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ABSTRACT

The structures of specific regions of the murine leukemia virus-

related proviral DNA important in regulation of transcription, replica

tion and host-range type specificity were determined by nucleotide

sequence analysis in several endogenous MuLV-related sequences isolated

from the RFM/Un mouse. Transcriptional activities and infectious

properties of selected molecular clones of these sequences were also

examined after transfection into a heterologous host cell line.

Restriction endonuclease map analyses of 5 recombinant clones showed

that only 5' portion of proviruses were present in pRFM//l and pRFM//9;

that pRFM//16 and pRFM//17 were defective at least in the pol gene and

that pRFM//6 harbored a full-length MuLV-related provirus. Analysis of

the region which corresponds to the site of tRNA primer binding for

initiation of (-) strand DNA synthesis in functional retroviruses

demonstrated that 4 out of 5 clones contained binding sites with perfect

complementary matches (18/18) with the 3'-terminal nucleotide sequence

of a major rat glutamine tRNA isoacceptor. Furthermore, these sites

showed dispersed 5 base mismatches with the 3'-terminal 18 nucleotide

sequence of proline tRNA which serves as a primer in all ecotropic MuLV

strains examined thus far. Structural analysis of the Integration site

of pRFM#6 provirus showed that each inverted repeat at the terminus of

the provirus was linked to a short direct repeat of cellular origin, a

structure similar to those of integrated infectious proviruses or

transposable gene elements. The 5' and 3' LTRs of pRFM#6 provirus were
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identical except for 2 base transitions and 1 nucleotide deletion/

addition in the U3 region. When compared with the infectious RFV

provirus LTR, most of the transcriptional regulatory elements were

identical and occurred at nearly the same distances from the mRNA cap

site. While strong homologies were observed in the U5 and R regions,

the U3 of pRFM//6 LTR contained a novel =170 bp sequence segment which

was absent in RFV LTR. Sequence analysis of the endonuclease gene,

predicted a polypeptide sequence of 390 amino acids for pRFM//6 provirus

which was 15 residues shorter than the predicted endonuclease peptide

sequence of AKV, an endogenous type C retrovirus of AKR mouse. Two

polypeptides showed 86% sequence homology. Both by DNA gel blot

analysis and nucleotide sequence analyses, the 5'-env gene of pRFM#6

provirus was found to be similar to that of the mink cell focus forming

(MCF)-type murine leukemia virus but significantly different from those

of ecotropic and xenotropic MuLVs. The cellular DNA site harboring the

pRFM#6 provirus in RFM/Un mice, also harbors the provirus in genomes of

BALB/c, AKR, C3H and CBA but not in those of C37BL/6 and NFS/N mice.

The human HT1080 fibrosarcoma cells transfected with pRFM//6 and pRFM#16

DNAs, contained low amounts of MuLV-specific transcripts. A similar

splicing mechanism was found in human and murine cells as evidenced by

the presence of a 24S transcript encoding the env proteins in RNAs from

both systems.
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CHAPTER I

MURINE LEUKEMIA VIRUSES

GENERAL INTRODUCTION

The Taxonomy and Morphology of Murine Leukemia Viruses

Murine leukemia viruses (MuLVs) belong to the subfamily Oncovirinae

which together with two other subfamilies, Lentivirinae and Spumavirinae

constitute the family Retroviridae (1). The members of the Retroviridae

family include all viruses containing a RNA genome and a reverse tran-

scriptase (RNA-dependent UNA polymerase) activity (2). The formation of

a double-stranded DNA intermediate during the replication cycle is a

unique characteristic of the Retroviridae family. The Oncovirinae

subfamily encompasses all oncogenic as well as a large number of

nononcogenic but closely related retroviruses.

With respect to their morphology as revealed in the electron

microscope, MuLVs and the majority of other retroviruses are classified

as C-type particles (3,4,5). These particles are roughly spherical in

shape and have a diameter of approximately 100 nm. Each mature viral

particle contains a spherical core or nucleoid enclosed in an outer

envelope. The outer envelope, usually containing projecting spikes, is

assembled on the cell membrane as the virion is budded and released into

the extracellular space. The key features of C—type particles are the

absence of any discernible intracytoplasmic particle forms before the

budding has started, and a centrally located core in mature virions.

Genomic Structure and Replication Cycle of the Murine Leukemia Viruses

Among the mammalian leukemia viruses, the genomic structure of murine
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leukemia viruses (in particular Moloney MuLV) has been studied most

extensively. As for other retroviruses, the genome in the native state

is a complex of two identical molecules of single-stranded RNA joined at

or near their 5' termini (6,7,8,9). This diploid complex has a sedimen

tation coefficient of 70S and can be dissociated into 358 subunits by

gentle heating or treatment with denaturing agents. The significance of

the diploid genome, which is unique among the genomes of known animal

viruses is not well understood but may play an important role in the

complex mechanism of the viral replication. Shown in Figure 1 is the

genomic structure and replication cycle of a haploid subunit of the MuLV

using the genome of Moloney leukemia virus as a representative (10,11,

12). The 8.3 kilobase RNA genome of MoMuLV contains three coding

regions as well as noncoding sequences with more or less defined

functions. The coding regions include the gag (group specific antigens)

gene (=1.7 Kb) which is the most 5'-proximal structural gene and codes

for internal virion capsid proteins; the pol (polymerase) gene (=3.6 Kb)

which encodes the virion reverse transcriptase and other enzymatic

activities (RNase H, protease, endonuclease) involved in viral replica

tion; the env (envelope) gene (=2.0 Kb) which encodes proteins involved

in the recognition of cellular receptors and probably virion penetration

into the host cell. The noncoding sequences are present as discrete

units at both ends of the genomic RNA. The R region is a short sequence

(68 nucleotides) repeated directly at both ends of the genome. These

direct repeats presumably play an important role in transfer of the

newly synthesized DNA chain during the process of reverse transcription



Figure 1: A simplified view of the genomic structure and replication
cycle of retroviruses including regeneration of the viral
genomic RNA via a double-stranded DNA intermediate. The
8.3 kb RNA genome of Moloney MuLV is shown here as a
prototype for other retroviruses.
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(13). The U5 region is a unique sequence of 77 nucleotides present at

the 5' terminus of the genome. The unique sequence present at the 3'

terminus (U3) is 449 nucleotides long and contains most of the trans-

criptional regulatory signals. In addition to these discrete terminal

units of noncoding sequences, an untranslated region (L) of =0.48 Kb is

also present between the U5 and initiation codon for the gag gene. Two

functions have been attributed to this region; it contains the putative

5' splice donor site for env gene mRNA (12,14,15); and it provides a

signal for packaging of the viral RNA during replication (16).

The genomic RNA of murine leukemia viruses shows post-transcrip-

tional modifications similar to those of eukaryotic mRNA molecules.

These modifications include a poly(A) chain of approximately 200

residues at the 3' terminus (17,18) and a cap with the structure

m^G^'ppp^'cm at the 5' end (19,20). The genomic RNA also contains

internal methyl groups, a feature shared by eukaryotic RNAs (21). The

physiological importance of these chemical modifications in MuLVs and

other retroviruses is not well understood. Studies in an avian

retrovirus (RSV) indicate that neither the intact cap structure nor the

internal methylations are absolutely necessary for viral replication

(22). The capping group however, might be important for correct binding

of viral mRNA to the ribosomes for initiation of translation.

In addition to the 70S diploid genomic RNA complex, virions of

murine leukemia and other retroviruses contain RNA species of host cell

origin which may comprise as much as 50% by weight of the total viral

RNA (23,24,25,26). These include the 18S and 28S ribosomal RNAs as well



as smaller species of 4S, 5S and 7S RNAs. The 4S RNA is present in a

large copy number (>100 copies/virion) and is composed mainly of host

tRNA.

During the initial step of replication, which takes place in the

cytoplasm of permissive cells, a linear duplex DNA molecule is

synthesized from the 35S genomic RNA template by the viral encoded

reverse transcriptase (27). In most MuLVs this DNA synthesis is primed

by a proline tRNA molecule (28,29) which is of cellular origin and is

tightly bound to the genomic RNA near its 5' end, as in the case of

tryptophan tRNA in avian sarcoma virus genome (30). Except for the tRNA

primer, it is not known that any of the other host-specific RNAs or the

small amount of host DNA present in the virion play any significant role

in the virus replication cycle. After synthesis of the first DNA

strand, reverse transcriptase, which also possesses RNase H activity,

processively degrades the genomic RNA of the RNA—DNA hybrid (31,32,33).

After migration to the nucleus the linear DNA duplex is converted to a

covalently closed circular DNA and subsequently integrates into the host

genome. The integration process probably takes place randomly, but the

number of available sites might be limited.

The integrated viral DNA known as a "provirus" (27) is flanked by

short direct repeats of cellular origin which are generated by some

unknown mechanism during integration (34,35). The provirus has a

structure almost identical to that of the linear duplex DNA (36). It

is, however, longer than the 33S genomic RNA due to the addition of a U3

at the 5' and a U5 at the 3' terminus (37). These additional sequences



are generated during reverse transcription and are part of large direct

terminal repeats (LTRs) present at both ends of the provirus. Each LTR

therefore, consists of two unique (U) and one repeat (R) discrete

regions in the order of 5'-U3-R-U5-3'. LTRs contain all the eukaryotic

transcriptional regulatory elements including the Goldberg-Hogness

"TATA" box and the "CCAAT" sequence which regulate the initiation of

transcription, an mRNA polyadenylation signal and sequences important in

the termination of transcription (38,39,40,41,42). Additionally, LTRs

contain inverted repeat sequences of 11 nucleotides at their edges which

are essential for the integration of the circularized proviral DNA

(43,44,45).

Not only can LTRs regulate the expression of viral genes during the

replication cycle but under certain circumstances they can also activate

the expression of a cellular gene leading to tumorigenesis. In some

tumors induced by avian leukosis virus (ALV), integration of provirus

immediately upstream of the c-myc gene has been shown (46,47). Studies

on tumor induction by ALV carried out by other investigators have shown

that the provirus was present upstream, downstream, or in opposite

orientation in relation to the c-myc gene (48,49).

The provirus serves as a template for the synthesis of viral mRNA

as well as progeny virion RNA. Biosynthesis of viral RNA transcripts is

catalyzed by a normal cellular enzyme, most likely RNA polymerase II

(50,51). After 2 identical 35S mRNA molecules containing caps and

poly(A) tails are packaged by viral encoded proteins, the mature virion

will be released by budding into the extracellular space, completing the



life cycle. Excreted virions can be transmitted horizontally to other

permissive cells and thus starting a new round of replication.

Proteins of MuLVs

Proteins comprise about 60% by weight of the overall chemical

composition of MuLVs. The internal structural proteins are mainly the

products of the gag gene. This gene encodes a precursor polyprotein,

PrbSS^S which upon proteolytic cleavage forms individual gag proteins

(52,53). Pr658®8 is the translational product of the genomic size 35S

mRNA (54). The gag polypeptides include p30 (=30,000 daltons) which is

the major antigenic determinant for group~specific antigenicity (55,56)

and is the main constituent of the core shell; pl5 (=15,000 daltons)

which is a hydrophobic protein (57); ppl2 (=12,000 daltons), a phospho-

protein (58) and plO (=10,000 daltons) which is a basic protein (59).

pl5 and most of ppl2 are constituents of the viral inner membrane

(between the core shell and envelope) whereas plO and some ppl2 are

located within the viral core and are bound to RNA (60). The physical

order of gag gene products is NH2-pl5-ppl2-p30-plO-COOH.

Reverse transcriptase (80,000 daltons) a protein found within the

viral core structure (=40 copies/virion) in a ribonucleoprotein complex,

is the cleavage product of a precursor protein, prl808^g~PO^ (61,62).

Like Pr65S^S, this precursor molecule is also synthesized from a virus

specific genomic size mRNA (63) and contains most if not all of the

Pr65S^g peptide sequences. Whether genomic size mRNAs coding for

Prl80S®g~Pol and Pr65S®g are identical or differ by a small splice(s)

is not clear. Genetic analyses using mutant MuLVs have shown that the



3' portion of the pol gene encodes a polypeptide with an endonuclease

activity which is presumably required for integration of the proviral

DNA (64,65). Western blot analysis using an endonuclease-specific

antibody indicates a size of =46 Kd for this polypeptide (Rebecca

Furkas, personal communication).

The primary encoded product of the env gene is a polyprotein known

as Pr90®"^ or PrSO®"^ (depending on MuLV strain) (66). This polyprotein

is translated from a subgenomic 24S mRNA (54,67) which contains

nucleotides from the 5' end of the genomic 35S RNA spliced to the 5' end

of the env gene coding region. Processing of the polypeptide precursor

molecule involves both carbohydrate addition and proteolytic cleavage.

As a result, two major products are generated (68,69), a glycoprotein

(70,000 daltons) known as gp70 and a nonglycosylated species (15,000

daltons) referred to as pl5[E]. In addition to these two major species,

a small quantity of another protein of 12,000 daltons (pl2[E]) is also

present in the virion envelope. This protein is presumably a cleavage

product of pl5[E] (70). The map order of envelope proteins within the

env gene is NH2-gp70-pl5[E]-C00H. Since gp70 is the major glycoprotein

component on the surface of virion particles, it is the main determinant

against which antibodies are elicited after vira^infection of the host

animal. The antigenicity of this glycoprotein is determined primarily

by the polypeptide core structure with the carbohydrate moiety being of

less significance (71).
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Host Range of MuLVs

One of the most important biological functions of gp70 is its

involvement in the adsorption of virion particles to the cell surface.

This adsorption and subsequent penetration of the particles into the

host cell involves recognition of the cell surface receptors by the

virion gp70 molecules (72). Based on this receptor recognition, several

host~range groups can be defined; a) ecotropic MuLVs, which can infect

cells only from murine origin; b) xenotropic MuLVs, which infect cells

from nonmurine origin, c) amphotropic MuLVs which have the host-range of

both eco- and xenotropic viruses. A fourth group of MuLVs known as

dualtropic or MCF (mink cell focus-forming) viruses have a host-range

more or less similar to that of amphotropic viruses but can be

distinguished from the latter based on their neutralization and

interference patterns (73). MCF viruses are recombinants between

ecotropic MuLVs and some unidentified endogenous nonecotropic env

sequences of the host cell (74,75,76,77). MCF viruses are generally

more pathogenic than their parental ecotropic MuLVs and some can

accelerate the development of naturally occurring leukemia in high-

incidence strains of mice such as AKR (73,78).

Based on their ability to propagate in different inbred mice,

ecotropic MuLVs can be divided further into three classes: N-tropic,

B-tropic and NB-tropic (79). The host gene which governs the suscepti

bility of various mouse cells to these three classes is located at the

Fv—1 locus on chromosome' 4 of the mouse, adjacent to the Gpd gene (80).

Fv-l^/b cells are mostly susceptible to infection by B-tropic whereas
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Fv-l"/^ cells are primarily infected by N-tropic viruses. NB-tropic

viruses on the other hand grow efficiently in cells of both genotypes.

The Fv-1 restriction affects a postpenetration stage, most likely at the

level of proviral integration (81,82,83). It is believed that the

target for the host Fv-1 restriction is located within the p30 region of

the gag gene (84,85,86). Nucleotide sequence analysis of this region

(87) revealed two amino acid changes in residues 109 and 110 of p30

leading to significant conformational alteration of this protein in

BALB/c N-tropic and B-tropic murine leukemia viruses.

Endogenous MuLV and MuLV-Related Proviral Sequences

The genomes of all inbred strains of Mus musculus contain cellular

DNA sequences homologous to murine leukemia viruses. There are 20-50

copies of these endogenous sequences per haploid genome of the labora

tory mouse (88). These sequences apparently replicate in concert with

the cellular genome and are vertically transmitted from generation to

generation by classical Mendelian inheritance. Accumulating evidence

suggests that these sequences were acquired by germ line infections of

the mouse (89,90). This acquisition has probably taken place relatively

recently during subspeciation and inbreeding as various lines of inbred

mice contain these sequences at different loci (91,92). Despite the

complex distribution pattern of the endogenous MuLV-related sequences,

independent studies by Steffen et al. in NIH/Swiss mice (91) and

Dolberg et al., in several other inbred strains (e.g. BALB/c, NZB, DBA)

(92) have shown that, based on their restriction endonuclease maps, the

majority of these sequences fall into two organizational classes, each
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repeated several times. They also showed that both classes are similar

to standard MuLV proviral DNA in size as well as sequence organization.

Some of the endogenous MuLV proviruses are spontaneously expressed

giving rise to infectious ecotropic viruses. The level of spontaneous

expression of these viruses is directly correlated with the incidence of

leukemia in various inbred strains. For instance, high-virus strains

such as C58, AKR and C3H/Fg produce the ecotropic virus early in life

and have a high incidence of leukemia, whereas low virus strains such as

BALB/c, C3H/He and C57BL/6 produce virus only late in life and exhibit a

low incidence of leukemia (93). Some strains (e.g. C57L) are virus

negative and do not produce any infectious virus spontaneously

throughout their life. Spontaneous expression of xenotropic MuLVs

has also been shown in some inbred strains. The NZB mouse is the

prototype for high-virus strains whereas the BALB/c mouse exhibits only

a low level of spontaneous expression in vivo (93).

In addition to spontaneous expression, both endogenous ecotropic

and xenotropic proviruses can be induced from cultured cells of the

virus positive strains. A wide variety of agents such as halogenated

pyrimidines (lUdR or BUdR), inhibitors of protein synthesis (e.g. cyclo-

heximide, puromycin), 5-azacytidine and irradiation can be used for

induction (94,95,96,97). Studies by Aaronson and Dunn (98) on BALB/c

mouse cells in culture have shown that protein synthesis inhibitors

induce only the xenotropic virus whereas halogenated pyrimidines induce

both eco- and xenotropic MuLVs. High-virus strains contain a larger

number of inducible loci than low-virus or virus-negative strains. The
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AKR mouse carries at least two unlinked inducible loci for ecotropic

virus production, Akv-1 and Akv-2 mapped to chromosomes 7 and 16,

respectively (99,100,101). Two other high-virus strains, C3H/Fg and C58

carry 3 to 4 inducible loci for ecotropic virus. Like Akv-1, the Fgv-1

locus of C3H/Fg mice has been mapped to chromosome 7 but occurs at a

different chromosomal location (101). Several low virus strains derived

from the Bagg albino, including BALB/c, C3H/He and A, carry a single

inducible locus Cv mapped to chromosome 5 (101).

In addition to spontaneous or induced expression of complete

infectious viruses, various inbred mice carry a number of genetic loci

which spontaneously express only some viral gene products but not

others. The best example of this partial virus expression is the gp70-

associated Gjx antigen, which was first described on thymocytes (102).

Further immunofluorescent studies have also demonstrated a high degree

of localization of this antigen to epithelial cells of mouse epididymis

(103). Another antigen, XenCSA, which is displayed on the surface of

spleen cells and thymocytes of the mouse (104) is related to the

envelope glycoproteins of xenotropic viruses. Although at the moment it

is difficult to infer a major role for these virus-related proteins,

their striking tissue specific expression might suggest a direct role

for them in normal developmental processes.

The majority of DNA sequences found in the mouse genome homologous

to exogenous MuLVs are related to MCF-type viruses (105). This class of

endogenous sequences might be present in more than 30 copies per haploid

genome in some strains. MCF-related sequences are found in all inbred
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strains of mice which are either virus inducible or noninducible.

Despite the large copy number, there is no evidence that these sequences

can produce viral particles even after induction of the cell cultures.

This may indicate that MCF-related sequences are either defective or

are under some kind of negative control which renders them inactive.

Until recently, structural characterization of mouse UNA sequences

related to MuLVs, involved only those loci with the potential of

producing infectious viral particles. Using molecular cloning

technique, Ou et al., have isolated and characterized an endogenous

MuLV-related DNA sequence (designated ALIO) from the BALB/c mouse (106).

This clone exhibited several distinct structural features when compared

with infectious MuLVs. For instance, the U3 region of the LTR contained

a novel =170 bp sequence segment which made this LTR correspondingly

larger than that of infectious MuLVs. Furthermore, nucleotide sequence

of the region homologous to the site for tRNA primer binding showed

17/18 complementary match with that of a major rat glutamine tRNA

isoacceptor. The same region, showed dispersed 6 base differences when

matched with proline tRNA, a primer found in all infectious MuLVs. This

isolate as well as several others studied subsequently by Khan et al.

(from AKR mice) (107,108) are representatives of a large number of

endogenous MuLV-related sequences of the mouse genome which are

presumably distinct from infectious ecotropic and xenotropic murine

leukemia viruses.
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Objectives

The long term goal of this study is to understand the mechanism of

interaction of the endogenous murine leukemia virus related sequences

with the host animal. The large copy number of these sequences present

naturally in all inbred strains of mice might point out the relative

capability of these elements to establish themselves in the mouse germ-

line. In this research project, studies have been confined to one mouse

strain, that is, RFM/Un. Interest in this strain stems from the high

incidence of thymic lymphoma and myeloid leukemia developed after whole-

body irradiation of the mouse. Chemical treatment of the mouse cell

cultures with 5-iododeoxyuridine induces a biologically homogenous

N-tropic ecotropic virus population, most likely from a single locus.

Furthermore, this strain of mouse spontaneously expresses a low level of

an endogenous type C retrovirus in many tissues during its life span.

Throughout this project, recombinant DNA clones of endogenous murine

leukemia proviruses have been used to define the structure and

biological properties of individual proviral genomes. The use of

recombinant clones will eliminate many of the complications which could

arise in trying to study a single copy amidst a large family of related

sequences. In the following chapters, the results of studies on the

structure of specific regions of the proviral genomes as well as the

biological properties of some selected clones will be presented.



CHAPTER II

CHARACTERIZATION OF THE PRIMER BINDING SITES FOR MINUS STRAND DNA

SYNTHESIS IN ENDOGENOUS MuLV-RELATED PROVIRAL DNA SEQUENCES

INTRODUCTION

An early step in the replication cycle of retroviruses involves conver

sion of the plus sense viral genomic RNA into DNA by RNA-dependent DNA

polymerase (reverse transcriptase)• This DNA synthesis starts at the

3'-0H end of a tRNA primer molecule which is bound near the 5' end of

the genomic RNA (30). The primer tRNA molecule is hydrogen-bonded to

the viral genomic RNA through its 3' terminal 18 nucleotides (109).

With the 3'-A-0H of the primer molecule forming a phosphodiester bond

with the first deoxynucleotide, the synthesis of the first DNA strand

(minus sense DNA) proceeds until it reaches the 5' terminal nucleotide

of the genomic RNA (13) (Figure 2). The newly synthesized DNA strand

referred to as "minus strand strong stop" is a short sequence spanning

only the U5 and R regions. This DNA with its covalently linked tRNA

primer molecule will then dissociate from the genomic RNA and hybridize

to terminally repeated sequences at the 3' end of the viral genomic RNA.

Further elongation of minus strand strong stop will generate a full-

length (genomic size) DNA strand which is hydrogen-bonded to the genomic

RNA throughout most of its length. Following ribonuclease H action on

the genomic RNA, the synthesis of plus strand DNA is initiated from RNA

primers along the genome length in a discontinuous manner and eventually

linked by the ligase action. The DNA synthesis primed by a short

16
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Figure 2: A proposed model for reverse transcription (13). The
sequences in the viral RNA molecule (plus-strand sequences)
are shown with uppercase letters whereas minus-strand
sequences are denoted by lowercase letters. Reverse
transcription is primed by a tRNA molecule which is H-bonded
to the viral genomic RNA at the primer binding site (P)
through its 3'-terminal 18-20 nucleotides. The minus strand
strong stop is a short sequence spanning only U5 and R
regions.
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(12-14 nucleotldes) purine-rich RNA fragment located immediately 5' to

the U3 region of viral genomic RNA (110,111), leads to the formation of

"plus strand strong stop" DNA that contains a complementary copy (P) of

the 18 nucleotldes at the 3' end of the tRNA primer. After removal of

tRNA primer by the RNase H action, "plus strand strong stop" DNA forms

partially duplex DNA structure with the minus strand DNA as a result of

base pairing between the regions designated as p and P in Figure 2.

The synthesis of minus strand DNA is extended by copying the "plus

strand strong stop" DNA, thus eventually generating a completely double-

stranded DNA with two long terminal direct repeats (LTRs) at both ends.

In a proviral DNA, the 18-nucleotide DNA segment homologous to the

primer binding site of viral genomic RNA is located on the plus strand

on the immediate 3' side of the 5' LTR (P in Figure 2) (34,112).

Several different tRNA primer molecules have been identified among

retroviruses. These include proline tRNA in ecotropic murine leukemia,

feline leukemia, and avian reticuloendotheliosis viruses (28,29,113,

114), lysine tRNA in mouse mammary tumor viruses (115,116), and

tryptophan tRNA in avian sarcoma and avian myeloblastosis viruses

(117,118). In a previous study by Ou et al. (106) on a cloned

endogenous MuLV-related proviral DNA from the BALB/c mouse, it was found

that the tRNA primer binding site was complementary (17/18 match) to

that of a major glutamine tRNA molecule (119). Since this structure was

clearly different from the previously reported primer site for proline

tRNA, I have extended these studies to several other cloned endogenous

MuLV-related proviral DNAs from the RFM/Un mouse in an effort to

elucidate the structure of this region in endogenous sequences.
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MATERIALS AND METHODS

Molecular cloning of DNA fragments containing the endogenous MuLV-

related sequences

Initial molecular cloning experiments were carried out by P. L. Glover

and Dr. L. R. Boone (then of this laboratory) as briefly described in

the following. Hindlll restricted DNA fragments from spleen of a RFM/Un

mouse suffering from radiation-induced myeloid leukemia were used to

prepare a recombinant genomic library. The phage plaque hybridization

procedure of Benton and Davis (120) was used to screen the library with

molecular probe of LTR sequences of an ecotropic MuLV (121). Phage

plaques showing positive hybridization with the LTR sequence probe were

isolated by two more rounds of plaque purification. The inserted RFM

mouse DNA sequences in individual phage clones, after further examina

tion with other structural gene sequence probes of MuLV, were subse

quently transferred into the Hindlll site of the plasmid pBR322. The

pBR322 recombinant plasmids harboring individual LTR-containing RFM

mouse DNA sequences were designated as pRFM//l, pRFM/i'2 ... etc.

Preparation of phage DNA

Phage amplification and DNA extraction was carried out according to the

following protocol:

1. 100 X of a phage suspension containing 10^-10^ pfu were preadsorbed

to 150 X of overnight-grown DPSOsupF coli cells at 37°C for

15 min.

2. After addition of 80 ml NZC broth [supplemented with thymidine

(.004%), diaminopimelic acid (.01%) and MgS04 (10 mM)], the
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suspension was incubated overnight at 35°C with continuous shaking

(250 rpm).

3. Lysis of IE. coli cells became apparent as a clear lysate with

suspended cell debris was obtained after overnight incubation. At

this point, 4 drops of chloroform were added to the lysate and

shaken for an additional 15' (at 35°C) to ensure that all cells

were lysed.

4. Cell debris was removed by centrifugation at 12,000 rpm (5 min)

using a Sorvall rotor. The supernatant was transferred into a

125 ml flask.

5. To the supernatant, 10 X. of DNase I (10 mg/ml stock) and 10 X of

RNase A (10 mg/ml stock) were added and incubated at 37°C for

20 min with shaking.

6. The suspension was brought to 6% NaCl, held at 4''C for 1-2 hrs and

then centrifuged at 8,000 rpm (30 min) using a Sorvall rotor.

7. The supernatant was adjusted to 7% PEG 6000, held at 4°C for

2-4 hrs and then spun at 8,000 rpm (30 min) as before.

8. The pellet was suspended in 200-600 X TE (10 mil Tris-HCl pH 7.6,

1 mM EDTA) and extracted once with chloroform, twice with phenol

and once with chloroform/isoamylalcohol (50/1).

9. To the aqueous phase, 1/10 volume of 2 M potassium acetate and

2 volumes of cold 95% ethanol were added, held at -70°C for a few

minutes and then spun in a microfuge for 10 min. The pellet was

rinsed 2 or 3 times with 80% ethanol, lyophilized briefly and

finally suspended in 100-200 X TNE.
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10. Construction of pRFM//16 from recombinant phage DNA was carried out

as follows. =10 Hg of the phage DNA were digested to completion

with Hindlll restriction enzyme and subsequently electrophoresed in

0.7% agarose gel. After staining with EtBr, the DNA insert band

was purified and ligated to the Hindlll site of the pBR322 vector.

This recombinant plasmid (pRFM//16) was used for transfection of

competent E. coli (C 600 strain) cells, followed by large scale

preparation of the plasmid DNA. Preparation of competent E. coli

cells and details of DNA transfection experiments will be described

in the following chapter.

Large scale preparation of plasmid DNA by hydroxylapatite chromatography

Large quantities of recombinant plasmid DNAs were prepared according to

the following protocol:

1. 40 ml of L-broth containing 0.1 ml of ampicillin (20 mg/ml stock)

were inoculated with a single colony of positive transformant and

incubated overnight in a 125-ml Erlenmeyer flask at 37°C.

2. 50 ml of L-broth containing ampicillin were inoculated with 200 \

of fresh overnight 40 ml culture and incubated at 37®C until 005^0

=0.4 (usually took 5-6 hrs).

3. 200 ml of L-broth containing ampicillin were inoculated with 10 ml

of 0.4 OD550 culture and incubated in a 2 L Erlenmeyer flask for

2.6 hr (or until OD560 =0.4) at 37°C. The culture was then

amplified overnight with 1.2 ml chloramphenicol (34 mg/ml stock).

4. The cells were sedimented at 6000 rpm for 5 minutes in a 250 ml

centrifuge bottle and the pellet was washed once in 50 ml of cold
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PBS (136 mM NaCl, 2 niM KCl, 0.9 mM CaCl2, 0.5 tnM MgCl2, 10 mM

Na2HP04, 1.5 mM KH2PO4).

5. After final sedimentation (6000 rpm, 5 minutes), the pellet was

resuspended in 4 ml of cold 15% sucrose, 50 mM EDTA, 50 mM Tris

(pH 7.8) solution and transferred to a 30 ml Oak Ridge tube.

6. 2-4 mg of lysozyme crystals (Sigma) were added to the suspension

and after mixing was allowed to stand on ice for 5-10 minutes. The

cells were then frozen at -80°C and quickly thawed at 37"C water

bath.

7. An equal volume of cold 0.5% Triton X 100, 50 mM EDTA, 50 mM Tris

pH 7.8) was added and mixed gently on ice for 10 minutes.

8. The cell lysate was centrifuged at 24,000 rpm (4°C) for 90 minutes

using Beckman type 30 rotor. The supernatant was carefully drawn

off and transferred into another 30 ml Oak Ridge tube.

9. 1/10 volume of 10% SDS was added and the mixture was heated at bO'C

water bath for 5 minutes. After incubation, 1/3 volume of 5 M NaCl

was added and mixed gently on ice by inversion and then allowed to

stand overnight on ice.

10. The suspension was centrifuged at 25,000 rpm for 30 minutes and the

supernatant was transferred to a 30 ml Oak Ridge tube.

11. To the supernatant, solid PEG 6000 was added to 10% (w/v) concen

tration and mixed by vortexing until all PEG was in solution. The

mixture was allowed to stand on ice overnight or greater than 4 hrs

and then centrifuged at 20,000 rpm for 20 minutes. The supernatant

was carefully decanted and the pellet was dissolved in 2—3 ml of
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7 M urea, 0.2 M Na-P04 (pH 6.8), 0.7% SDS solution. Heating at

45°C greatly facilitated solubilization of the pellet.

12. For hydroxylapatite chromatography, 0.5 g of hydroxylapatite [DNA

grade Bio-Gel HTP (Bio-Rad Laboratories)] were mixed with 50 ml H2O

in a graduated cylinder and allowed to stand for 30 minutes. The

excess water was poured off and hydroxylapatite (settled to the

bottom of cylinder) was transferred to a 10 ml syringe containing

2 layers of filter cloth (all purpose miracloth) fitted tightly

above the needle huh. The suspension was allowed to settle down

for 30 minutes after which the excess water was drained off by

removing the rubber stopper seal from the needle.

13. The column was equilibrated with 30 ml of 7 M urea, 0.2 M NaP04

(pH 6.8), 0.7% SDS solution and sample was then loaded into the

column allowing to bind for 30 minutes before the stopper seal was

removed.

14. After draining off thoroughly, the column was washed with 50 ml or

more of 7 M urea, 0.2 M Na-P04 (pH 6.8) solution until A250 =0*

The column was then further washed with 20 ml of 0.01 M Na-P04

(pH 6.8).

15. Plasmid DNA was eluted from the column with 10 ml of 0.3 M Na-P04

(pH 6.8) solution and 1 ml fractions were collected and A26O

determined. Peak fractions were pooled together and dialyzed

against 10 mM Tris (pH 7.6), 10 mM NaCl, 5 mM EDTA solution.

Usually 50-150 (ig of plasmid DNA were recovered from a 200 ml

culture. The plasmid DNA preparations were essentially free of RNA

when checked on agarose gel.
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Digestion of DNA with restriction enzymes, electrophoresis and gel

blotting

All restriction enzymes were purchased from New England Blolabs

(Beverly, MA) and Bethesda Research Laboratories (Rockvllle, MD) and

digestions were carried out according to the specifications recommended

by the supplier. Reactions were terminated by addition of 0.1% SDS and

10 mM EDTA and heating at 60°C for 2 minutes. Before loading on gels,

samples were brought to final concentrations of 5% (v/v) glycerol and

0.05% (w/v) bromophenol blue. Restriction fragments were separated by

horizontal submerged agarose gel electrophoresis using 0.7-1% gels.

Electrophoresis was carried out at room temperature using Trls-acetate

running buffer (0.04 M Trls-HCl pH 7.8, 0.001 M EDTA, 0.005 M sodium

acetate). To minimize any pH change, the running buffer was continu

ously circulated between two buffer compartments. After visualization

by ultraviolet Illumination of ethldlum bromide stained gels, the DNA

fragments were transferred to 0.45 pm nitrocellulose membranes

(Schlelcher and Schuell) according to the method described by Southern

(122).

Hybridization of DNA fragments to specific probes

The nitrocellulose filter membranes were prehybrldlzed for several hrs

at 42®C In a solution containing 50% formaralde, 0.075 M Na Citrate,

0.75 M NaCl, 0.02% polyvlnylpyrrolldone, 0.02% Flcoll, 200 pg/ml bovine

serum albumin, 0.05 M Na phosphate pH 7.0, 0.025% calf thymus DNA and 1%

glyclne. After completion of prehybrldlzatlon, the solution was
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squeezed from the plastic bag and replaced by probe-containing hybrid

ization solution, which contained all the components of the prehybrid-

ization solution except that 1% glycine was omitted and dextran sulfate

(final conc. 10%) was added. Hybridization was carried out at 42"'C for

a minimum of 24 hrs (maximum 50 hrs) after which the membrane was washed

free of unbound probe. The following washing procedure was used;

1. 3 times with 2X SSC, 0.1% SDS (IX SSC ■= 0.15 M NaCl, 0.015 M

NaCitrate) at room temperature.

2. 3 times with 2X SSC, 0.1% SDS at 50''C (20-30 minutes each).

3. once with 0.2X SSC, 0.1% SDS at 50''C (20 minutes).

4. once with 2X SSC at room temperature.

After the final wash, the filter membranes were air-dried and used for

autoradiography. The autoradiograms were usually exposed at -80°C with

an intensifying screen for several hrs to a few days.

Preparation of molecular probes

The ecotropic MuLV LTR probe used in screening of recombinant phage

plaques was prepared from pRFV105, the molecular clone of RFV, the

endogenous retrovirus chemically induced from RFM/Un mouse cell cultures

(123). The LTR probe used in the analysis of selected pRFM clones was

prepared from a 0.6 kbp Pstl/Pvul fragment of pWNB5 (121), the molecular

clone of an endogenous B-tropic virus (WN1802B) derived from BALB/c

mice. This virus was originally obtained from Dr. W. P. Rowe and

Dr. J. Hartley of the National Institute of Allergy and Infectious

diseases, NTH. The [IS]-specific probe was prepared from a Sau3A/Sau3A
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internal LTR fragment isolated from the ALIO clone (106). All DNA

fragments used in the preparation of molecular probes were labeled with

^^P-dCTP (800-1000 Ci/mmole) (obtained from Amersham or ICN radio-

chemicals) by nick-translation (124). All other reagents for nick-

translation were purchased in standard kits either from Amersham or

New England Nuclear. The specific activities obtained ranged from

5 X 10^ to 3 X 10® cpm/pg DNA.

5'-End labeling of cloned DNA fragments

In order to remove 5'-phosphate groups, DNA fragments (20-40 pg) were

treated with calf intestine alkaline phosphatase (CIAP) (Boehringer-

Mannheim) in a reaction mixture containing 50 mM Tris pH 9.0, 1 mM

MgCl2» 0*01 ZnS04 and 2-10 units of the enzyme. Incubation was

carried out at 37®C for 1-2 hrs after which the enzyme was inactivated

by phenol (twice) and chloroform-isoamylalcohol (25/1) (once) extrac

tion. The kinase reaction mixture contained 50 mM Tris-HCl pH 7.5,

10 mM MgCl2» 5 mM dithiothreitol, 0.01 mM spermidine, [y-^^PjATP

(2000-5000 Ci/mmole) (ICN radiochemicals) and 1-3 units of T4 poly-

nucleotide kinase (BRL). Incubation was at 37°C for 1—2 hrs.

Restriction endonuclease mapping

For restriction endonuclease mapping of cloned DNA fragments, the

partial enzyme digestion technique of Smith and Birnstiel was used

(125). DNA fragments labeled at both termini were digested by

appropriate restriction enzjmes to generate two single end labeled

fragments. These fragments were separated on 0.7-1% agarose gel and

then purified by electroelution. The partial enzyme digestion mixture
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usually contained 0.1 unit of the restriction enzyme and 2000-5000 cpm

of single end labeled DNA fragment in a total volume of 30 \ digestion

buffer. Different size restriction fragments were separated either on

0.7% agarose or on 5% acrylamide gel.

Nucleotide sequence determination

Restriction fragments to be sequenced were subcloned into the pUC9

cloning vector (126). DNA sequencing was performed according to the

method described by Maxam and Gilbert (127), usually for both DNA

strands.

RESULTS

Cloning of endogenous MuLV-related proviral DNA sequences

According to initial analysis by P. L. Glover and Dr. L. R. Boone on

their 20 isolates of LTR-containing RFM/Un mouse DNA recombinant clones,

6 showed also positive hybridization to a gag-pol specific probe

indicating the presence of at least the 5' half of a proviral structure

in these clones. Inserts of five of these isolates were transferred

into the Hindlll site of pBR322 and designated as pRFM//l, pRFM//6,

pRFM/i^g, pRFM/Zlb and pRFM#17. The LTRs of these clones hybridized

strongly to the [IS] (insertion-sequence)-8pecific probe indicating that

they were structurally related to those clones previously described by

Ou et al. (106). Figure 3 shows hybridization of the [IS]-specific

probe in the plaque purification procedure, applied to a recombinant

phage isolate from which pRFM#16 was constructed. Plaque hybridization

of the ALIO clone (106) to the same probe is also shown.
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Figure 3: Hybridization of recombinant phage plaques to [IS]-specific
probe (106). Transfer of phage DNA to nitrocellulose
filters was carried out according to the method described by
Benton and Davis (120). The [lS]-specific probe had a
specific activity of =5 x 10^ cpm/pg DNA and the autoradio-
gram was exposed overnight at -SO^C with an intensifying
screen, a): plaque hybridization of a purified recombinant
phage from which pRFM#16 was constructed and b): plaque
hybridization of ALIO clone (106) used as a positive
control.
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Restriction endonuclease maps

To determine restriction endonuclease maps of selected recomblnant

clones, DNA Inserts of pRFM/Zl, pRFM//9 and pRFM//17 were labeled at both

ends and then digested with the single-site restriction enzyme, Sail,

to generate two single end labeled fragments. Each fragment was then

mapped separately. In the case of pRFM//16 which lacked the Sail

restriction site, the entire recomblnant plasmld DNA was digested with

BamHI and all three restriction fragments were labeled simultaneously at

both termini as previously described. The labeled fragments were

purified on agarose gels and subsequently digested with Xhol restriction

enzyme to generate single end labeled fragments. These fragments were

purified and mapped separately.

Restriction endonuclease maps of four endogenous MuLV-related

provlral DNAs are shown In Figure 4 (restriction map of pRFM//6 will be

shown later In Chapter III). For comparison purposes, the restriction

map of ALIO, the endogenous MuLV-related provlral DNA cloned from the

BALB/c mouse (106) Is also presented. The approximate sizes of the

Inserts were 10.9, 6.1, 13.6, 5.2 and 10.5 kbp for pRFM//l, pRFM/;*9,

pRFM/fl6, pRFM//17 and ALIO clones, respectively. The sizes of the

MuLV-related regions were 5.7 kbp (pRFM#l and pRFM//9), 7.6 kbp

(pRFM#16), 3.8 kbp (pRFM//17) and 6.9 kbp (ALIO). Several restriction

sites frequently found among the endogenous ecotroplc and xenotroplc

murlne leukemia provlruses (107,112,128,129) were also present In most

of these recomblnant clones. These sites (shown In approximate kllo-

bases from the 5'-terminus of the 5' LTR) were 0.04 - PstI, 0.5 - Kpnl,

0.5 - Smal sites In the LTR, 0.9-BgAlI site In the gag gene, 3.3 - Kpnl,
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Figure 4: Restriction endonuclease maps of four endogenous MuLV-
related proviral DNAs cloned from RFM/Un mouse DNA. For
comparison purposes, the restriction map of ALIO, the
endogenous MuLV-related proviral DNA isolated from the
BALB/c mouse, is also shown. Restriction sites were
determined by the partial digestion technique of Smith and
Birnstiel (125). The 5' and 3' cellular flanking sequences
are shown as dotted lines. The blackened area in each LTR

represents the unique 170-bp [IS] sequence segment present
in the U3 region. A 0.6 kbp Pstl-Pvul fragment (shown at
the bottom) was from pWNB5, the molecular clone of an
endogenous B-tropic ecotropic virus WN1802B derived from the
BALB/c mouse; the LTR probe prepared from this fragment was
used in the gel blots of Figures 6 and 7. Restriction
endonuclease sites are Smal (Q), Kpnl ( H)> BamHI ( ̂ ),
PstI (O). EcoRI (A), Xhol (SJ), Hindlll (#),
Sal ( 0 ), and BgAlI (^)•
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3.7 - BamHI, 4.1 - BamHI, 4.2 - Sail, 4.5 - BgAlI, 4.5 - Xhol and

5.1 Smal sites in the pol gene and 6.2 — BamHI, 6.5 — Smal, 6.8 — EcoRI

and 7.9 - BgAlI sites in the env gene. Although two recombinant clones,

pRFM#l and pRFM#9, contained identical restriction sites in their MuLV-

related regions, they represented two different and independent isolates

since cellular sequences flanking these proviruses were distinctly

different. The presence of a single internal Hindlll site in the

proviral DNA sequences of pRFM#l, pRFM//9, pRFM#17 and a single internal

EcoRI site in ALIO prevented the isolation of the 3' portions of the

proviral genomes. All these recombinant clones therefore, contained

only one LTR (i.e. the 5' LTR). The absence of the internal Hindlll

restriction site in pRFM#16, on the other hand, allowed the isolation of

a proviral genome which contained both 5' and 3' LTRs. The presence of

these two LTRs was also demonstrated by gel blot analysis of digested

pRFM/Zlb clone DNA using the [IS]-specific probe. As shown in Figure 5,

digestions with three restriction enzymes, EcoRI, PstI and BamHI

generated two fragments both of which carried an [lS]-containing

sequence segment. Despite the presence of two LTRs, the 7.6 kbp MuLV—

related DNA sequence of pRFM#16 was shorter than the reported 9.0 kbp

proviral DNA sequences of the infectious murine leukemia viruses (128).

From this restriction mapping analysis, it was concluded that this

discrepancy was due to the deletion of =1.5 kbp in the pol gene between

the BgJllI site at 2.3 kbp and Xhol/BgAII sites at 4.5 kbp map positions.

As a result of this deletion, the Xhol/BgAII restriction sites, which

are commonly present at 4.5 kbp map position in other MuLV-related

proviral genomes, had been shifted to the 3 kbp map position in pRFM//16.
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Figure 5: Demonstration of the presence of two LTRs in pRFM//16 by gel
blot analysis (1% agarose). =0.5 pg of the pRFM//16 plasmid
DNA were double-digested with Hindlll to release the insert
from the vector, and another restriction enzyme shown on the
top of each lane. The [IS]-specific probe (106) used for
hybridization had a specific activity of =5 x 10 cpm/pg DNA
and the autoradiogram was exposed for 10 hrs at -80 C with
an intensifying screen. The numbers along the left side of
the figure show the positions of Hindlll-digest fragments of
\ DNA used as MW markers. H = Hindlll, E = EcoRI, P = PstI,
A = Aval, S = Sail, B = BamHI.
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The deleted fragment contained five restriction sites in the order of

5'-KpnI-BgAlI-BamHI-BamHI-SalI-3'. A similar, if not identical,

deletion was also detected in pRFM#17. This type of deletion (roughly

at the same map position) has also been reported in several other

MuLV-related proviral DNAs isolated from the AKR/J mouse (107).

Size heterogeneity of the LTRs in pRFM recombinant clones

It has been reported previously (106,107) that when mouse chromosomal

DNA is double-digested with Pstl/Kpnl, two enzymes with internal

restriction sites in the LTR, three major fragments with sizes of =600,

=550 and =370 bp are generated which hybridize to a MuLV-specific LTR

probe. This is indicative of a size heterogeneity among the endogenous

murine leukemia virus related LTR sequences. LTRs of the known

endogenous infectious ecotropic or xenotropic murine leukemia viruses

such as AKV (112) and RFV (130) are generally shorter than those of

endogenous MuLV-related sequences of the mouse genome. These LTRs are

represented by the small =370 bp fragment (c band. Figure 6) upon

combined Pstl/Kpnl digestion. The majority of endogenous MuLV-related

sequences contain distinct LTRs with a novel 170-200 bp sequence segment

[IS] inserted within the U3 region (106,108). These LTRs therefore, are

represented by the larger =600 and =550 bp fragments (a and b bands.

Figure 6) upon Pstl/Kpnl digestion. Digestion of pRFM recombinant

clones with these enzymes demonstrated a size heterogeneity among the

LTRs. pRFM//l, pRFM#9 and pRFM//17 belonged to the 600 bp class whereas

pRFM//16 belonged to the 550 bp class (Figure 6). This also showed that

the LTRs of the selected pRFM recombinant clones were generally larger
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Figure 6: Gel blot analysis of the internal LTR Pstl-Kpnl fragments in
endogenous MuLV-related proviral DNA clones. Cloned DNA
(0.5 pg) and chromosomal DNA (10 pg) were double-digested
with PstI and Kpnl and electrophoresed at 60 V for 16 hrs in
1.5% agarose gel. The LTR-specific probe (described in the
legend of Figure 4) used for hybridization had a specific
activity of ==3 x 10® cpm/pg DNA. The autoradiogram of the
cloned DNA was exposed for 1 hr; chromosomal DNAs were
exposed for 24 hrs at -80°C with an intensifying screen.
The weakly hybridizing bands seen in some lanes and a large
number of high MW DNA fragments in chromosomal DNAs
represented those fragments containing the 3' =^0.1 kbp
portion of the LTR. The clones examined were pRFM//l
(lane 1), pRFM/if9 (lane 2), pRFM//16 (LTR), a subclone of
pRFM//16 containing the BgAII fragment with 5'-LTR (lane 3),
pRFM#17 (lane 4), pAL10B3, a subclone of ALIO (106)
containing the 5.1 kbp BamHI fragment with 5'-LTR (lane 5),
pWN41 clone of the BALB/c mouse derived N-tropic ecotropic
MuLV strain WN1802N (lane 6). The chromosomal DNAs were
those of RFM/Un (lane 7) and BALB/c (lane 8) mice.
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than those of the endogenous infectious MuLV sequences. Hybridization

studies using the [IS]-specific probe (Figure 3) as well as nucleotide

sequence analysis (next chapter) provided further evidence that the

larger LTRs were present in the isolated pRFM recombinant clones.

Identification of DNA fragments carrying the tRNA primer binding site

As was described above, in a provirus, the 18-nucleotide DNA region

homologous to the primer binding site is located immediately on the

3' side of the 5' LTR. Examination of the restriction maps shown in

Figure 4 indicated that the tRNA primer binding site was included in a

0.46 kbp BgAlI fragment from pRFM//l, pRFM#9 and pRFM#17 and in a 1.4 kbp

BgJlII fragment from pRFM#16. These recombinant clones were therefore

digested with BgJlII and primer binding site-containing fragments were

identified after separation on agarose gels using a LTR-specific probe

(Figure 7). After purification, these fragments were subcloned into

the pUC9 vector and used for nucleotide sequence analysis in the Maxam

and Gilbert procedure.

Nucleotide sequence analyses of tRNA primer binding sites and adjacent

regions in pRFM recombinant clones

Nucleotide sequences of tRNA primer binding sites and LTR U5 regions in

pRFM recombinant clones are shown in Figure 8. For comparison,

homologous sequences of the ALIO clone (106) are also shown. The

3'-terminal 18-nucleotide sequence of a rat liver major glutamine tRNA

(119) (shown at the bottom) shows an 18/18 complementary match to primer

binding sites of pRFM#l, pRFM//9 and pRFM#l6 recombinant clones. The
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Figure 7: Gel blot analysis of the BgAlI restriction fragments from
cloned endogenous MuLV~related proviral DNAs of the RFM/Un
mouse. A 0.5 pg sample of cloned DNAs was digested with
BgAII restriction enzyme and electrophoresed at 73 V for
12 hrs in 0.7% agarose gel. The LTR probe used for
hybridization was the same as that described previously in
the legends of Figures 4 and 6. The BgAlI fragments
containing the tRNA primer binding site appeared as 0.46 kbp
strongly hybridizing bands in pRFM//l (lane 1), pRFMy/9
(lane 2) and pRFMJ'/n (lane 4) and as a 1.4 kbp band (the
upper band of the two strongly hybridizing bands) in pRFM//16
(lane 3).
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Figure 8: Plus-strand nucleotide sequences of the LTR U5, inverted
repeat (IR), tRNA primer binding site and the immediate
downstream variable (V) and conserved regions in four
endogenous MuLV~related proviral DNAs from the RFM/Un mouse.
The complete LTR structure and primer binding site of pRFM//6
will be shown in the following chapter. The nucleotide
sequences of the corresponding regions of the ALIO clone
(106) are also presented for comparative purposes. The
3'-terminal 18-nucleotides of a major glutamine tRNA
isoacceptor from rat liver (119) and proline tRNA appear at
the bottom of the figure. With the pRFM//l sequence as
reference, identical bases of other sequences are shown as
dots. Base deletions are indicated by minus signs.
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primer binding sites of pRFM//17 and ALIO were respectively 16/18 and

17/18 complementary to the 3'-terminal sequence of glutamine tRNA.

Matching with other published tRNA sequences (131) showed yet smaller

degrees of complementation in all cases for these two clones. When

primer binding sites of pRFM clones were matched with the 3'-terminal

18-nucleotide sequence of proline tRNA (also shown at the bottom of

Figure 8), a primer identified to date in all ecotropic MuLVs, dispersed

mismatches of 5 to 7 bases were observed. This indicates that the

primer binding sites of these DNAs could not bind tightly to proline

tRNA by base pairing.

Among the isolated pRFM clones, pRFMy/17 showed the most nucleotide

sequence variations in the U5, inverted repeat (IR) and the primer

binding site. This clone contained not only two base changes in the

tRNA primer binding site, but also showed two base variations in the

highly conserved IR region. The T to C transition in the primer binding

site and G to A transition in the IR region had generated restriction

endonuclease sites for Sau96l (GGNCC) and HinfI (GANTC) enzymes,

respectively. Both restriction sites were absent in the homologous

regions of other MuLV-related recombinant clones, with the exception of

ALIO which contained the Sau96l restriction site. Digestion of pRFM/;fl7

clone in the IR and primer binding site regions by these two enzymes

further substantiated the accuracy of sequence data (not shown).

Although the primer binding sites of recombinant pRFM DNAs were

distinctly different from that of the RFM/Un mouse endogenous ecotropic

MuLV (RFV) (130), comparison of the LTR U5 regions showed strong

homologies between them. The 76—nucleotide U5 regions of pRFM//l,
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pRFM//9, pRFM//16 and pRFM#17 differed from RFV provirus only by 3 (pRFM//l

and pRFM/Zg), 7 and 8 bases, respectively. On the other hand, the

endogenous pRFM clones contained a short region of 1 or 2 nucleotides

(designated V in Figure 8) located immediately on the 3' side of the

primer binding site which was highly variable among these clones. The

sequences following this variable region appeared to be conserved again.

This pattern; 5'-primer binding site-V-conserved region-3'; has been

also reported for other MuLV proviruses (40).

DISCUSSION

These results demonstrate that four out of five recombinant MuLV~related

proviral DNAs isolated from RFM/Un and BALE/c mice possess a primer

binding site for a major glutamine tRNA isoacceptor from rat liver. The

tRNA primer binding site of pRFM//17, which is only 16/18 complementary

match to glutamine tRNA, may show better complementation to the

3'-terminal sequences of three or four other glutamine tRNA isoacceptors

of mouse cells (132) whose structures have not been elucidated. This

clone may also represent a provirus with a defective tRNA primer binding

site. From the data presented here, we may conclude that the endogenous

MuLV—related sequences of RFM/Un, BALB/c and most likely several other

inbred mouse strains, if replicate, will be distinct from the ecotropic

murine leukemia viruses in using glutamine tRNA rather than proline tRNA

to initiate reverse transcription. The presence of this specific tRNA

primer binding site in endogenous MuLV-related sequences also provides

supportive evidence for the hypothesis that these sequences were origi

nally introduced into the mouse germ line through retroviral infection.
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How was a primer binding site specific for glutamine tRNA generated in

these endogenous sequences? The possibility of a relatively large

number of point mutations in an original proline tRNA binding site

leading to the generation of a new primer binding sequence is remote for

two reasons. First, nucleotide sequences of the regions adjacent to the

primer binding site (that is, U5 sequences shown in Figure 8 and the

"gag" gene sequence in ALIO; unpublished data) show much stronger

homologies to corresponding regions in ecotropic MuLVs than the primer

binding site itself. Second, the chances of random point mutations

leading to the generation of an 18-nucleotide region with perfect

complementary sequence match to a "specific tRNA is extremely low.

The existence of these novel sites may be explained by at least two more

plausible mechanisms. First, according to a proposed model for reverse

transcription (13), the mispaired binding of a new tRNA primer to the

viral genomic RNA in place of the original tRNA or replacement of the

original tRNA already bound to the "minus strand strong stop" by a new

tRNA species can eventually lead to the creation of a new primer binding

site in the integrated proviral genome. The second alternative is that

the ecotropic MuLVs, possessing a binding site for proline tRNA, and the

endogenous MuLV-related sequences with a putative binding site for

glutamine tRNA may represent two distinct and independent retroviral

lineages which have acquired similar structural genes through recombina

tion. Although the exact genetic origin of glutamine tRNA binding site

in the endogenous MuLV~related sequences is not clear at the moment, a

recent report by Colicelli and Goff (133) has shown that this site can

be utilized for primer binding during the initiation of reverse
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transcription. This observation indicates that the switch to a new

primer binding sequence in the endogenous MuLV-related genomes should

not be considered as a "shut-off" mechanism to render these sequences

replication incompetent, despite the fact that there is no evidence that

indicates the infectivity of these proviral genomes.

In order to understand the nature of deletions detected in the pol

gene of pRFM//16 and pRFM//17, nucleotide sequence analysis was performed

at the site of deletion in pRFM//16. Through comparison with the

published sequences of Moloney MuLV (12) and AKV (112), it was found

that direct repeats of ACTGCCC sequence were present at both sides of

the deleted region. Furthermore, unpublished data from our laboratory

have indicated that proviral sequences carrying deletions, are

preferentially selected during cloning of the endogenous DNA sequences.

This conclusion was based on analysis of the genomic DNA which showed

that by far the majority of the endogenous proviral genes exist in

apparently intact non-deleted forms in the host animal (L. Y. Chang,

personal communication).



CHAPTER III

CHARACTERIZATION OF A MOLECULAR CLONE OF A FULL-LENGTH ENDOGENOUS

MuLV-RELATED PROVIRAL UNA

INTRODUCTION

The large number of mouse endogenous DNA sequences homologous to murine

leukemia viruses (MuLVs) fall into two main categories based on their

structure and infectious properties. One category involves the

endogenous DNA sequences which represent the few loci (1—3 copies/cell)

of the infectious xeno- or ecotropic murine leukemia viruses, which have

the potential of becoming induced to produce infectious virus upon

treatment of cell cultures with chemical or physical agents or by

cocultivation with appropriate cell lines. The second category of

endogenous MuLV-homologous sequences are usually referred to as "MuLV-

related" sequences, since at the moment it is not clear whether they can

produce infectious retrovirus. The members of this group constitute the

majority of the endogenous proviral genomes and are represented by the

ALIO (106) or pRFM recombinant clones described in the previous Chapter.

At least two distinct structural features may distinguish this group of

endogenous sequences from the infectious viruses; 1) the presence of a

primer binding site for glutamine tRNA instead of proline tRNA; 2) the

presence of a novel sequence segment [IS] in the LTR U3 region. The

[IS] sequence is also present in a distinct family of retroviral long

terminal repeats in the mouse genome. These LTRs, called LTR—IS because

of their presence mainly in a solitary form in mouse DNA (134), resemble

49
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the LTRs of the endogenous MuLV-related sequences in that they contain a

similar [IS] element, constituting the apparent U3 region of the LTR

structure. The remainder of the LTR structure, however, shows little

sequence homology to the LTRs of endogenous MuLV-related or infectious

proviruses. Approximately 5% of these LTRs are associated with putative

retroviral structural genes in a proviral form; a prototype of this

group of endogenous proviruses is the IS23 clone which was isolated in

our laboratory and is currently under investigation (Ou et al., in

preparation).

Of the endogenous sequences described above, only members of the

first group, i.e. infectious viruses, have been well characterized with

respect to their structure and infectious properties. Members of other

groups have not been well characterized both in terms of structure and

biology. The present work was undertaken in an effort to elucidate the

structure of one of the endogenous MuLV-related proviral DNAs,

designated pRFM#6. The major goal was to determine the structure of

those regions of the proviral genome involved in the regulation of

retroviral transcription and the putative pathogenesis function. This

reccmbinant clone has been of particular interest to us since it harbors

an apparently complete proviral genome as determined by restriction

enzyme map analysis. Other pRFM recombinant clones described earlier

contain either partial proviral structure (pRFM#l, pRFM#9), or defective

genomes (pRFM#16, pRFM#17). In this Chapter, results of the nucleotide

sequence analyses of both the 5' and 3' LTRs as well as cellular and

viral sequences flanking each LTR in the pRFM//6 provirus are presented.

The structures of several other regions of the proviral genome and
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distribution of this proviral insertion in genomes of some mouse strains

will also be described.

MATERIALS AND METHODS

Molecular cloning and restriction enzyme mapping of pRFM//6

This recombinant clone was isolated together with other pRFM recombi-

nants from cloning of spleen chromosomal DNA of a RFM/Un mouse according

to the procedure described in Chapter II. The proviral genome was

originally cloned into Charon 9 lambda phage and subsequently trans

ferred to a pBR322 vector for further characterization. For restriction

mapping, the partial enzyme digestion technique of Smith and Birnstiel

(125) was used.

Preparation of DNA fragments containing the LTRs or specific structural

genes from pRFM//6

Preparation of specific DNA fragments for nucleotide sequence analysis

usually involved digestion of pRFM//6 DNA with appropriate restriction

enzymes, separation of restricted fragments on 0.7 or 1% horizontal

agarose gels, further identification of the fragments using specific

probes and final purification and subcloning into pUC9 cloning-sequenc

ing vector. The recombinant plasmids containing these fragments were

subsequently used for transformation of coli competent cells,

followed by large scale preparation of plasmid DNAs.

Preparation of transformation-competent E^. coli cells by CaCl2 treatment

E. coli cells (strains RRl, HBlOl or C600) were made transformation-

competent using the procedure of Morrison (135): a 500 ml portion of
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L-broth (10 g Bacto-tryptone, 5 g Bacto-yeast extract (both from Difco),

5 g NaCl, 1 g glucose, 3 ml 1 M NaOH per liter) was inoculated with

E. coli cells and incubated in a 2 L Erlenmeyer flask with aeration at

37°C. When the culture reached OD550 it was chilled in an

ice-water bath by swirling until the temperature reached 0-5®C. The

culture was then divided among three 250 ml centrifuge bottles and

sedimented in a Sorvall rotor in the cold at 6000 rpm for 10 minutes.

The pellets were gently suspended by repeated flushing (using plastic

transfer pipettes) in a total volume of 125 ml ice-cold 0.1 M MgCl2

and combined in one bottle. The cells were sedimented as before, and

the pellet was resuspended in 125 ml cold 0.1 M CaCl2 and kept at 0 C

for 20 minutes. After final sedimentation, the pellet of CaCl2-treated

cells was resuspended in 22 ml cold 0.1 M CaCl2 mixed with 3.5 ml of

glycerol. The suspension of competent cells was stored at -80°C in

0.5 ml aliquots until use.

Transformation of competent coli cells

A tube of frozen competent coli cells was thawed in an ice-water bath

for 10-15 minutes. Approximately 0.1 ml of the cells was transferred

into two chilled clear 5-ml Falcon tubes (with snap caps) one of which

contained 5 \ of the DNA sample (0.1-0.5 pg DNA) in TNE buffer. After

gentle mixing, both control and sample tubes were kept on ice for

30 minutes and then heat-shocked at 42°C for 2 minutes. To each tube

4 ml of warm (37°C) L-broth were added and the culture was incubated at

37°C for 1-2 hrs. After incubation, 2 ml of YT top agar were added to

0.3, 0.7 and 1.5 ml portions of the sample and plated on YT bottom agar
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(6 g Bactoagar, 3.2 g Bacto-tryptone, 2 g yeast extract, 2 g NaCl per

400 ml). YT top agar was the same as bottom agar except for lower agar

concentration. Since pUC9 (126) was used as the cloning vector, both

top and bottom agars were supplemented with the following: 0.05 mg/ml

selective drug ampicillin, 0.02 mg/ml color indicator X gal (BRL) and

0.04 mM IPTG (BRL). After overnight incubation at 37°C, transformants

appeared as blue or white colonies on the agar plates. White colonies

indicating positive transformants (inactivation of the lacZ gene by DNA

insertion into the vector) were selected for large scale preparation of

recombinant plasmids.

DNA gel blot analysis

Methods used in enzymatic digestion of cloned or genomic DNA, agarose

gel electrophoresis, transfer to filter membranes, hybridization to

specific probes, membrane washing and autoradiography were essentially

the same as those described in Chapter II.

Extraction of 5'-end labeled DNA fragments from acrylamide gels

For sequencing purposes, DNA fragments labeled at one end, ranging in

size from several hundred nucleotides to 2-4 kbp were usually separated

on 5% polyacrylamide gels. To extract the EtBr stained DNA bands from

the acrylamide gel, the bands were cut out with a razor blade and

crushed in a 1.5 ml Eppendorf tube with the aid of a small teflon

pestle. 400-500 \ of DNA extraction buffer (0.5 M NH^Ac, 5 mM MgAc2,

1 mM EDTA, 0.1% SDS) were added to the tube and vortexed for a few

seconds. The gel suspension was incubated for 30 minutes at 37 C and

then spun for 5 minutes in a microfuge. The supernatant was drawn off
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and transferred into another 1.5 ml Eppendorf tube. To the supernatant,

1 ml of cold 95% EtOH was added and the mixture was kept at -80"C for

5 minutes, then spun for 10 minutes as before. After spinning, the

supernatant was carefully drawn off with a Pasteur pipett and discarded;

the DNA pellet was kept on ice. To extract the residual DNA still in

the gel, another portion of extraction buffer was added and extraction

was carried out as before. This DNA was sedimented on the top of the

first pellet and the combined DNA pellets were washed 3x with 80% cold

EtOH, then lyophilized. Dried DNA (salt free) was suspended in H2O and

used for sequencing by the Maxam and Gilbert procedure.

Preparation of molecular probes

The following probes were used in different stages of pRFM#6 DNA

analyses: a LTR specific probe was made by nick-translation of a 372 bp

Pstl/Kpnl internal LTR fragment isolated from pWN41; the molecular clone

of WN1802N; the N-tropic ecotropic virus of the BALB/c mouse (121). The

gag gene specific probe was prepared by nick-translation of a 1.5 kbp

BgAll/BgAII restriction fragment isolated from the ALIO clone (106).

The ecotropic-specific probe was prepared in Dr. L. Boone's laboratory

(Research Triangle Park, NO) from a 310 bp Aval (Smal) env fragment

located 1.8-2.2 kbp from the 3'-end of the ecotropic RFV proviral DNA

(130,136). The MCF-specific probe was prepared by Dr. R. O'Neill

(National Institute of Allergy and Infectious Diseases, Bethesda,

Maryland) from a 100 bp BstNl/Xmal env fragment located 275 bp upstream

from the single EcoRI site in the AKR MCF247 provirus (137); a

homologous 112 bp BstNl/Xmal env fragment from NZB9-1 provirus (138) was
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used to prepare the xenotroplc-speclfIc probe. The cellular sequence

probe was prepared by nlck-translatlon of a 1.2 kbp EcoRl/Hlndlll

restriction fragment present at the 3'-cellular flanking sequence of

pRFM//6 DNA.

RESULTS

Restriction endonuclease map of pRFMy/6

The restriction endonuclease map of the mouse DNA cloned in pRFM#6 for

9 different restriction enzymes is shown in Figure 9. The total length

of the cloned DNA fragment was estimated to be 12.A kbp. The region of

the DNA related to murine leukemia viruses contained all diagnostic

restriction sites of the LTR (i.e. PstI, Kpnl and Smal) present at both

ends of the proviral genome. The presence of these restriction sites as

well as hybridization studies using a LTR-specific probe (shown in the

following figures) demonstrated the occurrence of two LTRs in this

cloned DNA fragment. Comparison of pRFM/Zb and pRFM//16 (Figure 4,

Chapter II) restriction maps showed that all the frequently observed

restriction sites of endogenous infectious eco— and xenotropic MuLVs

present in pRFM/flb, were also present in pRFM//6. These included (in

approximate kilobases from the 5'—terminus of the 5'—LTR) 0.9 BgHII in

the gag gene; 5.1 Smal, 4.6 BgAlI, 4.6 Xhol in the pol gene and 6.7

Smal, 8.0 BgAlI in the env gene. Additionally, pRFM#6 contained several

restriction sites which were absent in pRFM#16 as a result of =1.5 kbp

deletion in the 5' portion of the pol gene in the latter. These

included 3.3 Kpnl, 3.7 BamHI, 4.1 BamHI and 4.2 Sail restriction sites.

With respect to the pol gene structure, therefore, pRFM#6 was similar
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Figure 9: Restriction endonuclease map of the mouse DNA cloned in
pRFM//6. The 12.4 kbp DNA insert of this clone apparently
contained a full-length endogenous MuLV-related proviral
genome of =9.3 kbp. DNA sequences of cellular origin are
shown as thin lines flanking each LTR. The blackened area
in each LTR represents the novel =170 bp sequence segment
present in the U3 region. Also shown in the figure is the
1.5 kbp BgAll/BgAlI restriction fragment isolated from the
ALIO clone (106) and used as a gag-specific probe to
identify the fragments containing the 5'-LTR (Figure 11).
Map distances in kbp are shown at the bottom. Restriction
sites were determined by the partial digestion technique of
Smith and Birnstiel (125).
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(but not identical) to pRFM#l, pRFM#9 and ALIO and different from

pRFM#16 and pRFM#17 recombinant clones. The 6.25 BamHI restriction site

in the env gene is not present in any knovm infectious ecotropic or

xenotropic proviruses and is characteristically observed only in

endogenous MuLV-related and MCF proviral structures (107,139). The

single 6.9 EcoRI site also in the env gene is present in many non-

ecotropic proviral genomes studied thus far (107). Based on restriction

enzyme map analysis, the length of the 5' and 3' cellular flanking

sequences were estimated to be 0.02 and 3.1 kbp, respectively. Size

comparison of the estimated 9.3 kbp proviral-related genome of pRFM//6

with the genomic length of other endogenous eco- or xenotropic

proviruses (128,130,140) suggested that the pRFM#6 clone harbored a

complete full-length endogenous MuLV-related provirus. In Table 1, a

list of the restriction fragments expected upon digestion of pRFM#6

clone DNA with various restriction enzymes is presented. Digestion of

pRFM#6 clone DNA with the restriction enzymes described above is shown

in Figure 10.

Identification of DNA fragments carrying intact 5' and 3' LTRs

For sequencing analysis, several restriction fragments carrying the

intact 5' and 3' LTRs were identified on agarose gel after hybridization

to specific probes. From the pRFM//6 restriction map (Figure 9), it was

apparent that several restriction enzymes such as BamHI, Sail, Xhol,

EcoRI and BgJlII should generate DNA fragments of various sizes carrying

the intact 5' or 3' LTR. Restriction with several other enzymes, on the

other hand, such as Smal, Kpnl and PstI, with internal LTR restriction
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Table 1: Approximate sizes of restriction fragments generated upon

digestion of pRFM#6 recombinant plasmid DNA with various

a.
enzymes •

Enzyme Fragment
,  b
size

BamHl 0.4 2.2 (3.7)'' (6.1)

PstI 0.7 1.0 2.8 7.8

Kpnl 0.6 2.7 3.4 5.7

Smal 0.6 1.5 1.7

00
•

2.3 4.5

Xhol (4.6) (7.7)

Sail (4.3) (8.1)

EcoRI 1.2 (4.3) (6.9)

Bgm 0.4 0.8 (0.9) 1.2 1.5 (1.9) 2.2 3.4

a)

b)

c)

These fragments were generated from 12.4 kbp DNA insert of pRFM//6
after the plasmid DNA was double-digested with Hindlll (to release
the insert) and another restriction enzyme (see Figure 10).

Fragment sizes were estimated by comparison with the electrophoretic
migration pattern of Hindlll-digested X DNA fragments in 1% agarose
gel with the aid of a computer.

The figures in parenthesis represent those fragments containing a
complete 5' or 3' LTR sequence.
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Figure 10: Digestion of pRFM#6 recombinant clone DNA with various
restriction enzymes. Except for Pvul, restriction sites are
shown in the previous figure. Each digestion involved a
single enzyme (shown on the top of each lane) as well as
combined digestion by that enzyme plus Hindlll (to release
the pBR322 vector). DNA fragments were electrophoresed for
16 hrs at 50 V in 1% agarose gel and then visualized by
staining with EtBr. 2 \ig of cloned DNA were used in each
digestion. MW markers are shown on the left. A list of DNA
fragments generated upon each digestion appears in Table 1.
Bm = BamHI, Sm = Smal, H = Hindlll, E = EcoRI, K = Kpnl,
X = Xhol, Bg = BgHII, Pv = Pvul, SI = Sail, Ps = Pstl.
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sites, could not generate intact LTR-containing fragments. With this

knowledge in mind, pRFM//6 clone DNA was digested with the appropriate

restriction enzymes and LTR-containing fragments were detected using

specific probes. The nitrocellulose filter membrane containing bound

restriction fragments was initially probed with a gag gene specific

probe, since the 5' LTR is located adjacent to the gag gene, and with

this approach it was possible to distinguish it from the DNA fragments

carrying the 3' LTR. DNA fragments containing the intact 5' LTR were

identified as 3.7, A.3, 4.6 and 6.9 kbp bands after digestion with

BamHI, Sail, Xhol and EcoRI restriction enzymes, respectively

(Figure 11). The strongly hybridizing 7.5 kbp band seen with PstI

digestion contained most of the 5' LTR whereas bands of 4.6 kbp in

Smal and 2.7 kbp in Kpnl digestion carried only a small portion

(=100 bp) of the 5' LTR. The 1.5 kbp band observed in BgJlII digestion

did not contain any 5' LTR sequence and represented a segment of pRFM#6

clone DNA homologous to the 1.5 kbp gag fragment isolated from the ALIO

clone (106). In order to identify DNA fragments carrying the 3' LTR,

the same filter membrane of Figure 11 was hybridized (without removal of

the bound gag probe) to a LTR specific probe (Figure 12). DNA fragments

containing the 3' LTR in its entirety were identified as 6.1, 4.3, 7.7,

1.9 and 8.1 kbp hybridizing bands upon digestion with BamHI, EcoRI,

Xhol, BgXII and Sail enzymes, respectively. The 0.9 kbp band seen with

BgAII digestion, contained an intact 5' LTR which could not be detected

previously by the gag gene specific probe. To facilitate nucleotide

sequencing, intact LTR-containing restriction fragments of the smallest

possible sizes were selected. These included a BgXlI fragment of
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Figure 11: Identification of DNA fragments containing the 5'-LTR of the
proviral genome in pRFM//6. A 0.5 pg sample of cloned DNA
was double digested with Hindlll to release the insert from
the vector, and another restriction enzyme shown on the top
of each lane. Restriction fragments were analyzed by
horizontal agarose gel electrophoresis using 1% gels. The
gag-specific probe (described in the legend of Figure 9)
used for hybridization had a specific activity of
=3 X 10® cpm/pg DNA. The autoradiogram was exposed for 1 hr
at -80°C with an intensifying screen. MW markers are shown
on the left side of the figure. The two additional fainter
bands of =3.3 and 10 kbp detected in Kpnl digestion (also
seen in Figure 12) probably resulted from incomplete
digestion by this enzyme.
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Figure 12; Identification of DNA fragments containing the 3'-LTR of the
proviral genome in pRFM/Zh. The same filter membrane used
for identification of the 5'-LTR-containing fragments
(Figure 11) was used, without deprobing, for hybridization
to a LTR-specific probe. The LTR-specific probe had a
specific activity of ==3 x 10® cpm/pg DNA and was prepared
from nick-translation of a 372 bp Pstl/Kpnl internal LTR
fragment from pWNAl, the molecular clone of WN1802N, the
N-tropic ecotropic virus of the BALB/c mouse (121). Two
additional bands of -3.3 and 10 kbp seen in Kpnl digestion
probably resulted from the incomplete digestion by this
enzyme.
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0.9 kbp (5'-LTR) and a Bgill fragment of 1.9 kbp (3' LTR) both of which

were subcloned into the pUC9 sequencing vector.

Nucleotide sequences of the 5' and 3' LTRs

Sequencing strategy and nucleotide sequences of the 5' and 3' LTRs of

pRFM//6 DNA are shown in Figures 13 and 14, respectively. As described

previously, each LTR which is formed by the process of reverse

transcription contains three distinct regions in the order of U3-R-U5,

where U3 and U5 represent unique sequences derived from the 3' and 5'

ends of viral RNA, and R designates a relatively short, terminally

redundant sequence present at both ends of viral genomic RNA. Sequence

determination of the LTRs showed that 5' and 3' LTRs were 699 and 700 bp

long, respectively. Furthermore, the two LTRs had identical structures,

except for one base deletion and two base transitions occurring within

the U3 region. As defined by comparison with Moloney murine leukemia

virus LTR (10,12,34) the sizes of the U3, R and U5 regions were

determined to be 554 (555), 69 and 76 bp, respectively. Two transcrip-

tional regulatory signals common to eukaryotic regulatory elements were

identified in the U3 region; the presumed initial recognition site for

RNA polymerase II, CCAAC or the "CAT" box, and the presumed binding site

for RNA polymerase II, TATAAAAA or the "TATA" box. The short nucleotide

sequence commonly believed to be the polyadenylation signal, the AATAAA

sequence, was present 47-52 bp downstream from the mRNA cap site.

Sequences of viral origin adjacent to 5' and 3' LTRs

As was shown in Chapter II, the proviral DNA sequence of 18-20 nucleo—

tides immediately 3' to the U5 of the 5' LTR is homologous to the
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Figure 13: Strategy used in the sequencing of the LTRs in pRFM#6.
The LTR was 0.7 kbp long and is represented by the hatched
and blackened [IS] areas in this figure. Two internal LTR
restriction sites used for 5'-end labeling and sequencing
are indicated. Thin and bold arrows show the direction of

sequencing in 5' and 3' LTRs respectively. Broken lines
indicate that sequencing was started or terminated outside
the LTR.
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Figure 14: Nucleotide sequences of the 5' and 3' LTRs and adjacent
cellular and viral junctions in pRFM#6. For sequencing
purposes, a 0.9 kbp BgAII fragment, containing the intact
5'-LTR (Figure 11) and a 1.9 kbp BgAII fragment, containing
the intact 3'-LTR (Figure 12) were subcloned into the
sequencing vector pUC9 (126). Sequencing was performed by
the chemical cleavage method of Maxam and Gilbert (127) (for
sequencing strategy see Figure 13). The proviral sequences
shown are those of the positive strand, i.e. corresponding
to retroviral genomic RNA. Sequences of structural or
regulatory significance are boxed. Abbreviations: TATA
and "CAT", RNA polymerase II consensus sequences; pA,
polyadenylation signal; PBS, primer binding site for (-)
strand synthesis; PU, primer site for (+) strand synthesis;
IR, inverted repeat; DR, direct repeat. The U3/R junction
corresponds to the cap site for the 5' end and R/U5 junction
corresponds to the polyadenylation site or the 3 end of the
viral genomic RNA. -, absence of a nucleotide.
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5'-LTR

3' -LTR TCCAGAAAGAGGGG

IR

fGAAAGACCCC ̂ CCATCACGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGA 80

ATGAAAGACCCC ̂ CCATCAGGCTTAGCAAGCTAGCTGCAGTAACGCCAnTTGCAAGGCATGA

PU

5'-LTR AAAAGTACCAGAGCTGAGTTCTCAAAAGTTACAAGAAAGTTCAGTTAAAGATIAACAGTTAAAGATtAAGGCTGAATAAT 160

3' -LTR AAAAGTACCAGAGCTGAGTTCTCAAAAGTTACAAGAAAGTTCAGTTAAAGATTAACAGTTAAAGATTAAGOTGAATMT

5'-LTR ACTGGGACAGGGGCCAAATAT-CGGTGGTCAAGCACTTGGGCCCCGGCTCAGGGCCAAGAACAGATGGCTCTCAGACGTC 240

3' -LTR ACTGGGACAGGGGCCAAATATACGGTGGTCAAGCACCTAGGCCCCGGCTCAGGGCCAAGAACAGATOTCTCTCAGACGTC

5 '-LTR AGTGTTAGCAGAACTAGCTTCACTGATTIAAAAAAATAGAGGTGCACACTGCTCTGGCCACTCCTTGAACCTGTGTGTCT 320

3' -LTR AGTGTTAGCAGAACTAGCTTCACTGATTTAAAAAAATAGAGGTGCACAGTGCTCTGGCCACTCCTTGAACCTGTGTGTCT

5' -LTR GCCAATGTTCTGACCAAGTGTGTGCCCATTGTTGAACCTTCATTAGACCCTTTCCTCGTACCCCTCCCATACCCATTTCT 400

3' -LTR GCCAATGTTCTGACCAAGTGTGTGCCCATTGTTGAACCTTCATTAGACCCTTTCCTCGTACCCCTCCCATACCCATTTCT

5'-LTR TAAAAATAGACATTGTTTAGAACTAAAAAGTCCCACCTCAGTTTCCCCAAATGACCGAGAAATACCCCAAGCCTTATTCG 480

3' -LTR TAAAAATAGACATTGTTTAGAACTAAAAAGTCCCACCTCAGTTTCCCCAAATGACCGAGAAATACCCCAAGCCTTATTCG

"CAT" "TATA"
5'-LTR AACTAA ICAAC OAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCTCCCCAGCCCCAGCCarATAAAAtfMGTAAAAA 560

3 • -LTR AACTAA|CCAAqCAGCTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCTCCCCAGCCCCAGCcdrATAAAA4CGGTAAAAA

U3 I R Cap site

CTCCACACTCGGCCCGCCAGTCCTCCGATAGACTGCGTCCCCCGGGTACCCGTGTTCCC ^ATAAA SCCTCTTGCTGTTTG 640

CTCCACACTCGGCGCGCCAGTCCTCCGATAGACTGCGTCGCCCGGGTACCCGTGTTCCCI^TAAA 3CCTCTTGCTGTTTG

R US U5

IR

5'-LTR CATCCGAATCGTGGTCTCGCTGGTCCTTGAGAGGGTCTCCTCAGATTGATTGACTACCCACGTCCtGGGTCTTTCATT TG 720

3' -LTR CATCCGAATCGTGGTCTCGCTGGTCGTTGAGAGGGTCTCCTCAGATTGATTGACTACCCACGTC(i;GGGTCTTTCA(CCAAl
OR

PBS

5 • -LTR GAGGTTCCACCGAGATTTG

Figure 14
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binding site of a tRNA primer molecule. Nucleotide sequence analysis of

pRFM//6 at this region showed the primary structure TGGAGGTTCCACCGAGAT

(Figure 14) which is a perfect complementary sequence match to the

3' terminal 18 nucleotides of a glutamine tRNA isoacceptor. This

provirus, therefore, is similar to other MuLV-related proviral DNAs in

possessing a glutamine tRNA primer binding site for initiation of

reverse transcription.

The purine-rich sequence (PU), 12-14 nucleotides long and located

immediately 5' to the U3 region of the 3' LTR, is the putative initia

tion site for plus (+) strand DNA synthesis (13,110,111). A stretch

of 13 nucleotides; AGAAAGAGGGGGG was present at this region in pRFM#6

(Figure 14) which showed considerable homology to corresponding regions

of AKV and RFV, the endogenous ecotropic retroviruses of AKR and RFM/Un

mice, respectively (112,130). From this observation it was concluded

that in contrast to a distinctly different primer binding site for minus

strand DNA synthesis, the primer site for plus strand DNA synthesis in

MuLV-related proviral genomes is not unique but rather is closely

related to that of other type C mammalian retroviruses (40).

Sequences of cellular origin adjacent to 5' and 3' LTRs (cell-provirus

.junctions)

From nucleotide sequence analyses of proviral integration sites, it is

now well established that integration of exogenous retroviral DNA into

the host genome results in the same DNA structural features as those

associated with prokaryotic and eukaryotic transposable gene elements

(10,34,35). In both, the nucleotide sequence at each host DNA-insert
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junction consists of an inverted repeat at the terminus of the inserted

DNA and a short direct repeat in the host DNA flanking the insert. As a

result of integration, two dinucleotides, usually AA/TT present at the

termini prior to integration are lost by some unknown mechanism. When

pRFM#6 DNA was examined at the cell-provirus junctions, similar

structural features were revealed (Figure 14). The proviral genome was

bounded by inverted repeats (IR) of 11 nucleotides; TGAAAGACCCC at the

5' end and GGGGTCTTTCA at the 3' end. When compared with the canonical

AATGAAAGACCCC/GGGGTCTTTCATT inverted repeats present in all character

ized unintegrated linear DNA intermediates of murine leukemia viruses

(40), loss of the dinucleotides AA/TT at both termini could be detected.

Furthermore, each inverted repeat at the terminus of pRFM//6 provirus was

linked to a short direct repeat of the four nucleotides, CCAA, of

cellular origin. It was, therefore, concluded that the proviral genome

of pRFM#6 was most likely generated by an integration mechanism similar

to that of exogenous murine leukemia proviruses. Nucleotide sequence

analyses of cellular flanking sequences adjacent to the 5' LTR in ALIO

(106) and pRFM//16 (not shown) revealed 4 bp sequences of CCAC and AGGT,

respectively. Comparison of these sequences with that of pRFM#6 (i.e.

CCAA) clearly demonstrated that integration of these proviral genomes

into the host cell DNA was not site-specific. The autoradiograms of

sequencing gels showing cell-provirus junctions of pRFM#6 are presented

in Figure 15.
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Figure 15; The autoradiograms of sequencing gels showing cell-provirus
junctions of pRFM//6. In both autoradiograms, the nucleotide
sequence of the (+) sense strand is shown. The 5' to 3'
direction of each sequence is indicated. DR = direct
repeat, IR = inverted repeat.
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Comparison of LTR structures In pRFM#6 provlrus and RFV, the endogenous

ecotropic MuLV of the RFM/Un mouse

It was of interest to determine the structural relationship between the

LTRs of pRFM//6 provirus and RFV, the infectious ecotropic murine

leukemia virus induced from the RFM/Un mouse cell cultures by

halogenated pyrimidines (130). As is shown in Figure 16, both LTRs are

bounded by identical inverted repeats, i.e. TGAAAGACCCC/GGGGTCTTTCA.

Furthermore, in both, the same "TATA" box sequence, TATAAAAA, was

present 23-30 nucleotides upstream from the mRNA cap site. The

polyadenylation signals were also identical and were found 18—23

nucleotides upstream from the R/U5 junction. The "CAT" box of pRFM#6

LTR, while showing one base difference (i.e. CCAA^ vs. CCAAT), was 6

nucleotides further upstream from the cap site than that of RFV because

of a CAGCCC duplication on the 5' side of the TATA box — a feature

also found in LTRs of some other MuLV-related proviral clones (106,108).

In general, greater than 90% sequence homology was observed in the U5

and R regions, whereas the U3 region was distinctly different in these

two proviral genomes. The presence of a unique 170 to 200 bp internal

sequence segment [IS] in the mid-U3 region of pRFM//6 LTR made this LTR

correspondingly larger than that of the RFV provirus. As a result, the

total length of the pRFM#6 proviral genome (=9.3 kbp) is somewhat larger

than the proviruses of known infectious retroviruses (123). In addition

to the presence of this novel sequence segment, the remainder of the U3

region in pRFM//6 also showed considerably less homology to the

corresponding sequences of RFV provirus LTR than its U5 and R regions.
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Figure 16: Comparison of the LTR structures and primer binding sites
for (-) strand DNA synthesis in pRFM#6 and REV proviruses.
The nucleotide sequence of the REV provirus is matched to
pREM//6 at homologous regions, therefore showing insertions
or deletions. The novel ==170 bp sequence segment in the U3
region is underlined. Abbreviations are as described in the
legend of Figure 14.
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«6

RFV

U3

IR
TGAAAGACCCckcCATCAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGA G 80

TG^GACCCCrTCATAAGGCTTAGCCAGCTAACTGCAGTAACGCCATCTTGCAAGGCATGGGAAAATACCAGAGCTGATG 81

#6 TTCTCAAAAGTTACAAGAAAGTTCAGTTAAAGATTAACAGTTAAAGATTAAGGCTGAATAATACTGGGACAGGGGCCAAA 160

RFV TTcicAGM AAACAAGAACAAGGAAGTACAGAGAGGCTGG AAAG TACCGGGACTAGGGCCAAA 144

»b TATCGGTGGTCAAGCACTTGGGCCCCGGCTCAGGGCCAAGAACAGATGGCTCTC 214

RFV CACGATATCTGIGGTCAAGCACTAGGGCCCCGGCGCAGGGACCAGAACAGATGGTTCCCAGAAATAGCTAAAACAAAAAC 224

#6 AGACGTCAGTGTTAGCAGAACTAGCTTCACTGATTTAAAAAAATAGAGGTGCACAGTGCTCTGGCCACTCCTTGAACCTG 294

lib TGTGTCTGCCAATGTTCTGACCAAGTGTGTGCCCATTGTTGAACCTTCATTAGACCCTTTCCTCGTACCCCTCCCATACC 374

Itb CATTTCTTAAAAATAGACATTGTTTAGAACTAAAAAGTCCC ACCTC AGTTTCCCCAA 431

RFV AGTTTCAAGAGACCCAGAAACTGTCTCAAGGTTCCCCAG 263
I  t I »

,  , , "CAT"
#6 ATGACGGAGAAA TACCCCAAGCCTTATTGGAACTAJJCCAACtAGGTCGCTTCTCGCTTCTGTAACCGCGCTTTTTGCTC 510

RFV ATGGCCGGGGATCAACCCCAAGCCTCATTTAAACTAA :CAA1 CAGCTCGCTTCTCGCTTCTGTACCCGCGCTTATTGCTG 343
t  »

"TATA" ,"'r .
#6 CCCAGCCCCAGCCqrATAAAAAfcGGTAAAAACTCCACACTGGGCGCGCCAGTCCTCCGATAGACTGCGTCGCCGGGGTAC 590

RFV CC GAGCTC FATAAAAAIGGTAAAAACCCCAGACTCGGCGCGCCAGTCCTCCGATAGACTGAGTCGCCCGGGTAC 417
t  ' I f I » •

R I U5
pA ^

(b CCGTGTTCCC^TAAAtCCTCTTGCTGTTTGCATCCGAATCGTGGTCTCGCTGGTCCTTGAGAGGGTCTCCTCAGATTGA 670

RFV CGGTGTATCC AATAAA 3CCTTTTGCTG TTGCATGCGAATGGTGGTCTCGCTGATCCTTGGGAGGGTCTCCTCAGAGTGA 496
t  I

U5

IR

i»6 TTGACTACCCACGTCC SGGGTCTTTCATI rGGAGGTTCCACCGAGAT fTG

RFV TTGACTCCCCAGCTTC GGGGTCTTTCATIrGGGGGCTCGTCCGGGATirTG

PBS

720

546

Figure 16
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Endonuclease gene structure of pRFM^6

During the replication cycle of marine leukemia viruses, the uninte-

grated linear duplex DNA is converted into a covalently closed circular

DNA duplex before it integrates into the host genomic DNA. Recent

studies with mutant MuLVs have shown that the 3' portion of the pol gene

encodes a polypeptide of ==46 KD with an endonuclease activity which is

presumably required for integration of the circular proviral DNA

(64,65,141). This activity has been purified from Moloney MuLV

(Y. Yoshinaka et al., unpublished data). Since infectivity of the

endogenous marine leukemia proviruses apparently depends on a, functional

endonuclease, the 3' region of the pol gene in pRFM//6 was sequenced and

the predicted amino acid sequence compared with the corresponding region

of AKV (112). For sequencing purposes, a 1.5 kbp Smal/Smal restriction

fragment of pRFM//6 (Figure 9, map positions 5.1 to 6.6 kbp) that

includes the 3' portion of the pol gene and the 5' portion of the env

gene was subcloned into the pUC9 vector. The entire fragment was then

sequenced by the method described by Maxam and Gilbert (127) after

cleavage into smaller overlapping pieces and labeling. The sequencing

strategy is shown in Figure 17. Nucleotide sequences of the endo

nuclease genes in AKV and pRFM//6 with the predicted polypeptide

structures are shown in Figure 18. For sequencing analysis, the

numbering system of Herr (112) was adopted. The 5' Smal site of the

cloned 1.5 kbp fragment corresponded to nucleotides 4579-4584 in AKV.

The position of the NH2-terminal amino acid (i.e. lie) in both poly-

peptides was deduced from the unpublished sequence data of Y. Yoshinaka

et al. on Moloney MuLV endonuclease. This amino acid is encoded by an
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Figure 17: Strategy used in sequencing of 1.5 kbp Smal/Smal restriction
fragment of pRFM//6 (Figure 9, map positions 5.1 to 6.6 kbp)
that includes the 3' portion of the pol gene (the endo-
nuclease) and the 5' portion of the env gene. The internal
restriction sites used for 5'-end labeling and sequencing
are shown. Broken lines indicate that sequencing was
started from outside this fragment, that is, in the cloning
vector, pUC9.
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Figure 18: Comparison of nucleotide and predicted amino acid sequences
of the corresponding 3' portion of pol genes in pRFM//6 and
AKV. For sequencing purposes, a 1.5 kbp Smal/Smal
restriction fragment of pRFM#6 (Figure 9, map positions
5.1-6.6 kbp) that includes the 3' portion of pol gene
(endonuclease) and the 5' portion of env gene was subcloned
into sequencing vector pUC9. Using the chemical cleavage
method of Maxam and Gilbert (127), the entire piece was
sequenced after cleavage into smaller overlapping fragments
and 5'-end labeling (for sequencing strategy see Figure 17).
Only nucleotide sequences of the endonuclease genes are
shown here. The numbering system of Herr (112) for the AKV
sequence was adopted. With the elucidated pRFM//6 sequences
as the reference, dots (.) and asterisks (*), respectively,
represent identical nucleotide bases and identical predicted
amino acid residues found in AKV sequences, (ooo) =
termination codon.
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5'
r* Endonuclease

•  t t t I t I t

l>6 nuc : 'ATAGAGACCTCAACCCCGTACACTCCAGACTTCTTCCATTATACTGAGACAGATATAAAGAACCTACAAGAGTTGGGAGCC 4706
a.a.: IleGluThrSerThrProTyrThrProAspPhePheHlsTyrThrGluThrAspIleLysAsnLeuGlnGluLeuGlyAla

AKV nuc : GAT A. .T. .G. .T.C. .AT A C A. .GAG C.T..G... 4706

a.a. : * * Asp * * * * * * AlaTyr * * * * * * * Leu * Lys * Arg * * * *

'  • 1 I t t I I

116 nuc : ACATATGATAGAGAGTiAAAAATATTGGGTCCTGCAAGGTAAACCTGTGATGCCTGACCAGTTCACCTTTGAATTATTAGAC 4787
a.a.: ThrTyrAspArgGluLysLysTyrTrpValLeuGlnGlyLysProValMetProAspGlnPheThrPheGluLeuLeuAsp

AK\' nuc : . .C. . .A.CCAGAGC.. .GG. . .C T.C C..G..G C A..TGTA C.G 4787

a.a.: * * * GlnSer * Gly * * * Phe * * * * * * * * * * Val * * * * *

*  • t t t t t •

06 nuc : TTCCTTCACCAGCTCACCCACCTTAGCTATCAGAAGATGAGGGCACTTCTAGACAGGAAAGAAAGCCCCTATTACATGCTA A868
a.a.: PheLeuHlsGlnLeuThrHisLeuSerTyrGlnLysMetArgAlaLeuLeuAspArgLysGluSerProTyrTyrMetLeu

AKV nuc : .CA..C....G CG....C A....AA C..T AGG C 4868

a.a.: Ser * * Arg * * * * Gly * * * * Lys * * * * * ciy * * * * * * *

•  • » I I I f I

lie nuc : AATAAAGATAAGATCCTCCACGAGGTGGCGGAATCATGCCAAGCCTGTGTCCAAGTAAATGCCAGTAAGACTAAGATCAGG 4949
a.a.: AsnLysAspLysIleLeuHisGluValAlaGluSerCysGlnAlaCysValGlnValAsnAlaSerLysThrLysIleArg

AKV nuc : . .CCCC. .C. .A.C AT.T A. .T. .C.. .ACG.T C C. .AG A...G.. 4949
a.a.: * Arg * * Thr * GlnTyr * * Asp * * ThrVal * Ala * * * * * * Ala * * Gly

»  • I I I f I »

#6 nuc : GCCGGAACACGAGTAAGAGGACATCGACTAGGCACCCATTGGGAAATTGACTTTACTGAAGTGAAGCCCGGACTGTATGGG 5030
a.a.: AlaGlyThrArgValArgGlyHlsArgLeuGlyThrHlsTrpGluIleAspPheThrGluValLysProGlyLeuTyrGly

AKV nuc : ..A. ..GTGA C G.C....T G..C..T A C A..G 5030
a.a.: * * Val * * * * * * pro * Ser * * * * * * * * * * * * * * *

t  I I I I t t f

P6 nuc : TACAAGTATCTCTTGGTATTCGTGGACACGTTCTCTGGCTGGGTTGAAGCCTTCCCAACCAAACATGAGACTGCCAAAATA 5111
a.a.: TyrLysTyrLeuLeuValPheValAspThrPheSerGlyTrpValGluAlaPheProThrLysHisGluThrAlaLyslle

AKV nuc : C...C C T G T GAGA. .A. .A. .A.G.G.C 5111

a.a.: * * * * * * * * * * * * * * * * * * * * * ̂j-g * * * ArgVal

»  » I t I I I I

te nuc : GTGACCAAGAAACTTCTGGAAGAAATATTTCCAAGGTTTGGAATGCCCCAAGTGTTGGGGACTGATAATGGGCCTGCCTTC 5192
a.a.: ValThrLysLysLeuLeuGluGluIlePheProArgPheGlyMetProGlnValLeuGlyThrAspAsnGlyProAlaPhe

AKV nuc : .. .T T.G C..G..A..C A..G..A AT C 5192

a.a.: * Ser * * * * * * * * * * * * * * * * * * Ser * * * * * *

#6 nuc : GTCTCCCAAGTAAGTCAGTCGGTGGCCAAGCTACTGGGGATTGATTGGAAACTACATTGTGCTTACAGACCCCAGAGTTCA 5273
a.a.: ValSerGlnValSerGlnSerValAlaLysLeuLeuGlylleAspTrpLysLeuHlsCysAlaTyrArgProGlnSerSer

AKV nuc : AC G G.TT C T T 5273

a.a.: Thr * * * * * * * * Asp * * * * * * * * * * * * * * * * *

Figure 18
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nuc : GGTCAGGTAGAAAGAATGAATAGGACAATCAAGGAGACTTTGACCAAATTAACGCTTGCAACTGGCACTAGAGACTGGGTA 5354
a.a.: GlyGlnValGluArgMetAsnArgThrlleLysGluThrLeuThrLysLeuThrLeuAlaThrGlyThrArgAspTrpVal

AIG.' nuc : A..C C.A..T G 5354
a.a.: * * * * * * * * * * * * * * * * * * * * * * * * * *

116 nuc : CTCCTACTTCCCTTAGCCCTCTACCGAGCCCGCAACACTCCGGGCCCCCATGGACTCACTCCGTATGAAATCCTGTATGGG 5435
a.a.: LeuLeuLeuProLeuAlaLeuTyrArgAlaArgAsnThrProGlyProHlsGlyLeuThrProTyrGluIleLeuTyrGly

AKV nuc T..T G G T....C... 5435
a.a.: * * * * * * * * * * * * * * * * * * * * * * * *  * * *

#6 nuc : GCGCCCCCGCCCCTTGTTAATTTCCATGATCCTGAAATGTCAAAGTTTACrAATAGCCCCTCTCTCCAAGCTCACTTACAG 5516
a.a.: AlaProProProLeuValAsnPheHlsAspProGluMetSerLysPheThrAsnSerProSerLeuGlnAlaHlsLeuGln

AKV nuc : c C..C..C G.A. .A A 5516
a.a.: * * * * * * * * * * * Asp* * GluLeu * * * * * * * * * * *

#6 nuc : GCCCTCCAAGCAGTACAACGAGAGGTCTGGAAGCCACTGGCCGCTGCCTATCAGGACCAGCTGGACCAGCCAGTGATACCA 5597
a.a.: AlaLeuGlnAlaValGlnArgGluValTrpLysProLeuAlaAlaAlaTyrGlnAspGlnLeuAspGlnProValllePro

AKV nuc : A.G..G..G AA.T A AG C.G A..A A 5597
a.a.: * * * Thr * * * * He * * * * * gIu * * Arg * * * * * * * * *

*  t t t I I , ,
//6 nuc : CACCCCTTCCGTGTCGGCGACACCGTGTGGGTACGCCGGCACCAGACTAAGAACTTGGAACCTCGCTGGAAAGGACCCTAC 5678

a.a.: HisProPheArgValGlyAspThrValTrpValArgArgHlsGlnThrLysAsnLeuGluProArgTrpLysGlyProTyr
AKV nuc : GA.T..A...T G C..A A G 5678

a.a.: * * * * He * * Ser * * * * * * * * * * * * * * * * * * *

«6 nuc : ACCGTCCTGCTGACCACCCCCACCGCTCTCAAAGTAGACGGCATCGCTGCGTGGATCCACGCCGCTCACGIAAAAGCGGCG 5759
a.a.: ThrValLeuLeuThrThrProThrAlaLeuLysValAspGlylleAlaAlaTrpXleHisAlaAlaHlsValLysAlaAla

AKV nuc : A G T A A C C..G..A... 5759
a.a.: * * * * * * * * * * * * * * * ser * * * * * * * * * * *

*  * t •#6 nuc : ACAACCCCTCCGGCCGGAACAGCATCAGGACCGACATAG 5793
a.a.: ThrThrProProAlaGlyThrAlaSerGlyProThr...

AKV nuc : ..C..G..C...ATAAA.C..I...GGA..GTACA.CGCTCTCAAAACCCTTTAAAAATCAGGTTAACCCGTGGGGCCCCC 5840
a.a.: * * * * IleLysProSerTrpArgValGlnArgSerGlnAspProLeuLysIleArgLeuThrArgGlyAlaPro

AKV nuc : TAA 5843
a.a.: ...

Figure 18 (Continued)
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ATA codon which starts at nucleotide 4626 in AKV. As shown in Figure 18

the open reading frame of the endonuclease gene in pRFM#6 is 1170

nucleotides long (390 amino acids) and terminated by an amber (TAG)

codon whereas that of AKV is 1215 nucleotides long (405 amino acids)

and terminated by an ochre (TAA) termination codon. As a result, the

deduced polypeptide sequence for pRFM#6 endonuclease is 15 amino acids

shorter than that of AKV. Except for these additional amino acids,

which were all present at the carboxy-terminal of the AKV endonuclease,

the remainder of the two polypeptides were 86% homologous. The two

endonuclease genes were 80% homologous with respect to their nucleotide

sequences.

Characterization of the env gene - predicted host-range for pRFM//6

provirus

It was described in Chapter I that various host-range type specificities

of murine leukemia viruses (i.e. ecotropic, xenotropic, amphotropic and

MCF types) are primarily determined by a 70,000 Dalton envelope

glycoprotein referred to as gp70. In particular, amino acids present at

the N—terminal region of gp70 seem to differ most significantly in

different host-range types of MuLVs (137,138). Characterization of the

env gene of pRFM//6 provirus was carried out by DNA gel blot analysis as

well as by nucleotide sequence analysis of the 5'-env gene. The

non—ecotropic type nature of pRFM(/6 provirus was evident by its lack of

hybridization to an ecotropic-specific env probe both in the initial

phage plaque screening and in the DNA gel blot analysis of this

recombinant clone (data not shown). When two other molecular probes.
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one specific for MCF and the other specific for xenotropic MuLVs were

used, significant hybridization was observed with the MCF (Figure 19)

but not with the xenotropic-specific probe (data not shown). This

indicated that the pRFM//6 provirus is more related to MCF type viruses

than to eco- or xenotropic MuLVs.

Nucleotide sequence analysis of the 5' env gene further substan

tiated the data obtained by gel blot analyses. The 5' env gene of

pRFM//6 provirus is located between the BamHI site at 6.25 and Smal site

at 6.7 kbp map positions (Figure 9). This short region of =0.45 kbp

was contained at the 3' end of the same 1.5 kbp Smal/Smal fragment used

previously for endonuclease gene sequencing (see Figure 17 for sequenc

ing strategy). The nucleotide sequence data presented in Figure 20 show

that the 5' env gene of the pRFM//6 provirus was more related to the

corresponding region of AKR MCF247 (137) than to NFS/N xenotropic (137)

or NZBg-i xenotropic MuLVs (138). In the particular 100-nucleotide

sequence segment bounded by BstNI and Xmal sites, where MCF and

xenotropic viruses apparently differed the most (in fact, xeno- and

MCF-specific probes were synthesized from this segment), the pRFM//6

provirus was identical to the AKR MCF247 virus with the exception of a

G to A base transition and hence the absence of BstNI site. Within the

same segment, the pRFM(/6 provirus differed from the xenotropic NFS/N

endogenous virus by as many as 21 nucleotides, in addition to a

conspicuous 12-nucleotide sequence deletion/addition. With respect to

polypeptide sequences at the N-terminal region of gp70, the predicted

sequence of the pRFM#6 provirus differed from the AKR MCF247 virus by

only one amino acid (Gin in place of Arg) whereas it differed from the
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Figure 19; a): Hybridization of a MCF-specific probe, to the env gene
of pRFM//6. A 0.5 pg sample of the cloned DNA was double-
digested with Hindlll and another restriction enzyme shown
on the top of each lane. DNA fragments were separated in 1%
agarose gel and transferred to nitrocellulose filter
membrane. The MCF-specific probe was prepared from a 100 bp
BstNl/Xmal env fragment isolated from the AKR MCF247
provirus (137). MW markers are shown on the left side of
the figure, b): Control experiment showing tropism-
specificity of the MCF probe used in (a). Molecular clones
tested were those of the ecotropic AKV 623, amphotropic
4070, AKR MCF247 and NZBg.j xenotropic proviruses with bands
at 12.0, 8.2, 6.7 and 8.2 kbp respectively. Strong
hybridization was observed only with the AKR MCF247 env
gene. Experimental conditions were as in (a).
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Figure 20; Comparison of nucleotide and predicted amino acid sequences
of the corresponding 5' portion of env genes in pRFM//6, AKR
MCF247 MuLV and NFS xenotropic MuLV. This portion of the
env gene is located at 3' end between BamHI site at 6.25 and
Smal site at 6.7 kbp (Figure 9) of the 1.5 kbp Smal/Smal
fragment described in the legend of Figure 18 (for sequenc
ing strategy see Figure 17). With the elucidated pRFM//6
sequences as the reference, dots (.) and asterisks (*)
represent identical nucleotide bases and identical predicted
amino acid residues found in AKR MCF247 and NFS xenotropic
MuLV sequences. The underlined sequence in pRFM#6 indicates
the region where most marked similarity to, or differences
from, the two MuLV types was noted.



#6

90

5*

r'"' , . 30 , , 60
nuc : ATAGAAGGTCCAGCGTTCTCAAAACCCCTTAAAGATAAGATTAACCCGTGGGGCCCCCTAATA
a.a. : IleGluGlyProAlaPheSerLysProLeuLysAspLysIleAsnProTrpGlyProLeuIle

MCF247 nuc

a.a. : Met * * * * * * * * * * * * * * * * * * * *

XEHO nuc

a.a. Met * * Ser * * * * * * * * * * * * * * * * *

#6

MCF247

XENO

nuc

a.a.

nuc

a.a.

nuc

a.a.

.  . 90 r®?^° , 120
GTCCTAGGGATCTTAATAAGGGCAGGAGTATCAGTACAACATGACAGCCCTCATCAGGTCTTC
ValLeuGlylleLeuIleArgAlaGlyValSerValGlnHlsAspSerProHlsGlnValPhe

G..A G
* * * * * * * * * * * * * * * * * * * *

..TA,G GG.G CC..G G C...A
* Met * * * Val * * * Ala * * * Arg * * * * * He *

#6

MCF247

nuc

a.a.

nuc

d • A •

I  I 150 , , 180
AATGTTACTTGGAGAGTTACCAACTTAATGACAGGACAAACAGCTAATGCTACCTCCCTCCTA
AsnValThrTrpArgValThrAsnLeuMetThrGlyGlnThrAlaAsnAlaThrSerLeuLeu

BstN^

XENO nuc

a.a*

.C..C G
* * * * * *

#6

MCF247

nuc

a.a.

nuc

a • a •

.  , 210 , , 240
GGGACAATGACCGATGCCTTTCCTAAACTGTACTTTGACTTGTGCGATTTAATAGGGGACGAC
GlyThrMetThrAspAlaPheProLysLeuTyrPheAspLeuCysAspLeuIleGlyAspAsp

* * * * * * * * * * * * * * * * * * * * *

XENO nuc

a.a.

.A..OA C. .A..T. .C....T G....A...T.

#6

MCF247

nuc

a.a.

nuc

a.a.

270

TGGGATGAG

TrpAspGlu

300

ACTGGACTCGGGTGTCGCACTCCCGGG

ThrGlyLeuGlyCysArgThrProGly

Xmal

3'

XENO nuc

a.a.

CCCAGAACCCGAT.T...GGAT..T..0.

*  * AspProGluProAspIle * Asp * *

Figure 20
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NFS/N xenotropic MuLV by 12 residues. All these data clearly demon

strated the MCF-type nature of the env gene in the pRFM#6 provirus.

Strain distribution of the pRFM/^6 provirus

The cellular DNA site harboring the pRFM#6 provirus in RFM/Un mice was

examined in several other inbred strains of mouse for the presence or

absence of the provirus. Genomic DNAs from these strains were digested

to completion with Hindlll restriction enzyme and DNA fragments were

separated on agarose gel and transferred to filter membranes as

described previously. Using a 3'-cellular flanking sequence from pRFM//6

cloned DNA as the molecular probe, the following strains were shown to

harbor the provirus at the same genomic site; BALB/c, AKR, C3H and CBA

(Figure 21). The proviral DNA genomes in these strains apparently had

not incurred any detectable alterations in their structures as all

hybridizing bands comigrated with the 12.4 kbp band detected in the

RFM/Un mouse genomic DNA. At least three strains, BALB/c, C3H and CBA,

are derived from the same origin, i.e. Bagg albino (142,143). The RFM

mouse may also be related to this lineage since the RFM/Un strain

apparently shares a common ecotropic virus inducible locus on chromosome

5 with the strains described above. The hybridizing bands detected in

the genomic DNAs of C57BL/6 and NFS/N strains did not comigrate with the

12.4 kbp band of the RFM/Un mouse genomic DNA but rather appeared in

lower MW regions. This indicates the absence of the proviral genome at

this site in these two inbred strains. The lack of the proviral genome

could be either due to the fact that this provirus never appeared in the

genomes of these strains, or a previously integrated provirus came out
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Figure 21: Detection of the endogenous MuLV-related proviral genome of
pRFM//6 in various inbred mice. A 5-10 pg sample of genomic
DNA was digested to completion with Hindlll and analyzed by
horizontal agarose gel electrophoresis using 0.7% gels. The
molecular probe used had a specific activity of =3 x 10®
cpm/pg DNA and was prepared by nick-translation of a unique
1.2 kbp EcoRl/Hindlll restriction fragment (Figure 9, map
positions 11.2-12.4 kbp) present in the 3'-cellular flanking
sequence of pRFM//6 provirus. Different inbred strains
examined are shown on the top of each lane. A Hindlll
digested pRFM//6 clone DNA sample was also run as a control.
The autoradiogram was exposed for 48 hrs at -80°C with an
intensifying screen.
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of the genome as a result of a homologous recombination between the two

LTRs. In the former case, where no trace of the provirus should be

present in the mouse genome, the cellular flanking sequence probe

(described above) should be able to detect a band of -3.2 kbp (i.e. the

size of the 5'+3' cellular sequences in pRFM#6) whereas in the latter

case, where a single LTR always remains in the genome after homologous

recombination, a band of -3.9 kbp [i.e. 3.2 kbp (cellular) + 0.7 kbp

(LTR)] is expected. The gel blot of Figure 22 clearly shows that the

cellular DNA probe detected a band of =3.2 kbp rather than 3.9 kbp.

This proved that the proviral genome never appeared at this particular

site in the genomes of NFS/N and C57BL/6 mice. This conclusion is also

consistent with the fact that neither strain originated from Bagg

albino, the common progenitor of most of the strains harboring the

provirus (142,143). The strongly hybridizing band of 3.9 kbp shown in

the Figure (lane 6), was isolated from the rec"*" RRI strain of coli

cells in which the pRFM#6 plasmid was highly unstable and underwent a

homologous recombination between the two LTRs giving rise to the above

fragment. This fragment was therefore used as a control 3.9 kbp size

marker.

DISCUSSION

Based on the restriction enzjnne map analysis, it was concluded that the

MuLV—related proviral DNA sequence of pRFMy/b is a complete genome and

apparently without any detectable structural deletion(8). Despite the

ubiquity of endogenous MuLV-related proviral sequences in the chromo

somal DNA of laboratory mice, isolation of these sequences in intact



95

Figure 22: Gel blot demonstrating the absence of pRFM#6 LTR in the
genomic DNAs of C37BL/6 and NFS/N mice. The following
samples were used, pRFM#6 clone DNA (lane 1), C57BL/6
genomic DNA (lane 2), AKR genomic DNA (lane 3), NFS/N
genomic DNA (lanes 4 and 5). All DNA samples were digested
to completion with Hindlll enzyme (the NFS/N genomic DNA in
lane 5 was double-digested with Hindlll/BamHI). The strong
band seen in lane 6 represents a 3.9 kbp fragment isolated
from rec"*" RRI coli cells in which pRFM#6 plasmid
underwent a homologous recombination between the two LTRs
giving rise to above fragment. A dark band seen at =8 kbp
in NFS/N digests occurred in the space between lanes 4 and 5
and therefore may be considered as an artifact. The
molecular probe used and other experimental conditions were
the same as those described in the legend of Figure 21.



2  3 4 5 6

V T^nu
rM.J " ft̂ '>.-^h'-<-5'«r-

w^-"'

tt".

-<v»*

f
f

.Tif:

V~1 ,*Jf|
tli- ■- -V /

W-
\

"^j^-^A.-v

A-^' f«j,

Ml-V^vti'-.V' vl. ^ •■-.- ■ -.T^J



97

form has been hindered in several cases, either by the choice of the

restriction enzymes for molecular cloning or by deletions of various

sizes in the structural genes (91,106,107,144). At least some of these

deletions seem to take place during cloning of the endogenous sequences.

The choice of Hindlll restriction enzyme in this work was based on a

previous observation that some MuLV-related sequences in the chromosomal

DNA do not possess an internal site for this enzyme (106). The

laboratory of L. Bacheler (145) has also reported the isolation of a

complete endogenous MuLV-related proviral genome from the BALB/c mouse.

Although no sequence data are at present available on this provirus for

comparison, the pRFMy/6 provirus is apparently different from it as

evidenced by different restriction enzyme sites present in the cellular

sequences flanking each proviral genome.

Based on nucleotide sequence analyses of various regions of the

proviral genome, it was concluded that with respect to replicative and

integration mechanisms, the pRFM#6 provirus is similar to other

exogenously acquired proviral genomes (111). For example, the presence

of a primer binding site for glutamine tRNA and a poly-purine primer

site, respectively, on the immediate 3' side of the 3' LTR and the

immediate 5' side of the 3' LTR suggests that this proviral genome was

originally synthesized by the reverse transcription mechanism.

Furthermore, the presence of 4 bp direct repeats flanking the LTR

inverted repeats at the termini of this provirus suggests that this

proviral genome was integrated into the germ line of the mouse by an

insertional mechanism known to be characteristic of prokaryotic and

eukaryotic transposable gene elements. These intact structural
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features, as well as the virtually identical 5' and 3' LTR sequences,

suggest that this MuLV-related proviral genome either was acquired

rather recently by the mouse germ line or has been subjected to minimal

mutational changes in the host genome.

The limited structural analysis at the 3' region of the pol gene

(endonuclease) showed 86% homology between the deduced polypeptide

sequences of pRFM//6 and AKV. Unless some mutation(s) somewhere upstream

(in the pol or gag gene) from the endonuclease gene of pRFM#6 cause a

shift in the reading frame, the endonuclease gene of this provirus, if

expressed, seems to utilize the same reading frame as that of AKV.

Whether the observed significant degree of homology between the two

polypeptides predicts a functional endonuclease for pRFM#6 requires

further investigation.

The proviral genome of pRFM#6 contains all the structural features

characteristic of MuLV-related sequences which distinguish them from the

proviruses of ecotropic and xenotropic MuLVs. These included a distinct

primer binding site for glutamine tRNA, presence of a novel insertion

sequence segment [IS] in the LTR, and distinct restriction sites in the

structural genes. One of the most important structural features of

PRFM//6 provirus is its MCF-related env gene (gp70) which is characteris

tically different from the env genes of infectious eco-, xeno-, or

amphotropic murine leukemia viruses. If the parental endogenous env

gene sequences which participate in the recombinational events leading

to the generation of MCF viruses originate from pRFM#6 or similar

MuLV-related genomes, this study should provide strong evidence that

such sequences themselves may be present in a complete proviral
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structure in the mouse genome. It is therefore, a matter of curiosity

that these endogenous sequences may have the potential of producing

certain type of leukemogenic viruses through recombination with other

MuLVs but by themselves cannot "directly" express the infectious viral

particles despite their apparently complete genomic structure. Further

discussion on the role of cellular and viral factors which may influence

the expression from these sequences will be presented in the next

Chapter.



CHAPTER IV

EXPRESSION AND INFECTIVITY OF THE ENDOGENOUS MuLV-RELATED

PROVIRAL DNA SEQUENCES

INTRODUCTION

Although the number of murine leukemia virus related sequences in the

mouse genome is relatively large, the number of genetic loci bearing the

potential of "spontaneous" infectious virus production is small and seen

only in certain mouse strains (e.g. AKR). This observation may indicate

that most of the inherited proviruses are under some kind of cellular

regulation which renders them transcriptionally silent. If this

negative control is exerted by some cellular sequences located in close

proximity to integration sites of proviruses, then one might expect that

the appearance of a provirus at a new integration site away from these

inhibitory sequences (146) should be free from such control. When

susceptible mouse cells are exogenously infected by an ecotropic MuLV,

usually new copies of the provirus appear at various sites in the

cellular genome which leads to the production of infectious virus

particles. Another possible indication of the presence of genetic

control is the induction of retrovirus production following exposure of

the cells to physical (e.g. irradiation) or chemical (e.g. halogenated

pyrimidines) agents which cause damages to cellular DNA (94,95,96,97).

Despite the fact that physical or chemical induction can cause the pro

duction of eco- or xenotropic viruses from otherwise nonproducing cells,

the number of inducible loci still remains very small (1-3 copies/cell)

100
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as compared to the total number of endogenous MuLV-related sequences.

This may indicate that most of the endogenous MuLV-related sequences

contain irreversible structural alterations such as point-mutations or

large deletions in the structural genes which permanently prevent them

from producing viral particles even after cellular induction. Another

important factor which may contribute to the low level expression of

endogenous MuLVs is the methylation state of these sequences. Several

studies have implicated direct involvement of methylation in the

expression of endogenous retroviral sequences (147,148,149). For

instance, Harbers et al. (147), have demonstrated that a provirus of

Moloney MuLV introduced into the mouse germ-line and apparently became

silent as a result of methylation, could become infectious following

molecular cloning which removed the methyl groups.

Although the endogenous MuLV-related DNA sequences of the mouse

apparently cannot give rise to infectious virus particles, several lines

of evidence suggest that these sequences are indeed transcriptionally

active and generate RNA species which are distinctly different from

those transcribed from the infectious inducible loci. Unpublished

results from our laboratory have shown that these transcripts character

istically contain the [IS] element (106) and are expressed in various

mouse organs. The overall level of expression was not the same in

different organs of the NFS/N and the RFM/Un strain mouse. Liver and

kidney of these mice showed the highest level of expression whereas the

spleen contained lower activity. Only trace amounts of these tran

scripts could be detected in the brain, testes and thymus. Recent

studies by Levy et al. (150) have demonstrated normal expression of
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polymorphic endogenous retroviral SNA in strain 129Gj;x+ mice containing

segments identical to mink cell focus-forming (MCF) virus. It was

described in Chapters I and HI that the majority of the endogenous

MuLV-related sequences including our pRFM#6 are of the MCF-type. This

Chapter describes the expression and infectious properties of selected

clones of MuLV-related sequences after transfection into a heterologous

cell line lacking any endogenous MuLV genomes. With this approach, not

only are these studies done in the absence of presumed cellular negative

control but also they bypass the problems of attempting to examine a

specific copy amidst a large family of related sequences.

MATERIALS AND METHODS

Cell lines and recombinant clones

Mouse NIH3T3 and human fibrosarcoma HT 1080 cell lines were originally

obtained from the laboratories of Dr. C. Todaro and Dr. R. M. McAlister,

respectively. Isolation of pRFM//16 and pRFM#6 recombinant clones (both

of which carry two LTRs in their genomes) was described previously.

The recombinant plasmid, pO.28-9.5 obtained from Dr. L. R. Boone

(NIEHS), contains the newly acquired provirus of an ecotropic MuLV

isolated from thymic lymphoma induced in a RFM/Un mouse by 5-azacytidine

treatment (pBR322 was the cloning vector). pSV2-NE0, a recombinant

plasmid carrying the neomycin-resistant gene under control of the SV40

early promoter (151) was obtained from BRL.
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DNA transfectlon and clone selection

DNA transfectlon of the cells with pO.28-9.5 and selected pRFM plasmids

was carried out by D. M. Yang (Oak Ridge National Laboratory) using the

CaCl2 precipitation procedure (152,153). Briefly, these cells were

co-transfected with pSV2-NE0 and one of the recombinant plasmids

described above at a ratio of 1 to 20 and in a final DNA concentration

of 10 pg/ml. 0.3 ml of DNA solution, following calcium chloride

precipitation (final conc. of CaCl2 = 0.125 M) was applied to overnight

cultures of 5 x 10^ cells in 35 mm wells. DNA-containing medium was

removed 15 hrs later and the cells were trypsinized at A8 hrs into 3

100 mm dishes for selection of transfected cell clones. Cellular clone

selection was carried out by addition of neomycin [G418 (Gibco), final

conc. 375 pg/ml] to the culture media of growing cells'. Selected

neomycin-resistant cell colonies were subsequently isolated by ring-

cloning, expanded and at third passages, stored in liquid N2 freezer.

Reverse transcriptase assay

Sixteen hour culture medium of near-confluent 100 mm dishes was used

for assay of particle-associated reverse transcriptase activity. After

removing cell debris by centrifugation at 6000 rpm (15 min) in a Sorvall

type SS-34 rotor, the supernatant was spun at 45,000 rpm (60 min) using

a Ti50 rotor in a Beckman Spinco ultracentrifuge. After removing the

supernatant, the pellet (often not visible) was suspended in 100 X of

lysis buffer (0.05 M Tris-HCl pH 8.0, 0.5 M KCl, 10 mM MgCl2, 0.2%

nonidet P-40, 12% glycerol and 5 mM dithiothreitol). The suspension was

kept on ice for at least 30 minutes with occasional vortexing before use
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in the reverse transcriptase assay. The enzyme reaction mixture

contained the following:

BSA (1.7 mg/ml stock)

[(rA)n-(dT)9] [ICQ lig/ml poly(A)/10 pg/mKdDg]

dithiothreitol (0.1 M stock)

(10 mM MgCl2 + 5 mM MnCl2 stock)

^H-dTTP diluted with unlabeled dTTP to 4 Ci/mmole 10 pi

H2O

enzyme (virus lysate)

Total = 50

The reaction mixture was incubated at 37"C in a water bath for 60 min

utes after which 30 \ of the mixture were applied uniformly onto a

Whatman 3 MM filter paper disk. After air-drying, disks were washed

successively 4 times in cold acid solution (5% glacial acetic acid,

0.7% HCl, 1% sodium pyrophosphate), once in cold 95% ethanol, once in

ethanol/ether (1/1) and finally once in ether (each wash lasted

10-15 minutes). After the final wash, disks were air-dried and placed

in scintillation vials containing 5 ml of 0.4% BBOT and counted in a LKB

liquid scintillation counter.

DNA extraction from monolayer culture cells

The following protocol was used for DNA extraction from monolayer

culture cells of the selected neomycin-resistant cell clones:
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1. Monolayer cells on 100 mm dishes were rinsed once with PBS (without

calcium and magnesium) and once with TE (10 mM Tris—HCl pH 7.6,

1 mM EDTA) buffer.

2. After draining the residual TE buffer, 1.5 ml of Hirt's solution

(10 mM Tris-HCl pH 7.6, 10 mM EDTA, 1% SDS) (kept at 65°C) were

added and the dish was swirled gently. The cells lysed quickly and

became gelatinous.

3. Cell lysates from four dishes were combined and residual extracts

were rinsed with 4 ml of Tjg^lOO^lO solution (10 mM Tris-HCl

pH 7.6, 100 mM NaCl, 10 mM EDTA) and added to combined extracts.

The total extract (=10 ml) was transferred into a 50 ml capped,

sterile polypropylene tube (Falcon).

4. 0.5 ml of self-digested pronase (20 mg/ml stock) (Boehringer-

Mannheim) were added to the cell extract, mixed and incubated at

37°C overnight.

5. 1 ml of 5 M NaCl was added to the pronase-digested cell extract and

mixed briefly at 37"C.

6. After incubation, 12 ml of chloroform/isoamyl alcohol (25/1) were

added and mixed by gentle inversion of the tube (at least lOOx).

7. The mixture was centrifuged at 2,000 rpm (lEC centrifuge, model

PR-6) for 10 minutes. The top aqueous layer was removed and

transferred into another 50 ml sterile Falcon tube.
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8. 25 ml of cold 95% ethanol were layered gently over the aqueous

phase (=10 ml) and DNA fibers formed at the interface were spooled

out using a 1 ml polystyrene pipet.

9. The DNA (wound around the pipet tip) was soaked first in 75% and

then in 95% ethanol for at least 30 minutes and subsequently

transferred into a polypropylene tube (Falcon, 17 x 100 mm).

10. After a brief lyophilization, 2 ml of TiqNioo^IO buffer were added

to the tube and allowed to stand until the DNA fibers loosened

from the pipet tip.

11. 30 X of ribonuclease (5 mg/ml stock) (Boehringer-Mannheim) were

added to the DNA mixture and incubated at 37°C for 1 hr with

occasional shaking.

12. At this point, the pipet tip (free from DNA) was removed from the

tube and 20 X of 10% SDS solution and 20 X of proteinase K (10 mg/

ml stock) (Boehringer-Mannheim) were added and incubated at 37°C

for 1-2 hrs.

13. After incubation, 200 X of 5 M NaCl were added and mixed at 65°C

for a few minutes to clarify the solution.

14. DNA solution was extracted once with 4 ml of phenol/chloroform/

isoamylalcohol (25/25/1) by gentle inversion of the tube and then

centrifuged at 2,000 rpm for 10 minutes as before.
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15. The top aqueous phase (=2 ml) was removed and aliquoted Into four

1.5 ml Eppendorf tubes. The DNA was precipitated by adding 1 ml of

95% cold ethanol and the pellet was washed 2x with 75% ethanol.

After lyophilization, the pellet was suspended in H2O and used for

A26O determination and restriction enzyme digestion as previously

described.

DNA gel blot analyses

Except for the hybridization buffer (50% formamide, 6x SSC, 0.25% nonfat

dry milk; the same buffer was used for prehybridization) other methods

used in restriction enzyme digestion, electrophoresis, transfer, washing

and autoradiography were essentially the same as described in Chapters

II and III.

Molecular probes

Preparation of the LTR and gag gene specific probes were described in

Chapters II and III, respectively. An env gene specific probe was

prepared by nicktranslation of a 1.2 kbp Smal/PstI env fragment

(Figure 4, map positions 5-6.2 kbp) from the pRFM//16 clone.

Total RNA extraction from neomycin-resistant cell cultures

The modified procedure of Chirgwin et al. (154) was used for total RNA

extraction:

1. Approximately 0.5 g of cells were homogenized in 9 ml of guanidine

thiocyanate stock solution [5 M guanidine thiocyanate (Kodak), 1%

sodium-N-lauroyl sarcosine (Sigma), 25 mM sodium citrate pH 7.0,
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0.1 M 2-mercaptoethanol (Sigma)] using a motor-driven homogenizer

with a teflon pestle (5-10 strokes).

2. The homogenate was layered over a 3 ml cushion of 5.7 M CsCl, 0.1 M

EDTA pH 7.4 solution in a cellulose nitrate tube (size; 9/16" dia.

X 3 1/2") and centrifuged at 35,000 rpm for 20 hrs using a Beckman

SW41 rotor (21°C).

3. The supernatant was removed carefully and after complete draining

of the tube, the pellet was suspended in 1 ml of 1 mM EDTA pH 7.4

solution.

4. The suspension was transferred into a sterile polystyrene (17 x

100 mm) (Costar) tube and 71 \ of 3 M sodium acetate pH 5.2

solution and 2.5 ml of cold absolute ethanol were added and the

mixture was kept at -20°C overnight or greater than 4 hrs.

5. After spinning at 8,000 rpm (Sorvall type SS-34 rotor) for 30 min

utes (4*'C), the ethanol was drained off and the pellet was

suspended in 0.5 ml of cold 3 M sodium acetate pH 5.2 solution.

The mixture was allowed to stand on ice for 10 minutes and then

centrifuged as before.

6. After spinning, the supernatant was drawn off and the pellet was

resuspended in 1 ml sterile H2O. This suspension was sedimented

again by adding sodium acetate and ethanol, followed by centrifuga-

tion as before. The RNA pellet from the last centrifugation step

was lyophilized and resuspended in 1 ml of H2O.
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7. The RNA solution was aliquoted in 1.5 ml Eppendorf tubes (0.5 ml

per tube), ethanol precipitated, and then stored at -20°C until

use. Each time before use the pellet was rinsed 2x with 75% cold

ethanol, lyophilized and suspended in a small volume of H2O to

yield concentrations of 20-40 pg RNA/10 X. The total RNA yield

from a 0.5 g cell culture varied from several hundred micrograms to

a few milligrams.

RNA gel blot analysis

The RNA samples used for gel blot analysis were usually prepared by

mixing 10 X of the total RNA (=20-40 pg RNA in H2O) with 30 X of a

sample buffer prepared by mixing 150 X deionized formamide, 54 X

formaldehyde (37%) and 3 X 1 M sodium phosphate pH 6.5. This buffer was

prepared fresh each time. After mixing, the samples were heated at 50°C

for 15 minutes and then 4 X of 10x sample loading buffer (0.25% xylene

cyanol, 0.25% bromophenol blue, 25% ficoll 400) were added. RNA samples

were run in 300 ml formaldehyde-agarose submerged horizontal gels (2.2 M

formaldehyde, 10 mM sodium phosphate pH 6.5, 1.2% agarose) at 100 volts

for 8-10 hrs. The electrophoresis running buffer was 10 mM sodium

phosphate at pH 6.5 and was circulated during the run between the two

buffer compartments. After completion of the electrophoresis, the gels

were soaked in 15x SSC for 15-20 minutes after which RNAs were

transferred to nitrocellulose filters using the same procedure described

earlier for DNA transfer. Methods used in hybridization and washing of

the filter membranes were also the same as described before (Chapters II

and III). The hybridization (and prehybridization) buffer was 50%
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formamide, 6x SSC and 0.25% nonfat dry milk. The autoradiograms were

usually exposed for 7 to 10 days with an intensifying screen at -80°C.

RESULTS

Transient expression of pO.28-9.5 and pRFMy/6 plasmids in cell lines

from heterologous species

To examine transient expression of the recombinant plasmids described

above, the plasmid DNAs were transfected into the following heterologous

cell lines; mink CCL64, normal rat kidney (NRK), Chinese hamster V79,

rat XC and human F160-5 (amniotic cells). 48-72 hrs following the

transfection, the culture media from transfectants were collected and

tested for particle-associated reverse transcriptase activity as

described above. The culture medium of the mouse NIH3T3 cells trans

fected with pO.28-9.5 was also tested as a positive control. The

results of reverse transcriptase assays are shown in Table 2. These

data indicate that none of the transfected heterologous cell lines were

capable of producing viral particles. This experiment, therefore,

showed that neither the endogenous MuLV (pO.28—9.5), nor the endogenous

MuLV-related (pRFM//6) provirus was expressed as viral particles in the

heterologous cells examined. As expected, the ecotropic provirus of

pO.28-9.5 plasmid transfected into the NIH3T3 cells produced viral

particles which were released into the culture medium.
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Table 2: Reverse transcriptase assay of the culture media from various

cell lines transfected with pO.28-9.5 and pRFM#6 plasmids

Cell line
c

cpm

CCL64 pO.28-9.5 167

(mink) pRFM#6 130

(-) control^ 164

F160-5 pO.28-9.5 155

(human) pRFM//6 148

(-) control 161

XC pO.28-9.5 247

(rat) pRFM//6 237

(-) control 222

V79 pO.28-9.5 113

(Chinese hamster) pRFM#6 149

(-) control 144

NRK pO.28-9.5 151

(rat) pRFM//6 161

(-) control 155

NIH3T3 pO.28-9.5" 3451

(mouse) pRFM//6 158

(-) control 159

a)

b)

c)

Calf thymus DNA was substituted for the plasmid in transfection
experiments.

The culture medium from NIH3T3 cells transfected with pO.28-9.5
ecotropic provirus served as a positive control. These cells
continuously release the infectious viral particles into the medium.

Each vial containing 5 ml of 0.4% BBOT was counted for 10 minutes in
a liquid scintillation counter.
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Stable transfectlon of human fibrosarcoma HT 1080 cell line with

pO.28-9.5. pRFM//6 and pRFM//16 recomblnant plasmlds

After transfectlon of the HT 1080 cells with the recomblnant plasmlds

described above, a total of 20 neomycln-reslstant cell colonies were

selected from each transfectlon assay (total = 60 colonies). Genomlc

DMAs from all these transfectants were extracted and subsequently

digested to completion with Hlndlll restriction enzyme. After electro-

phoresls of the DNA fragments on agarose gel and transfer to nitro

cellulose filters. Integration of the supercolled recomblnant plasmlds

Into the recipient cells could be demonstrated after hybridization to a

LTR specific probe. Since human cells did not contain any background

MuLV specific sequences, all detected bands were those of Integrated

plasmlds (Figure 23). Approximately 30% of all transfectants contained

one or more copies of the Integrated plasmlds. The remaining 70%,

represented those cell clones which had picked up the neomycln-reslstant

gene but not any of the other recomblnant plasmld. Figure 23 shows the

analysis of the genomlc DNAs from 20 (out of 60) neomycln-reslstant cell

colonies; 5 colonies transfected with pO.28-9.5, 5 transfected with

pRFM/Zb and 10 colonies transf ected with pRFM#16 plasmld. Of those

clones transfected with pO.28-9.5, only 3 cell clones p[2-5], p[3-l] and

p[2-3] contained a relatively large number of Integrated copies of the

plasmld; the other two clones, p[l—2] and p[2-l] seemed not to harbor

any Integrated copies of the recomblnant plasmld. From 5 pRFM//6 trans—

fectants only two, 6[4-3] and 6[2-2] contained multiple copies of the

Integrated plasmld; colonies 6t3-2] and 6[2-l] apparently did not

contain any Integrated copy whereas 6[3-3] showed a faint band at the
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Figure 23: Gel blot analysis of genomic DNAs isolated from the human HT
1080 transfectants. 10 ^Ig of genomic DNA extracted from
each neoraycin-resistant colony were digested to completion
with Hindlll restriction enzyme and subsequently electro-
phoresed in 0.7% agarose gel. The LTR-specific probe used
for hybridization had a specific activity of =3 x 10® cpm/pg
DNA and the autoradiogram was exposed overnight at -80"C
with intensifying screen. Analysis of the genomic DNAs from
5 colonies transfected with pO.28-9.5; p ( ), 5 trans-
fected with pRFM#6; #6 ( ) and 10 colonies transfected
with pRFM//16; #16 ( ) are shown here.
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high MW region. Out of 10 pRFM/Zlh transfectants, three, 16[2-4],

16[3-4] and 16[2-5] contained multiple bands whereas 16[4-4] had a

single strong band at the high MW region. Three transfectants, 16[4-1],

16[2-6] and 16[l-2] lacked any detectable bands whereas 16[l-6] and

16[2-2] contained only a single faint band. The fact that a relatively

large number of the hybridizing bands seen in pRFM//6 and pRFM/Zlb

transfectants appeared in the regions below 12.4 and 13.6 kbp (the DNA

insert sizes of pRFM//6 and pRFM//16, respectively) indicated that in

these cases, the supercoiled plasmid DNA opened up within the DNA insert

rather than the vector (pBR322) before integration. In the latter case,

Hindlll digestion of the genomic DNAs should generate the expected 12.4

and 13.6 kbp bands if no other deletions or rearrangements of the insert

DNA took place. This apparently led to the generation of some defective

copies of the integrated MuLV-related genomes. The overall results from

the transfection assays indicated random integration of the recombinant

plasmid DNAs into the host genome as was predicted.

Reverse transcriptase assay of the culture media from HT 1080 trans

fectants

To examine whether infectious virus particles were produced from the

integrated recombinant plasmids, the culture media from all 60 HT 1080

transfectants described above were tested for the presence of reverse

transcriptase, an enzymatic activity present in all retroviruses.

Table 3 shows the results of these assays for the 20 transfectants

described in Figure 23 (the remaining transfectants were not noticeably

different in their enzymatic activities from the ones listed here). It
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Table 3: Reverse transcriptase assay of the culture media from human

HT 1080 stable transfectants

HT 1080 clone®
d

cpm

16[l-2] 148

16[l-6] 148

16[2-2] 139

16[2-3] 145

16[2-4] 145

16[2-5] 149

16[2-6] 156

16[3-4] 139

16[4-1] 160

16[4-4] 158

6[2-l] 150

6[2-2] 152

6[3-2] 141

6[3-3] 147

6[4-3] 144

p[l-2] 138

p[2-l] 147

p[2-5] 151

p[3-l] 145

(-) Control'' 142

(+) Control'' 4846

0 )
Only those transfectants described in Figure 23 are shown here.
Enzjnnatic activities of other clones were not significantly different
from the ones listed here.

b)

c)

d)

H2O was substituted for the enzyme in mock assays.

The culture medium from NIH3T3 cells transfected with pO.28-9.5
ecotropic provirus served as (+) control. These cells continuously
release the infectious viral particles into the medium.

Each vial containing 5 ml of 0.4% BBOT was counted for 10 minutes in

a liquid scintillation counter.
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can be observed that the enzymatic activities in the culture media of

these transfectants were not any higher than the background level (H2O

was substituted for the enzyme in mock assays). On the other hand the

medium collected from the cultures of NIH3T3 cells transfected with

pO.28-9.5 plasmid [this transfectant is known to produce infectious

N-tropic ecotropic MuLV and thus served as a positive control] contained

significant amounts of reverse transcriptase activity. These results

clearly showed that neither pO.28-9.5 nor pRFM recombinant plasmids (all

of murine origin) were capable of giving rise to infectious MuLV in the

heterologous human cell line.

Transcriptional activities of integrated pRFM plasmids in HI 1080

transfectants

The absence of infectious particles in the culture media of HT 1080

transfectants could be the result of several factors such as lack of

retroviral transcription, translation or packaging of various retroviral

components into a mature virion. Since in infectious viruses,

transcriptional activity of the provirus is under the control of the LTR

promoter, it was of interest to examine the potential of the LTRs in

pRFM genomes with their distinct structure (i.e. presence of the [IS]

element) to direct transcription of the viral RNA in a heterologous

host. The Northern gel blot of the total RNA transcripts isolated from

three HT 1080 transfectants is shown in Figure 24. Clone 16 [2-4] which

exhibited the highest amount of MuLV-specific RNA transcripts (as

detected by a gag gene specific probe), also contained the largest

number of integrated copies of the recombinant plasmid (see Figure 23).
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Figure 24: RNA blot analysis of three human HT 1080 transfectants and
producer NIH3T3 cells (transfected with pO.28-9.5 ecotropic
provirus). Clones 16[2-4] and 16[4-4] were transfected
with pRFM#16 and 6 [4-3] was transfected with pRFM//6
supercoiled plasmid DNAs. All clones contained one or more
copies of the transfected plasmid integrated into their
genomes (as shown in previous figure). =35 pg of the total
RNA from human or mouse cell transfectants were

electrophoresed in 1.2% agarose gel under denaturing
conditions. The gag-specific probe used for hybridization
had a specific activity of =5 x 10^ cpm/pg DNA and the
autoradiogram was exposed for one week at -80*'C with
intensifying screen. At shorter exposure (=16 hrs), three
distinct bands could be detected in the total RNA from

producer NIH3T3 cells (marked with arrows); the two lower
bands comigrated with the bands seen most visibly in 16[2-4]
clone whereas the top band migrated more slowly than that of
16[2-4]. Size markers are given in the left margin.
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Little amounts of RNA transcripts were detected in two other trans-

fectants, 16[4-4] and 6[4-3]. For comparative purposes, an equal amount

of the total RNA isolated from the producer p0.28-9.5-transfected

NIH3T3 cells was also run along with the RNA from HT 1080 transfectants.

With a shorter exposure of the autoradiogram (=16 hrs), at least 3

distinct bands (their relative positions marked with arrows) could be

detected in RNA from the producer NIH3T3 cells. Two of these, =27S and

=16S transcripts, were of subgenomic sizes and comigrated with the bands

seen most clearly in RNA from the 16[2-4] transfectant. The largest

size transcript of the 16[2-4] cell clone (a diffuse band at =32S),

however, was somewhat smaller than the genomic size (=35S) ecotropic

virus transcript seen in RNA of the producer NIH3T3 cells. This was

expected from the integrated pRFM//16 plasmid whose provirus-related

genome carried a deletion of =1.5 kbp in the 5' pol gene (Chapter II,

Figure 4). If this band truly represented a full-size genomic

transcript of pRFM//16, it would indicate that at least some of the

integrated copies of the pRFM//16 genome in the 16 [2-4] transfectant

contained unaltered provirus (except for the 1.5 kbp deletion). This

was demonstrated after digestion of the genomic DNA from the 16[2-4]

transfectant with PstI restriction enzyme which generated an internal

=6.3 kbp fragment detectable by gag, pol and env gene specific probes,

as might have been expected from an intact pRFM//16 provirus (data not

shown). From these studies, it was concluded that the LTR of these

endogenous MuLV-related sequences can function in a heterologous host,

but with very low efficiency.
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Effect of 5-azacytldlne on transcrlptlonal activities of pRFM plasmlds;

methylatlon state of pRFM LTRs In heterologous cells

To find out whether the low level expression of MuLV-related transcripts

detected in HT 1080 transfectants was caused, at least partially, by the

methylation state of integrated pRFM recombinant plasmids, the cells

were treated with an inhibitor of DNA methylation, 5-azacytidine (3.5 |iM

for 24 hrs) (149). When the total RNA isolated from 5-azacytidine

treated cells was compared with that of untreated cells, no significant

difference could be detected in the amounts of MuLV-related transcripts

in the two HT 1080 transfectants examined (Figure 25). This suggested

that the integrated MuLV-related proviral genomes in HT 1080 cells were

probably not hypermethylated. This conclusion was further substantiated

by direct examination of a specific site in the LTR prone to methyla

tion. In eukaryotic cells, DNA is almost exclusively methylated at

in the dinucleotide CpG (155), and a large portion of this dinucleotide

is methylated in all cells examined so far. The presence of a Smal site

(CCCGGG) in the LTR of endogenous MuLV-related sequences (Figures 4 and

9), made it possible to examine the methylation state of CG dinucleotide

at this site. When this site is not methylated, combined Pstl/Smal

digestion would generate an internal LTR fragment of =600 bp. On the

other hand, since Smal is sensitive to methylation at the CG dinucleo

tide, methylation of this site would prevent enzyme digestion. A second

restriction enzyme, Kpnl which is located immediately next to the Smal

site in the LTR is not sensitive to DNA methylation and combined

Pstl/Kpnl digestion would generate the same =600 bp fragment whether the

Kpnl site is methylated or not. As shown in Figure 26, combined
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Figure 25: Effect of 3-azacytidine on transcriptional activities of the
integrated pRFM plasmids in human HT 1080 transfectants.
-35 pg of total RNA from control and 5-azacytidine-treated
cells were electrophoresed in 1.2% agarose gel under
denaturing conditions. The gag-specific probe used for
hybridization was described in the legend of Figure 24. The
autoradiogram was exposed for one week at -80®C with
intensifying screen. The HT 1080 transfectants examined are
shown on the top of the lanes. Size markers are given in
the margin.
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Figure 26: The methylation state at Smal site in the LTRs of integrated
pRFM/ifie provirus in HT 1080 transfectants. 10 pg of genomic
DNA from three HT 1080 transfectants (shown on the top) were
digested to completion with PstI, Pstl/Smal and Pstl/Kpnl
and analyzed in 0.7% horizontal agarose gel. The LTR probe
had a specific activity of =5 x 10^ cpm/pg DNA and the
autoradiogram was exposed for 3 days at -80°C with
intensifying screen. The coraigrating bands of =600 bp
generated upon Pstl/Smal and Pstl/Kpnl digestions are marked
with arrows. The MW markers are shown on the left.
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enzymatic digestion of the genomic DNAs from three HT 1080 transfec-

tants, 16[2-A], 16[2-5] and 16[3-4] with Pstl/Smal and Pstl/Kpnl

generated coraigrating =600 bp bands almost with the same intensities in

both digestions. This showed that the Smal site in the LTR was not

methylated, a conclusion consistent with the fact that 5-azacytidine

treatment did not induce the LTR activity in HT 1080 transfectants.

These results, therefore, suggest that the low level expression of pRFM

plasmids in HT 1080 cells is not caused by the hypermethylation of

integrated genomes but rather other factors are probably involved.

Splicing of MuLV-related transcripts in HT 1080 transfectants

As described earlier (Chapter I), proteins encoded by the gag and pol

genes are translational products of genomic size 358 mRNA transcripts,

whereas env proteins are synthesized from a subgenomic 248 RNA. This

latter transcript (size =3.2 kb) is a spliced molecule containing a

small segment from the 5'-terminus of 358 RNA transposed to the 3' half

of the MuLV genome carrying the env gene. As a result of splicing,

the entire gag gene and most of the pol gene are absent in the 248

transcript. In order to determine whether the 24S transcript was

produced in HT 1080 transfectants, total RNAs isolated from several

transfectants were hybridized to an env gene specific probe. As shown

in Figure 27, the discrete 248 band of ecotropic MuLV (from producer

NIH3T3 cells) comigrated with fainter bands detected in the RNA from HT

1080 transfectants. This transcript was not detectable by the gag gene

specific probe (Figure 24). Additionally, a smaller band of =168 was

detected in both HT 1080 and NIH3T3 transfectants. The intensity of
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Figure 27: Detection of a MuLV-specific 24S transcript in human HT 1080
transfectants. The same nitrocellulose filter of Figure 24
was deprobed from the bound gag-specific probe and reprobed
with an env-specific probe. The env-specific probe had a
specific activity of =1 x 10^ cpm/pg DNA and the autoradio-
gram was exposed at -80®C for one week with intensifying
screen. The 24S RNA transcript is marked.
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this band, relative to that of 24S transcript, was higher in HT 1080

than NIH3T3 transfectants. This small transcript, apparently carrying

the env sequences, has not been reported previously and therefore,

requires further characterization. From these data, it was concluded

that MuLV-related transcripts of pRFM genomes were spliced in the

HT 1080 cells apparently in the same way as the ecotropic virus

transcripts in murine cells.

DISCUSSION

The experimental evidence presented here, indicate that selected pRFM

clones are capable of expressing (although with low efficiency)

MuLV-related transcripts in heterologous host cells. The choice of

human cells for these studies was for several reasons. First, these

cells do not contain any background MuLV-specific sequences, making the

detection of viral transcripts rather easy. Second, it was of interest

to find out how these MuLV-related sequences would function once

integrated into the human genome. Third, given the fact that human

genome contains both type B and type C endogenous retroviral sequences

(156,157,158), these studies could possibly provide some clues as to the

role and functionality of the human endogenous sequences.

Although analysis of the LTR structure in two previous studies

(106,108) and in the present work on pRFM//6 (Chapter III) and pRFM//16

(data not shown) have demonstrated that endogenous MuLV-related proviral

genomes do contain presumptive transcriptional signals in their intact

forms (as compared with infectious virus LTRs), there is no evidence

from in vivo studies to indicate that infectious retroviruses are
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produced directly from these sequences. The data presented here suggest

that the apparent incapability of these sequences to produce infectious

retrovirus cannot be solely attributed to inherent structural altera

tions of the LTR, since the LTR of pRFM clones can be functional in

human cells as well as in mouse cells. Furthermore, the observation

that none of the HT 1080 transfectants carrying multiple copies of

pO.28-9.5 or pRFM plasmids produced infectious particles would suggest

that, in this case, host factors rather than viral factors may have

contributed to noninfectivity of these genomes. This is indicated by

the fact that pO.28-9.5 expressed significant amounts of viral-specific

transcripts and infectious virus particles following transfection into

NIH3T3 cells. As shown in Figures 23 and 24, among the different

HT 1080 transfectants, the 16[2-4] cell clone, with the largest number

of integrated copies, also showed the highest content of MuLV-specific

RNA transcripts. Another cloned cell line, 16[3-4], also with

relatively large number of integrated MuLV-related copies, showed a

higher content of RNA transcripts than others (except 16[2-4]) (data not

shown). It seemed therefore, that the level of transcriptional

activities in these transfectants primarily reflected the number of

integrated copies of MuLV-related sequences. Clone 16[4-4], however,

with a single band in its genomic blot, contained more MuLV-specific

transcripts than 6[4-3] with multiple copies of integrated genomes.

This difference could not be attributed to structural differences in the

LTRs of pRFM//6 and pRFM//16 clones, since except for a few bases (but not

in the regulatory sequence boxes) the two LTRs had identical nucleotide

sequence structures. This may therefore indicate that in addition to
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the copy number, other factors such as the site of integration,

unaltered structure of the integrated provirus, and the turn-over rate

of transcripts could also affect the MuLV-specific RNA contents of

various HT 1080 transfectants.

Although restriction map analyses of the endogenous MuLV-related

sequences (Figures 4 and 9) showed that at least some of these genomes,

for example pRFM(/6 and possibly ALIO, pRFM//l and pRFM/i'9, occur as

full-length proviruses in the host genome, it is curious that under

normal (non-induced) conditions, no full-length transcripts are

expressed. This observation may implicate a possible differential

regulation of these sequences by the host cell, namely, that only those

genomes which do not pose any immediate threat to the cell are allowed

to be expressed. Transcriptional control of endogenous retroviral

genomes, in particular full-length proviruses, with the potential of

infecting the host cell may be achieved not only by nearby cellular

inhibitory sequences but also by differential methylation of these

genomes. In fact, recent studies in our laboratory have shown that some

of these endogenous MuLV-related sequences are methylated at the Smal

site in the LTR. Whether this methylation involved only proviruses with

full-length genomes has not yet been determined. If methylation is

actually one of the factors rendering these sequences transcriptionally

inactive, then cloned MuLV-related genomes with minimal or no methyla

tion may exhibit more activity once introduced into a new host, provided

they remain undermethylated in the new environment. In Figure 26, it is

shown that in all three HT 1080 transfectants examined; 16[2-4], 16[2-5]

and 16[3-4], the LTRs of the integrated MuLV-related genomes are
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unmethylated at the specific Smal site. Furthermore, when two of these

clones, 16[2-4] and 16[3-A], were examined for the expression of

transfected proviral genomes, not only low but significant levels of RNA

transcripts was observed in both (Figure 24; for 16[2~4]), but also

similar type of transcripts as those expressed by an infectious

ecotropic murine leukemia virus were detected (Figures 24 and 27). One

of these transcripts was a spliced 24S RNA molecule for the synthesis of

envelope proteins. The methylation state of the LTR in one transfec~

tant, 6[4-3], with low content of RNA transcripts (Figures 24 and 27)

has not been determined.

In addition to possible involvements of inhibitory cellular

sequences and the methylation state in the regulation of the expression

of endogenous MuLV-related sequences, point mutations can also contri

bute to the noninfectivity of these genomes by altering the reading

frame of viral-specific transcripts. This possibility can be tested in

several ways; for example, by examining the translational products of

the MuLV-related transcripts such as those described above, or by

determining the complete nucleotide sequence of a full-length MuLV-

related genome such as that of pRFM/i'b provirus.



CHAPTER V

SUMMARY

This dissertation research involved the collection of experimental data

on the structure and biological properties of the selected endogenous

MuLV-related UNA sequences from the RFM/Un mouse. Structural analyses

of these DNAs involved specific regions of the provirus important in the

regulation of transcription (i.e. the LTRs), retroviral replication

(the tRNA primer binding site and the endonuclease gene) and host-range

type specificity (the 5'-env gene). Studies on the structure of tRNA

primer binding site for minus strand DNA synthesis showed that four out

of five pRFM proviruses contained sequences with perfect complementary

matches (18/18) to the 3'-terminal 18-nucleotide sequence of a major

glutamine tRNA isoacceptor from the rat liver. The primer binding site

of one cloned DNA, i.e. pRFM//17 was only 16/18 complementary to the same

tRNA. From these results, it was concluded that the tRNA primer binding

sites in these genomes are distinct from those of infectious murine

leukemia viruses which utilize a proline tRNA molecule to initiate (-)

strand DNA synthesis. These structural differences apparently had not

been caused by random point mutations, since strong nucleotide sequence

homologies with infectious proviruses were observed in the regions

adjacent to the primer binding site in these genomes. Two possible

mechanisms explaining the switch from proline tRNA to glutamine tRNA

binding sites were presented.

Restriction endonuclease analyses of the pRFM recombinant clones

showed that three clones contained partial proviral sequences due to the

133
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presence of an internal Hindlll restriction site in their structural

genes. Two of these, pRFM//l and pRFM//9, were probably present

originally as full-length proviruses in their host genome whereas the

third, pRFM#17 contained a deletion of -1.5 kbp in the 5'-pol gene. Two

other clones, pRFM//16 and pRFM//6 harbored MuLV-related genomes with

structural arrangements similar to those of the integrated infectious

proviruses, that is, 5'-LTR-gag-pol-env-LTR-3'. Of these two, pRFM//6

seemed to carry a full-size MuLV-related genome with no detectable

structural deletions; pRFM/Zlb contained a deletion of ==1.5 kbp roughly

at the same map position as that of pRFM#17. The MuLV-related genomes

of both pRFM//16 and pRFM#17 recombinant clones, therefore, represented

defective proviruses.

Since the provirus—related DNA sequence of pRFM/i'b contained a

full-length genome, further structural characterization of this genome

was carried out. Nucleotide sequence analysis of the 0.7 kbp long

terminal repeats revealed identical structures for 5* and 3* LTRs except

for two base transitions and one nucleotide deletion/addition all in the

U3 region. When compared with the LTR of RFV, the endogenous infectious

ecotropic virus Induced from the RFM/Un mouse, strong homologies were

observed only in the U5 and R regions; the U3 region of pRFM#6 LTR was

distinctly different from that of the RFV provirus, mainly as a result

of the insertion of a novel 170-200 bp sequence segment in this region.

The transcriptional regulatory elements on the other hand, were

identical (except for one base change in the "CAT" box) in RFV and

pRFM#6 LTRs and were present at nearly the same distances from the mRNA

cap site. Structural analysis of the proviral integration site
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indicated that the provirus of pRFM//6 had integrated into the host

genome through the same insertional mechanism as that of exogenous

murine leukemia proviruses or the retrotransposable gene elements.

The host-range type of the pRFM#6 provirus was defined through the

analysis of nucleotide and predicted amino acid sequences of the 5'-env

gene (gp70). The results obtained from hybridization studies using

host-range type specific probes as well as those from nucleotide

sequence analysis, predicted a host-range of the MCF-type for the pRFM/Zb

provirus. Similar results were obtained from studies on the pRFM#16

provirus. This indicated that the env genes of pRFM or similar MuLV-

related genomes (of which 20-50 copies per haploid genome are present in

mice) may represent endogenous mouse sequences which participate in the

recombinational events with exogenous or endogenous ecotropic MuLVs,

leading to the generation of the highly leukemogenic MCF viruses.

The provirus-related genome of pRFM//6 is also present in the same

cellular DNA site in four other inbred strains (i.e. BALB/c, AKR, C3H

and CBA) but is absent in C57BL/6 and NFS/N mice. Analysis of the

genomic DNAs from the latter two strains indicated that this provirus

had never integrated at this particular DNA site in the germ line of

these mouse strains.

Preliminary studies on transcriptional activities and infectious

properties of two pRFM recombinant clones; pRFM//6 and pRFM(/16,

demonstrated that the LTRs of both proviruses were functional in a

heterologous human cell line, but presumably not as efficient as the LTR

of an ecotropic provirus present in a murine system. Furthermore,

integrated pRFM plasmids expressed subgenomic transcripts comparable in
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size to those of the ecotroplc MuLV provirus, Indicating a similar

splicing mechanism in the murine and human cells. The levels of

transcriptional activities seemed to be determined primarily by the

number of integrated copies of the MuLV-related provirus. Although the

selected pRFM clones were transcriptionally active in human cells, no

viral particles were detected in the culture media of transfected cells.

The lack of virus production could be in part due to host factor(s), as

judged by the observation that the same ecotropic provirus, highly

infectious in murine cells, did not give rise to viral particles in

human cells.

Based on the experimental data presented here as well as those by

others on the structure and biological properties of endogenous murine

leukemia viruses, the following distinctions may be made between

"endogenous infectious" and MuLV-related proviral DNA sequences.

1. The LTR and structural genes of endogenous MuLV-related genomes

contain a number of common restriction sites which are absent in

infectious proviruses.

2. MuLV-related genomes, if they replicate, will utilize glutamine

tRNA rather than proline tRNA to prime minus strand DNA synthesis.

3. The LTRs of endogenous MuLV-related genomes contain a novel

170-200 bp sequence segment in the mid-U3 region which is absent

in infectious proviruses.

4. In contrast to infectious ecotropic and xenotropic proviruses, the

env gene of endogenous MuLV-related genomes is of the MCF-type.



137

5. The LTR of endogenous MuLV-related genomes is transcriptionally

active in both marine and nonmurine cells. The lack of virus

production under normal or induced conditions might be a result of

the differential control of full-size genomes by the host cell.

Whether viral factors are also involved in such regulation remains

to be determined.

The data presented here should aid us to understand the physio

logical role of endogenous MuLV-related sequences. Future studies

should involve more detailed structural and functional characterization

of these genomes. The association of endogenous MuLVs with the

spontaneous development of leukemia in mice is now well documented.

Whether endogenous MuLV-related and LTR-IS families are associated with

tumors involving other tissues such as the liver, kidney and ovary

remains to be explored.
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