these recombinant DNAs was higher

than that of BPVI 69T alone (71).
The morphological transformation of C127 mouse cells
was reported by the use of molecularly cloned HPV 5 DNA

(72) .

DNA sequence analysis and genome organization of papilloma-

viruses

By using molecularly cloned DNA, the complete nucleotide
sequences of two human papillomaviruses HPV 1a (11, 25) and
HPV 6b (45) and of two animal papillomaviruses BPV 1 (24,
73) and CRPV (74) have been determined. The DNA sequence
analysis and the comparison of the different papilloma-

virus sequences together with data on the transformation
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and transcription of particularly BPV 1 make it possible to
get insights into the structural and functional organization
of the papillomaviruses. The BPV 1, HPV 1la and HPV 6b genomes
consist of 7944, 7814 and 7902 base pairs, respectively.
Based on characteristic partial homologies, the BPV 1 and
HPV 1a sequences have been aligned (25) and they have been
subjected to a detailed comparative analysis (75). The

HPV 6b sequence can be matched with the two other sequences
as well (45). The determination of the open reading frames

in the two DNA strands of each papillomavirus genome showed
clearly that the three papillomaviruses have a very similar
genome organization which, however, is quite distinct from
that of the taxonomically related polyomaviruses: all of

the major open reading frames are located on only one DNA
strand, indicating that viral transcription is unidirectional
over the entire genome. An alignment of the HPV 6b, HPV 1la
and BPV 1 genomes emphasizing the similar arrangement of the
coding regions is depicted in Fig. 1.

By in vitro transformation of mouse cells, the BPV 1
genome was functionally dissected into a 69% transforming
(BPV 1 69T 31NT) Bam HI -
Hind III subgenomic fragment (21). BPV 1 specific trans-

) and a 31% non-transforming (BPVI

cripts detected in transformed cells map all within the
69% segment (23) and the BPV169T DNA is maintained in the
transformed cells as an extrachromosomal multicopy plasmid

(13), indicating that the BPVI fragment contains the

genetic elements for transformggfon and autonomous replication.
Transcripts hybridizing to the 31% fragment are found only

in the peripheral parts of bovine warts where virus replication
takes place (76), suggesting that the late functions are en-
coded in this part of the genome. In agreement with this
assumption, the 31% segment is found to be covered completely
by two large open reading frames (Fig. 1). They have been
designated L1 and L2, because they are thought to code for

the structural (late) proteins of the virus. In the 69%

segment two larger open reading frames E1 and E2 and several

smaller ones E3 to E8 are located (Fig. 1).
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FIGURE 1. Alignment of the genomes of EPV 6b, HPV 1a and

BPV 1. For numbering of nucleotide positions the genomes
were linearized at a conserved sequence containing a Hpa I
recognition site in HPV 1la and BPV 1. The 69% transforming
fragment of HPV 1 DNA framed by a Bam HI and Hind III site
at positions 4451 and 6959, respectively, is marked by a
heavy bar. With the exception of E5, the open readinag frames
are indicated starting at the position of their respective
potential ATG translational start codon. Reading frame ES8
which is nonhomologous between the three genomes is omitted.
Reading frames E5 of HPV la and BPV 1 are also nonhomologous
(75) .
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The sequence comparison in the E and L coding regions of
BPV 1 and HPV la revealed a distinct pattern of clustered
sequence homologies (75). A very similar pattern of homology
is observed when HPV 6b is compared with either BPV 1 or
HPV 1, showing that blocks of homologous amino acid sequences
are often conserved within all three papillomavirus sequences.

The most prominent ones are found at the beginning of
L2, throughout L1, in the C-terminal half of E1 and in the
N-terminal part of E2. Differences in the nucleotide
sequences within these conserved regions often concern the
third codon positions and therefore do not alter the amino
acid sequences, a fact which argues strongly that these
open reading frames represent genuine genes or exons. The
separate coding regions E2 and E3 in HPV 1 and BPV 1 are
joined in the HPV 6 genome to give one continuous open
reading frame E2/3. This characteristic difference to HPV 1
and BPV 1 is also found in the CRPV sequence (74). Reading
frames E6 and to a minor extent E7 exhibit as a common
structural feature a homolagous spacing of the tetrapeptide
Cys-X-X-Cys. Mapping data of mRNA transcripts from BPV 1
transformed cells (23) and from HPV 1-infected COS monkey
cells (77) indicate strongly that the various open reading
frames in the E region are transcribed into mRNA and
actually code for viral peptides.

The region between the end of L1 and the beginning of
E6 seems to be noncoding in all three papillomavirus genomes.
It extends for 943 bp and 982 bp in BPV 1 and HPV 1la,
respectively (75{ and has a smaller size of 715 bp in HPV 6b.
Characteristic structural features common to the three
sequences are: an A-T rich region, polyadenylation signals
AATAAA, directly repeated sequences and promoter-like
sequences which are located in front of the E6 reading frame.
They may constitute the promoter for transcription of the
E region genes. The noncoding region of HPV 1 has been shown to
contain a sequence which supports autonomous replication
indicating that it is part of the origin of replication

(78) . By constructing specific deletion mutants of the
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cloned BPV 1 DNA and assaying their ability to transform
mouse cells, it has been shown that the BPVI1 69T fragment
contains two discontinuous segments which are both required
for transformation (79, 80). One of them is located upstream
of the E region and can be functionally replaced by either
a retroviral long terminal repeat of the SV40 early pro-
moter suggesting that it contains a transcriptional regula-
tory element. The other segment is bounded by the Bam HI
site and is presumed to contain the transforming gene(s).
The same authors could demonstrate that deletions affecting
the E1 open reading frame resulted in an integration of the
BPV 1 sequences indicating that the E1 gene product is
required for extrachromosomal replication of BPV 1 DNA.

A transcriptional enhancer element has been localized in
the BPV 1 genome at the extreme Bam HI end of the BPVI1 69T
fragment (81). In addition, transcriptional control sequences
have been identified in the BPV 1 genome by a functional
assay in which subgenomic Hind III- Hae III fragments of

BPV 1 DNA were tested for their ability to replace the
promoter of the HSV 1 tk gene thus leading to a conversion
of LA tk cells to the tk’ phenotype upon transfection

with the recombinant plasmids (82). Four fragments were
found to be able to induce the expression of the tk gene,
one of them which spans the Bam HI site, in an orientation
independent, i.e. enhancer -like manner. This result is
compatible with the localization of a BPV 1 enhancer element
by Lusky et al. (81). Two other fragments showed an
orientation dependent, i.e. promoter like induction of tk
gene expression. Their localization within the BPV 1 genome
proximal to the E region is in agreement with the locali-
zation of a promoter element by Nakabayashi et al. (79) and

Sarver et al. (80).

BPV 1 as a eukaryotic cloning vector

The ability of molecularly cloned BPV 1 DNA to transform
mouse cells (21) and to establish itself in the transformed
cells as a multicopy circular extrachromosomal plasmid (13)

was exploited for the development of BPV 1 - derived
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eukaryotic cloning vectors. In a first series of experiments,
a recombinant plasmid was constructed composed of the

BPV1 69T fragment, pBR322 DNA and a 1.62 kb fragment con-
taining the entire rat preproinsulin gene I (rI1) together
with regulatory signals for transcription (83). The pBR322
sequences were separated by restriction endonuclease

digestion from the BPV1 rI. molety before transfection

69T ~ "1
of C127 mouse cells and selection of morphologically trans-
formed cells. All transformed cells tested contained multiple

copies of the BPV1 rI, recombinant DNA present

697 ~ Tl

exclusively as circular nonintegrated molecules. The pre-
proinsulin gene was correctly transcribed and spliced and
the processed gene product proinsulin was demonstrated to be
synthesized in substantial amounts and to be secreted into
the medium.

Constitutive expression of foreign eukaryotic genes
introduced into mouse cells by using the BPV vector system
has been demonstrated for the human B-globin gene (68) and
for the hepatitis B virus surface antigen gene (84, Wang
et al., cited in 85). HBsAg particles were secreted in high
amounts into the medium.

Regulated expression of genes inserted into BPV 1 -
derived vectors has been demonstrated for the human B-inter-
feron gene (86, 87) and for the human growth hormone gene
(88). The interferon gene was inducible by inactivated New-
castle disease virus or polyriboinosinic acid-polyribocyti-
dylic acid. The growth hormone gene was linked to the pro-
moter region of the mouse metallothionein gene. Its
expression could be induced by cadmium and large gquantities
of human growth hormone were secreted into the medium (88).
The BPV-metallothionein hybrid should be useful in general
as a eukaryotic expression vector if the human growth
hormone gene is replaced by other gene sequences which are
thereby placed under the control of the metallothionein
promoter for efficient and regulatable expression.

In order to get independent of the BPV-induced trans-

formation as the sole selective marker, the Escherichia
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coli gpt gene coding for xanthine-guanine phosphoribosyl-
transferase was joined to the BPV replicon (89). Cells that
express the gpt gene can be selected in HAT medium containing
xanthine and mycophenolic acid (90). After transfection of the
hybrid DNA into C127 cells, cells were selected either for

a BPV-induced transformed phenotype or for a gpt-induced
ability to grow in selective media. Many of the cell lines
obtained expressed both phenotypic markers. The hybrid DNA
was present as circular extrachromosomal molecules but

was found to be extensively rearranged in many cases. In itk
cells transfected with BPV recombinant DNA containing the

HSV tk gene and selected for the tk” phenotype, nearly all

of the BPV tk plasmid DNA was found to be in an integrated
state (91, 92).

In a further step towards a broad versatility, the BPV-
vector system was modified in such a way that it can be used
to shuttle genes between mammalian cells and bacteria. For
this purpose it was necessary to combine the BPV 1 segment
with bacterial vector sequences that allow replication and
selection in bacteria. As has been mentioned already, the
capacity to transform mouse cells, however, is drastically
reduced when the entire BPV 1 DNA or the 69% transforming
fragment is covalently linked to pBR322 DNA (21). For this
reason, it was necessary to separate the BPV 1 segment from
the bacterial plasmid sequences prior to transfection into
mouse cells. This prerequisite for efficient transformation,
however, eliminated the possibility for subsequent recovery
of the hybrid plasmid DNA in bacteria. The pBR322 vector
sequences were replaced by certain deletion derivatives
of pBR322 which lack the sequence that inhibits the
replication of SV40 - pBR322 recombinant DNA in monkey
cells (93). Transfection of mouse cells with an intact re-
combinant plasmid composed of the entire BPV 1 DNA covalent-
ly linked to the pBR322 deletion derivative pML2d resulted
in a transformation efficiency as high as with BPV 1 DNA
separated from the pML2d DNA (67). The transformation

capability of the BPV1 fragment, however, was severely

69T
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inhibited by the covalent linkage even of the pML2d DNA and
dropped to 1/100th as compared to the digested DNA (67). As an
unexpected finding, the block to transformation of mouse cells
could be relieved by the insertion of a human B-globin gene
fragment into a plasmid consisting of BPV169T,DNA and the
pML2 analogue pBRA (68). The human f-globin gene fragment
seems to contain sequences which can substitute for the 31%
nontransforming BPV 1 fragment in stimulating transformation.
The recombinant DNAs were present in the transformed mouse
cells as extrachromosomal multicopy episomes and no major
rearrangements could be detected (67, 68). Furthermore,
plasmids indistinguishable from the input DNA were recovered
by subsequent transformation of bacteria with low molecular
weight DNA from the transformed mouse cell lines. In
experiments reported by Binétruy et al. (66), however, an
efficient transformation of rat and mouse fibroblasts with
interact BPV 1 - pML2 DNA was not obtained unless the re-
combinant DNA was transfected into the cells by polyethylene
glycol-induced fusion with bacterial protoplasts. The extra-
chromosomal plasmids in the transformed cell lines exhibited
an oligomeric structure and, if not rearranged, could be
recovered in Escherichia coli after cleavage with restriction
enzymes and circularization of the monomeric molecules.

In conclusion, it has been shown that molecularly cloned
BPV 1 DNA or the BPV1 69T fragment can act efficiently as
eukaryotic cloning vectors. Recombinant plasmids consisting
of BPV 1 and certain deletion derivatives of pBR322 have
in addition the ability to shuttle gene between mammalian
and bacterial cells. Efficient and faithful expression of
a variety of eukaryotic genes has been obtained by using
the BPV 1 vector system. Transfected cells can be selected
due to their BPV-induced transformed phenotype. Addition
of a second selectable marker makes it possible to use the
BPV vector system even with cells not susceptible to BPV-
induced transformation. The foreign DNA sequences are
amplified in the transformed cells as part of the extra-

chromosomally replicating BPV episome. Because no integration
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occurs, the sequence environment of the foreign genes remains

unchanged upon transfection into the cells.

Detection of papillomavirus DNA in tumors

Applying hybridization conditions of varying stringency
in Southern blot analysis,cloned papillomavirus DNA may be
used as probe for detection of identical or related sequences
in benign papillomas as well as in malignant tumors.

HPV 6 or 11 DNA were shown to be present in the majority
of genital warts (19, 27) and laryngeal papillomas (19, 94,
95, 96) as well as in clinical suspicious tissue of the
larynx obtained from patients with a history of laryngeal
papillomas (95). Unclassified HPV DNA was also found in
laryngeal papillomas by hybridization at low stringency (97).

This method can be used for typing of any papillomavirus
DNA in biopsy materials if the different HPV DNAs are
available. This of course requires various hybridization
experiments with the individual 32 P-labelled probes.
Alternatively, labelling of total cellular DNA extracted
from the clinical material to be analyzed and hybridization
to the cloned HPV DNA which has been blotted onto nitro-
cellulose filters allows the identification of the papilloma-
virus type in the respective tissue(Fig. 2). As shown from
reconstitution experiments by mixing different quantities
of HPV DNA to normal cellular DNA prior to labelling, this
procedure permits the detection of ten genome equivalents
per cell (98).

As an association between papillomavirus infection and
development of malignant tumors has been discussed for many
years (6), the availability of cloned papillomavirus DNA
is necessary to screen those materials for the presence

of viral sequences (Table 4).
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FIGURE 2. Detection of HPV 6 DNA
in a genital wart.

1 pg of total cellular DNA was
radiocactively labelled by in-
corporation of *? P-TTP and blot
hybridized to HPV 3 (cloned in
lambda), HPV 4 (cloned in pBR322),
HPV 5 {(cloned in lambda), HPV 6
and 8 (cloned in two fragments in
pBR 322) and HPV 11 (cloned in a
pBR 322 derivative). Vector DNA
was not cleaved off except for
HPV 11.

PM2DNA was included as marker.
Positive reaction with HPV 11

DNA is due to the close sequence
relationship between HPV 6 and

11 (19).
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Taple 4 Occurrence of HPV DNA in malignant human tumors

Papillomavirus Tumor Frequency Reference
HPV 3 e.v. low 52
HPV 5 e.v. high 33,52,99,
100
HPV 6 verrucous carcinoma high 101,102,
(Buschke L&wenstein- 103
tumor)
HPV 8 e.v. high 52
HPV 10 genital tumor low 51
HPV 11 genital tumor low 27
HPV 14 e.v. low 52
HPV 16 genital tumor high 40,104
HPV 18 genital tumor medium 41
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