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ABSTRACT

examined by biochemical characterization of 8 conditionail
léthal Butant of Rous sarcoma virus (RSV). The functional
: as%ects of reverse transcriptase was investigated by recombi-
nant DNA methods.

A temperature—sensitive coordinate mutant tsLAS3
of P;ague B (PR-B) strain of RSV at the nonpermissive
temperatyre (4l°C) broduces noninfectious virus particles
(NI-LA83) which Contained only 35 of the reverse transcrip-
tase activity Present in infectious virionms. Analyvses
of [SSS]Imethionine labveled NI-LaS3 éhowed the presence
of all of the viral proteins except reverse transcriptase.
Pulse-chase analyses of the virus specified Proteins in
cells infected with LA83 or PR-B showed that the gag and
8lycoprotein Precursors, %r?GSag and gPr92env, respectively,
were processed at both 35°C and 41°C. The reverse transcrip-
tase precurso;, PrlBOgaS-pOI. howevér, w&85 not processed
in LA83-infected cells at 41°., 1p contra;t. cells infected

with LA83 or PR-B at 35°C as well as with PR-B at 41%c:
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showed normal cleavage of Pr180838~P°l  , 1.ctdown of
LRBS-infecfed ‘cgllg at 41°C to the permissive temperature,
35°C, resulted in the normal processing of PrISOSBS-bo1

and production of infectious virus containing reverse trans-
criptase. Electron microscopic analysis showed thét at

&iOC cells infected with LAB3 showed é large number of

budding structures but fewer released particles. A shiftdown

o . L . . .
from 41 to 35°C resulted in an increase of virus particles

- with a concomitant decrease in budding structures suggesting

that the processing of reverse E}anscriptase precursor
is relsted to viriom assembly.

The mechanism of synthesis of reverse transcriptase
was investigated. Immunoprecipitation experiments have
revealed possible intermediates in PrlSOSaS—po1 processing.
These are 130,000- and 150,000-dalton intracellular proteins
(Pr130888-pol .4 PrlSOSas_pOI) that contain antigenic
dete;minants of reverse transcriptase énd gag proteins.
pr130338‘90; contains antigenic determinants of reverse-
transcriptase and plS$5, Pr150888-Pol contains all the gag-
proteins, but not the complete sequence of reverse trans-

criptase. Immuno-complexes of Pr1go828-Pol molecules with

anti-reverse transcriptase antiserum were tested for in-

-

vitro cleavage in the presence of detergent-disrupted virus

(a source of plS, the viral protease). The results identified
two possible cleavage intermediates C?r}30 and Pr70). A

precursor-product relationship has been demonstrated between
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PrlSOSaS—p°1 and PrlBOSas_pOI. alchough.a direct precursor-
product relationship could not be demonstrated between
Pr1go8a8-pol Pr150888-pol possible biosynthetic
scheme of reverse :renscrlptase was proposed
In 3n attempt to establish the structural and func-

tional relationships of the Teverse transcriptase molecule,
site directed mutagenesis on molecularly cloned RSV proviral
DNA was undertaken: Expression of the reverse transcriptase
gene in beth bacteris and avian cell cultures was studied.
E. cols harboring the recombinant Plasmids containing pro-
viral DNAs from different strains of RSV synthesized a
protein of 65,000 molecular weigheﬁ(pﬁs)_which is immuno-
precipitaied with anti-reverse transcriptase antiserus.
The RNA dependent-DNaA polymerase activities from E. coli
containing the recombinant plasmids were about 30-fold
higher than the background activity present in E. coli
containing pBR322, The RNA dependent-DNA polymerase acti-
vity was épecifically necvtralized by the antibody against
the reverse trdnscriptase. 4 poiiiglg_gpégelational ini-
tiation site was suggested to be an internal methionine
residue, which is located at residue number 295 or 297
Yfrom the anino-terminus of the matuyre Teverse transcriptase
molecule. The amino~terminal one-third of the reverse-
trdnscriptase molecule thus appears to be dispensable for

the polymerase activity. The presence of a promoter-like

sequence in the reverse transcriptase gene which is invoelved

v



in the transcription of the polymerase gene for- synthesis

.

of reverse transcriptase activity in E. coli has alse been

suggested,

Biélogical activity of the site directed mutagenized
viral DNAs were tested by transfection into chick embryo-
fidbroblast.cells., Deletion near the 5'-end region of the
pol gene resulted in inefficient production of virus due
to possible functional defect in the truncated reverse
transcriptase molecules of inefficient processing of the
Precursor molecules. However, the cells were transformed.
Deletion near ghe 3'-end region of the Pol gene resulted
in inefficient production of virus and the cells were nor
transformed. These results suggest that the pp32 DNA bind-
ing protein, which is encoded from the 3'-end region of
the pol gene, or the carboxy terminal moiety of the F sub-
unit, or beth, are requiréd’in the li%e\cycle of avian

retroviruses.
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INTRODUCTION

The history of RNA tumor viruses, or retroviruses,
exemplifies how classical virology has developed into con-
51derac10ns of viral genetics ang molecular biology, and
that this change has been concomitant with a gradual shzft
of attention from fowil to rodent, to primate and human

3
models. It also shows how a coordination of sc1ent1f1c
efforts has brought us to the brink af understandlng the
role of retroviruses in human cancer.

A comprehensive review of retroviruses would exceed
the scope of the thesis, and certain areas have received
only a brief treatment. The introduction below describes
the molecular structure and life cycle of Rous sarcoma
virus, the prototype of Tetroviruses, as they pertain to
biological phenomena.

RﬁA tumor viruses or retroviruses are RNA containing
viruses which cause tumors in susceptible host animals
and are also able to transform certain cells in tissue
culture. Retroviruses contain RNA as their genomic material
with sizes varying from 5 te 10 kllobaseﬁ“{kb) 1n length.

The RNA v1rlon exists as two identical RNA subunits with
several viral coded structural proteins and at least one
enzyme‘capable of copying the genomic RNA into DNA moiecules

("reverse transcriptase"),
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Figure 1.1 The Life Cycle of Retroviruses.

(I) Initiation of the infection; (II) replication and -
formation of the proviral DNA; (IX) expression of viral
genes; and (IV) assembly and maturation of viral particles,
Symbols:~~~~, genomic or messenger RNAs; o; the viriqn

associated reverse ‘transcriptase; ———-~- + Intermediate

DNAs,

» host chromosomal DNA; |, the envelope glyco-

proteins; T. the internal structural proteins. The

primary polyproteins and the mature proteins are not

distinguished.



I. First Stage - Infection

-

Therlife cyele of retroviruses can be grouped into

fzur major stages (Fig. 1.1). First, infection is initiated

by attachment of #irus particles onto susceptible host
cells by ‘binding téﬁtheir céllular.receptors present on

the cell surface. Retroviruses are enveloped particles
about 90-100 nm in diameter with two virus-coded glycoproteins
(3?37 and gp85) present on the virél membrane which are
responsible for the rgcognitioﬁ. They form as spikes on
the surface of the virus particle; gp37 is anchored in

the envelope mehbrané and gp85 forms as a knob which binds
to gp37 through disulfide bonds (Bolognesi etdal, 1972;
Leamnson and Halpern 1976; Pauli et al. 1978; Montelaro

et al. 1978). In the early stége of infection the envelope
of the virus particle fuses with the cellular membrane,

and the core particle consisting of the genomic RNA and

the virion associated reverse transcriptase enters into

the cytoplasm,

II. Second Stage - Replication of Retroviruses

In the second stage, a double-stranded DNA inter-~

.

mediate is synthesized .by the virion associated reverse-

transcriptase with the viral RNA genome as a template,
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Initially, the first strand of DNA (termed the minus strand
and complementary to the viral ‘genome) is synthesized after
initiation vtilizing a Specific tRNA molecule as a primer
(Faras et al..1973). It was demonstrated that the s;nthe31s
of plus-strand DNA (the same polarlty as the viral genome)

is alseo 1n}tlated with ; RNA primer (Smith et al. 1984).
Reverse transcriptase contains both synthetic and degradative
activities. The former activity includes RNA~dependent

DNA polymersse and DNA-dependent DNA polymerase, fhe degra-
‘dative activity is characterized by a DNA endonuclease
activity that ha; been proposed to act during the integration
of viral DNA into the host cell's genome (Golombd and‘grand—
genett 1979), It has the ability to degrade the RNA moiety
of RNA-DNA hybrids (RNase H) and is thought to degrade
genomic RNA after it has served as a template for the syn-
thesis of the minus-stradd DNA (Watson et al, 1979)., Recently,
it was demonstrated that the RNase H activity present in the
Teverse transcriptase molecule was responsible for the
formation of a primer for the synthesis of positive-strands,
and presumably the same activity is used for Specific removal
of the intact primer by cutting at the junctioen between

the RNA and DNA moieties of newly synthesized positive~
strand DNA (Champoux et al. 1984). It was indicated earlier
that the RNase H activity can also remove the tRNA primer

from the minus-strand DNa (Omer and Faras 1982).

— :
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Figure 1.2 Replication and Expression of Retrovirus
Genes.

(A) One of the two identical subunits of 2 typical,
replication-competent viral RNA genome with its major
structural and genetic features as illustrated ip Fig.
1.3. (B) The primary product of reverse transcription,
linear duplex DNA, with its long terminal repeats (LTRs)
composed of U#, R, and US5. (C) The major forms of closed
circular DNA, with one or two copies of the LTR. (D) The
integrated form of viral DNA, the provirua. (E,F) Genomic
and nRNAs, derived from the primary transcript by capping,
polyadenylation, and (in the case of subgenomic mRNA)
splicing; the site at which the 5' and 3' domains of sub—
unit RNA are joined to form env mENA is indicated in F.
(G,H) The polyproteins synthesized from viral mRNAs and
their mature products after cleavage and, in some cases,
glycosylation (CHO) or phosphorylation (P).  An infrequent
splicing event, Temoving only a few nucleotides, is bdelie-
ved to generate an mRNA for ¢t “polyprotein precursor for
reverse transcriptase; expression of the pol gene is not
illustrated here. This figure is directly from Varmus -
and Levine (1983).
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- In infec;ed\cells; both linear and circular forms
of double-stranded DNA intermediates were detected'(%lg.
1.2).. Initially. the viral DNA is found in the cytoplasm
of the host cell. and subsequently in the nucleus (Guntaka
et al. 1Q76. Fritsch and Temin 1977; Shank et al. 1978a,b
where‘integration into host cell DNA occurs, resultlng

in the formation of the prov1rus (Khoury and Hanafusa 1976-
Varmus et al, 1976; Battula and Temin 1978) Very llttle
is known about the mechanlsm of the 1ntegratlon reaction.
The reaction is eff1c1ent, in that viral DNA can- become
established in every cell of an infected Pepulation; and
it is specific, in that recombination always occurs at

8 specific site on the viral genome, near the £ips of the
viral long terminal rebeat (LTR) sequences (Hughes et al.
1978) so that the Provirus is colinear with the genomic
RNA. LTR sequences are generated from sequences at both
ends of the viral RNA during DNA synthesis (Fig. 1.2).

It was demonstrated that circular DNA with two tandem .
LTRs is a Precursor to the pProvirus (Panganiban and Temin
1984). It waszdemonstrated earlier that the endonuclease
a#sociated with thé reverse transcriptase molecule is‘res-
ponsible for selective cleavage in the LTR sequence (Duyk
et al. 1983) More recently, the avian retrov1rus pp32
protein, whlch possesses a DNA nicking activity (Grand-

genett et al, 1978}, was shown to be preferentially bound

- to tlre promoter region of LTR sequence (Knaus et al,

\\‘/



-

1984). The pp32 pf&tein shares peptide sequenc;é with

the £ subunit, but not theoC subunit, of the avian retrovix’us

' Teverse transcriptase. (Schi??’and Grandgenett 1978), This

protein is derived frqm the carboxyl terminus of the B /-—-"
bunit in vivo (Eisenman et al., 1980c; Copeland et al.(/

1980). The pp32 protein was shown to be bound to the mosé\\

conserved region of avian retrovirus LTR sequences (Misra \\.

et al. 1982), thus leading to the suggestion that this

protein may be involved in eithef replication, integration, .

or possibly transcription of viral DNA. 1In fact, the con-

served LTR sequences of retrovirus DNA are apparently

involved in the integration process (Shoemaker et al. i980{

Shlmotohno et al, 1980; Swanstrom et 81, 1981). It was

more directly demonstrated Tecently that the terminal

nuclectides at either.end of the LTR sequences of the avian

retrovirus are required for integration (Panganiban and

Temin, 1983). The target site in:fhe host DNA is locally

random (Hughes et al. 1981), although regional specificity

has not been ruled out.

II. Third Stage - Expression of Viral Genes

Productive infection by the retroyifﬁses réquires
the expression of the integrated proviral DNA. Transcrip-
tion of the proviral DNA by RNA polymerase II in host cells

t

is a highly efficient event. Viral RNA transcribed from



between 1 and 20 copies of proviral DNA may comprise as
much . as 20 T of the polyadenylated RNA of infected cells
(Weiss et al. 1982). At least three species of virus-specific
nRNA molecules are produced in cells infected with pon-
defective avian sarcoma viruses (RSV) (Fig. 1 3): (i) a 3.3 kb
(21S) RNA that serves. as mRNA for ppGOSrc, the protein respon-
sible feor the mediation of cell transformation (Brugge ‘
et al. 1978); (ii) a 5.4 kb (28S) RNA that serves as mRNA
for the precursor to the virion envelope proteins (Pawson
_et ale 1;;7 1980); and (i) a 9. 3 kb (358) RNA that serves
as mRNA for the nonglycosylated viral structural protein
precursor, Pr76%%88 (Von der Helm and Duesberg, 1975; Pawson
et al. 1976). The strecture of the mRNA for the precursor
‘to the Teverse transcriptase Pr180828-pol has not yet been
established, but information derived from the sequence
of RSV (Prague C strain) genome RNA suggests the possibility
that it is coded for by an approximately 9.3 kb RNA in
which the termination-codon for Pr76%28 is removed by
splicing (Schwartz et al. 1983). Beside these RNA species;
additional 9.3 kb RYA molecules are packaged into virions
" as dimeric 708 complexes (Mangel et al, 1974). It is not
yet clear whether the 9.3 kb RNA that is paciaged is iden—_'
tical to the 9.3 kb mRNA.

RSV has been studied extensively.as the prototype

of the retroviruses. The major class of proteins in R%V

A
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Figuré 1.3 Structures of Genomic and Viral Specific mRNAs and
Biogenesis of RSV Proteins. -

Genomic RNA derived from the Primary transcript by capping (myG Gm)

at 5' end .and polyadenylation (AZOO) at 3! gnd.' Four viral genes are
located in the middle of the genome: gag, coding for internal structure
proteins; pol, coding for Treverse transcriptase; eﬁv, coding for ﬁhe
envelope glycoproteins: src, coding for a transforming-specific protein,
Genome size viral mRNAs are responsible for the synthesis of the poly-
protein precursor Pr768°8, 1. is believed that synthesis of the gag-pol
fusion protein could be achieved by occasional ribosomal frameshifting
during translation. The subgenomic size mRNAs responsible for the
synthesis of envelope glycoprotgins precursor and the transforming
Protein are produced by splicing events. The leader sequences in the
subgenomic mRNAs are not shown.

#\’
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Pr76838 ‘ NH2 _pl9 pl0 'p27 0123915 COOH

| o w4
Pr66 or Pr60 Ng. —R19 pl0 ¢ p27 §p12 pl5
. . ‘
p19Zp10 - L [
- p27 »pl2 pls

|

pl9 pl0

COOH Prié

p23  NH

Figure 1.4 Structure and Processing of the RSV gag
Precursor Polyprotein.

Pr76%28 is cleaved to produce at' least two primary inter-
mediates (Pr66/Pr60 and Prl6) by a putative host-cell
protease (hp). Prl6 is further processed to pl5S, a puta-
tive viral protease (vp), which acts on the other inter-
mediates to generate the secondary intermediate (p23) and
two mature gag proteins (p27 and pl2). The p23 polypep-
tide is further processed by an unknown protease to gene-
rate pl9 and pl0. These cleavage events are intracellu-
lar, although low levels of p23 can be detected in virions.
This figure is derived from Weiss et al. (1982).
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consists of the fivésinternal structural proteins pz?, pl9,
pl5, pl2, and p10. They account for about 80 £ of the total
viral protein and form the intern;i structure. that is detected
in thin séctions by-electron microscopy./ During assembly
these polypeptides are processed proteolytically from a
single large precursor polyprotein (Pr76gag) that is encoded
by the gag gene (Eisenman and Vogt, 1978). Several presumed
cleavage intermediates were detected in this process (Fig.
1.4): Prl6, Pr60, Pr66 and Pr3z. Apparently, Prlé, which
is-dergved'from the carboxyl terminal.regidn of Pr76838
moleculé, is the first cleavage intermediate to be processed
to pls proiein. 'Thg other cleavage intermediates Pr60 and
Pré6 are proceésed to the rest 6f the¢gag prote?gs (p19, plo,
P27 and pl2). The intermediate Pr32, which appears transi-
ently during a chase period, is probably an alternative
cleavage intermediate which ;ay be processed to pl9 protein
(the amino-terminal portion of Pr768%88 molecule).  In mature
virions, pl9 israssociated with viral envelope (Montelaro

et al. 1978; Pepinsky and Vogt,.19%9); P10 is within the space
between the membréne and core (Pepinsky and Vogt, 1983); p27
forms the core shell (Bolognesi et al. 1973; Stromberg et al.
1974) and pl2 is within the core associated with viral RNA
in a ribonucleoprotein complex (Bolognesi et al. 1973;

Davis and Rueckert, 1972). The loéation of pl5 is not

clearly known (Table I).
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Table I. Avian retrovirus precursor polyproteins and virion proteins.

membrane

?

Protein Gene Function Localization
Pr76538 ga8g precursor to viriom cell cytoplasm, probably
. internal structural associlated with inner surfa-
proteins ce of plasma membrane
Prﬁ&gag g2g presumed intermedi— probably associated with
Prﬁogag ates in Pr7632 Plasma membrane
¢leavage
p27gag 8ag subunits of the virion core
core shell
pngag gag . may be involved in asgsociated with genomic RNA
ppl9883 RNA prbcessing and in_the core, also found out-
packaging sjde core structure, possib-
ly bound to lipid
p15838 gag protease involved in between the virion core and
cleavage of gag-pro- the inner envelope
tein precursors; may
also cleavesthe B
subunit of reverse
transcriptase to
generate g _
p12838 gag may be involved in RNP complex within virion
virion RMA packaging core
and folding .
plOgag gag unknowm . possibly virion membrane
p2 23838 gag unknown unknown
Pr1go828-pol pol  precursor to reverse cell cytoplasm, probably ass-
' 2 transcriptase oclated with the plasma mem-
* brane
Pr130838-Pol Pol  probably an inter- probably associated with
. mediate in Pr180 plasma membrane
processing '
af Subunits pol transcription of virion core
pol i genomic RNA
p32 pol  unknown virion core
P63V " env aminoterminal sig- probably associated as a na-
nal sequence allows scent chain with the rough
insertion of nascent endoplasmic reticulum
polypeptide into en-—
~ env . doplasmic reticulum
P57 env  polypeptide backbone rough endoplasmic reticulum
of env-precursor 'A\
eqv polyprotein ‘ ‘
Pr9Q €av  precursor to envelope cell and virion membranes
’ glycoproteins gp85 '
eav and gp37
gp85 env  host range; neutrali- virion envelope; knob struc-
' zation; interference; ture directly associated
o~ subgroup specificity with gp37
gp37 env  may anchor gp85 to virfon envelope; spike struc-

ture directly associlated with

membrane and gp85

This table is directly from Weiss et al. (1982).
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in‘addition to acting.as 8 matrix protein, pl9
interacts with genomic RNA. A small fraction of the eca.
2,600 P19 molecules is reported to be associated with
genomic RNA in virions. (Sen and Todaro, 1977). In vitro,
purified p19 binds Qith'high affipity to its genomic RNA
but not to other types of RNA_(Leis et al. 1978). These
observations have led tolmodels in which p19‘regu§E§$s
diverse activities such as splicing (Leis et al. 1980), RNa
packaging (Darlix and Spahr, 1982), and translation (Dalix
and Spahr, 1982). Thus pl9 is potentially & key component
in gene expression andlassembly of the virus. More recently,
it'was deﬁonstrateé that the virgl protein.plz is by far
the major protein linked to the-RNA aftér ultra violet
irradiation of the virus (Meric et al. 1984) and not prbtein
P19 as reported by Sen and Todaro (1977). Even though pl2
is an abundant protein in the virion, little is known about
its biological role in virus replication. The polynucleotide-
binding properties of the pl2 protein were analysed and it
was found that the protein preferentially binds to single-
stranded polynucleotides. The intack pl2 protein exists

-

in two RNA-binding states such that conversion from_one_" -
state to the other is regulated by itg‘degreé of phospho~
rylation, and tﬁis regulation may be responsible for its
release from the vir l‘RNA during reverse tramscription

after viral infection/ of cells (Leis and Jentoft, 19831.
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It was foétulate& that .the role of the pl5s protein
in the life cycle of RSV was to process the polyproféig
precursor Pr76882, in which pl5 poésesses a»prbteolytic )
activity specific for gég profeins (Von der Helnm 1977;.
Dittmer and Moelling 1978; Vogt.ét al. 1979).. Defective

“viruses with a deletion in the pl5 coding region have indi-
cated ;hat the absence of pl5 from the polyproﬁein precursor
Pr768288 contributes to their inability to be processed,

and in temperature sensitive mutant viruses infected cells,

Pr?@gag cleaves aberrantly and produces abnormal virions

at the nonpermissive temperature (Bister et al. 1977; Hayman

et al. 1979; Rettenmier et al;A19793; Eisenman et al. EQSOb;

" Rohrschneider et al. 1976).

Two péssible mechanisms could be considered for
tire activity of pl5 in the‘processing of Pr768%8, First,
P15 is cleaved from Pr768%88 by an autoproteolysis reaction
suéh as hés been previously reported in other virus systems
(Aliperti and Schlesinger 1978; Pelham 1978, 1979). This
postulation contradicts the observations that Pr76828 syn— .
thesized in an in vitro cell-free translational system
remain st;ble indefinitely unless exogenous pl5 is added
(Von der Helm 1977). Furthermore Pr76%28 molecules synthe-
sized in RSV;transformed mammalian cells do not cleave

"~
to generate virion proteins or viral particles (Eisenman

et al. 1975). An alternative mechanism would be the possible’

0
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involvement of =& host-specifiélprotease.‘ This possibility
was demonstrated by the fusion eiﬁerimént in JLich‘é;76gag
was cleaved when the RSV-transformed mampmalian cell lines
were fused with permissive chick cells tEisenman ec.al.
1975); however, one can ﬁot rule out the possibility that

. -
specific compartmentation and conformation of Pr76%3% pole-

cules are necessary in order to achieve proper proceésing.
Reverse transcriptase is encoded by the pol gene

and synthesized in RSV-infected cells as a polyproiein

(PrlBOgag-p°1) containing the polymerase and the precursor

of the gag structural proteins Pr76%38 (Fig. 1.3) (Opperman

et al. 1977; Paterson et al, 1977; Hayman 1978; Rettenmier

et al. 1979b). The P subunit of reverse transcriptase

is formed by cleavage of PrlBOSaS-P01 (Eisenmén et al,

1980a; Ro and Ghosh 1984). The mechanism of synthesis

of PrlSOgag—p°1 is suggested to involve a spliced mRNA

speciés (Berget et al. 1977; Chow et al. 1980) which containé

a small deletion nea; the gag and pql Junction sequences.

The nucléotide sequence analysis of RSV indicates that

the coding sequences for gag and pol are on different reading

frames, and suggests that splicing may occur in such a

way that the reading frame for the gag coding sequence

is continued to the reading frame coding'for pel gene pro-

ducts; furthermore, consensus RNA splicing sequences appeér

to bracket the region just preceding the carboxyl terminus
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of ér?Ggag and the amino terminus of reverse trenscrlptase

(Schwartz et al, 1983) The c¢DNa sequence data also conflrmed

the amino termlnal amino acid sequence of reverse transcrlpt—

ase (Copeland et al, 1980). These observations suggest

the possible existence of two populations of similar 51zed

h g
mRNA species. The de;ectlon of this putative spliced mRNA

coding for Pr1g0888- p°1 would bé difficult due to its low

abundance in infected cells and its similar size to the

mRNA coding for Pr76gag An alternatlve mechanism for

the synthesis of Pr180888 pol is the frameshifting model

Synthe51s of the gag-pol fus;on pProtein could be achjeved
by occasional rlbosomal frameshlftlng during translatlon.
The frameshlftlng model was Supported by recent evidence
(Jacks and Varmus 1985). Synthesis of both gag protein
and gag-pol fusion protein was successfully achieved in

a cell-free rabbit Teticulocyte translation System programmed

by a single RNA species that was synthesized: from cloned

RSV DNA with a bacterlophage RNA polymerase. Furthermore;

the ratio of two Protein products was similar to that previ-

ously observed in infected cells, These results strongly
favor the frameshifting model over the RNA splicing event.
The mature reverse transcriptase isolated from

purified viral particles consists of two Polypeptide chains

- the & and ﬁ subunits, which have molecular weights of
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68,000 and 91,000, respectively (Gibson and Verma 15}4;

kho et al. 1975). The o, subunit is formed from the 8 subunit
by proteolytic cleavage, which.releases.p'32,000-dalton
protein, pp32 (Gibson and Verha 1974, Rho et g8l. 1975),

The magor molecular heterodlmer species ofcﬁ and ﬂ subunits

possesses all the enzymatic activities, namely. RNA-~ ependent
‘and DNA-dependent DNA polymerase, RNase H and DNA end nuclease,
Polymerase. and RNase H activities are also pPresent in the

& subunit and the £ chain (Kacian et al. 1971; Verma 1977).
Endonuclease activity is also associated with the pp32

protein but not with the ¢ subunit (Golomb and Grandgenett
1979; Schlff and Grandgenett 1978). This suggests that

the active site for the endonuclease activity is in the
carboxyl-~ ~terminal domain of the ﬂ subunits as defined by

pp32. )

The exact mechanism by Which the mature .reverse-
transcfiptase is formed in infected cells is not completely
known. It is clear, however, the ﬁ;ocessing of Pr1go828-pol
occurs concomitantly or fqllows immediately after the virus
release, since no mature Teverse transcriptase melecules
were detected inside the cells (Eisenman et al, 1980a;

Ro and Ghosh 1984), Eisenman et al, (19802) have observed
4 reverse transcriptase-related proteinlwith melecular

weight of 130,000 in RSV infected cells (Pr130888-Poly
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Pr180828-pol
r— gag +¢pol _ -
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Pr130888-pol NE, p15§ < . 1 __p32 COOH
NH, & % P32 coon B
X + ~p32

Figure 1.5 Structure and Processing of the Precursor
to ASLV Reverse Transcriptase.

the 180,000-dalton product of the gaeg and
pol genes, is first cleaved within the gag polypeptide
region betwfen P12 and plS5. This cleavage generates
Pr130828°P° » which is further processed by removal of
the pl5 segment to generate the A subunit of reverse-
transcriptase. Removal of the carboxyterminal region
of A results in production of the &« subunit and the p32
endonuclease. Cleavage of Prl180 and Prl30 occurs within
the infected cell, whereas cleavage of 8 — & + p32
occurs within the virion. This figure is reproduced
directly from Weiss et al. (1982).

L
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Prlaogagfp°1 contains the;antigenic determinent for p15

and reverse transcriptase “sequences; furthermore, the peptlde

_ make.up of Pr130828- pol was establlshed by tryptic peptide“\

mapping and was shown ‘to possess peptides of both pl5 and

- -

- reverse transcriptase. However, they were not able to

demonstrate unequ1vocally whether ?*130888 pol is e cleavage
product of Pr180828~ pol or a primary translatlon product.
In sﬁTte of thls, they postulated a plau51b1e processing’

scheme, whlch assumed Pr130gag pol as the cleavage interme-

_hdlgte from Pr180888-pol (Fig. 1.5).

The structural proteins of RSV_include two viral

glycoproteins, gp85 and gp37 (for nomenclature see August o

.et al. 1974). Earlier studies suggested -that gp37 is anch-

ored in the lipid membrane whereas gp85 is attached to

the virus_maiolfithrough disulphide booding to gp37 and
oan be released by treatment of intact virus with reducing
agents (Bolognesi. et al. 1972;'Leamnson and Halpern 1976;
Pauli et al. 1928;‘Monteiaro et al, 1978). The membrane
{ocalization o% g8p37 could be confirmed from the amino
acid sequence of the viteluglycopro;einé:derfved from the
nucleic acid sequence (Schwartz et al.iiQSBE'Hunter et

al. 1983a). ' T

The env gene'ofzgsv which codes for the two viral.

glycoproteins gives rise to a glycosylated precursor poly-
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~protein,‘.gPr°92env,.wh1ch contazns the polypeptides of both
: gp85 aﬁd gp37 (England et al. 1977 Moelling and Hayami )
19%7). ‘The env gene product contains 16 glycosylatlon
sites (Schwartz et al. 1983; Hunter et al. 1983a). Process-
ing involves, in addition to proteolytié cleavage, conversion
of the high-mannose oligosaccharides (MW 2200) found in
gPréZenv to ;arger‘(MW > 3000), complex, sialidated oligo-
saccharides which make up the bulk of the oligosaccharides.
foundlin £p85 and gp37 (Bosch et él. }982; Hunt and wright
1981).

is the major glycoprotein species found
in Fhe i cted cellsr(Buchhagen and_Hanéfusa 1978; Bosch
et al. 1982), and processing to mature glycoproteln occurs
1ntra;ellular1y‘.lost likely in internal smooth membranes
and not at the cell surface (Hayman 1378; Bosch et al.
1982).

The unglycosylated primary env-gene product has
been detected by in vitro cell-free translation and in
iﬁfecgsg ceils treated with a glycosylation- -inhibitor.

The priﬁary env-gene product was synthesized in RSV-1nfected
cells which areﬁi&eated wlth tunicamycéin or 2- deoxyglucose.
inhibitors of 1n1t13l glycosylation events. .Its molecular
weight was estimated to be 57.060 (PS?env), and it contains
antigenije determinants and tryptic peptide patterns of
the envelope glycoproteins (Diggelméhn 197é; Stohrer and

Hunter 1979). It was well established previously thatt
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Figure-1.6 Maturation of ASLYV Envelope Glycoproteins.

The polypeptide designated P63%2Y ig believed to be that
synthesized by cell-free translation of enmv mRNA. Its
in vivo counterpart is probably cleaved as a nascent chain
after insertion into the endoplasmic reticulum. Cleavage
at the site indicated by the arrow would remove the 64-
amino-acid hydrophobic Msignal® sequence.. P57V 45 the
proposed structure of a protein observed in vive after
treatment of infected cells with inhibitors of g8lycosyla-
tion. Although the s%ggal reptide 1s believed to have
been cleaved from P57 s. Suggesting membrane insertion,
further processing does not appear_to occur. In pulse-
labeled ASLV-infected cells, gPr92®8Y ;g readily detected
and is presumed to be derived from P63°R after membrane
insertion, removal of the signal sequence, and glycosyla-
tion. Cleavage, disulfide-bond formation, and further
glycosylation of gPr92%2V generate the. viral glycopro-
teins (VGP). This figure is reproduced directly from
Weiss et al, (1982). ‘ '
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secretory and membrane proteins éré’synthesized initiall}
with a leader sequence or signal sequence, attached to
the amino~terminal end of nascent chain (Milstein é{ al,
1972; Blobel and Dobbepstein i975). The signal sequence
is cleaved shortly after passing through tﬁe endoplésmic
reﬁicplum. The possible existénée of a signal Sequence’
in. the primary env-gene product was tested by in vitro

" cell- free translatlon experiments. A precursor polypeptide
(P63env) was‘immunoprecipitated'ﬁith anti-env antibody
from the in vitro reaction mixture and it was'bélieved
to contain the signal sequence. ' The polypeptﬁde p578MV
coul& then'bé generated in vivo from P6?;env by the.cleavage
of the signal sequence'(Pawson et al. ;977, 1980; Purchio
et al. 1977). The presence of a signai sequence was later
confirmed by the nucleotidé and amino acid. sequence analyses,
in which a putative signal sequence coding region w;g_;;esent
that just preceded.the start of the mature gp835 amino acid
'sequence (Hunter et.al. 1983a: Schwartz et al. 1983).

s The possible‘proqessing of the ASLV glycoprotein is summa-

rized in Figure 1.6.,

IV. Fourth Stage - Assemblvy and'Maturation of RSV

Many enveloped viruses leave the infected cells

by budding from the' plasma membrane. The available'evidence
-~
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indicate that the_ formation of 4 core structure by assembly

-

of viral components near the buddzng s:te occurs prior

to release of viros ;arcicles. The intracellular processes

involved in the correct assembly of viral components is

not clearly knowﬁ. ‘It was suggesteo that the processing

of v1ra1 polyprotelns and the 1nteractlons between viral

components are necessary for, or trigger, viral assembly
-~~~ and budding. 'These 1nteractlons may also determine the

.

structure and/stabzllty of the virus partlcles. Much

supporclng/ev1dence was presented for the importance of
prope:.syothesis and pfocessing of gag-related polyproteins
*in the production of mature virus perticles (Eieenman-et

al. 1975, 1978; Rohrschneider et al. 1976; Bister et al.
'1977; Hayman et al. 1979). Virus maturation was also affected
in cells infected with a teﬁpe;ature-sensitive mutant defect-
:ive in processing of the reverse transcfiptese pcecursor
ﬁolyorotein (PrlBOgag"P°1) at the nonpermissive -temperature
' (Rp and Ghosh 1984). The viral production was reduced
byo7OZ and the released viruses were noninfectious, These
results suggest that the procecsing of reverse trenecriptase
precursor is related to virion assembly.

Several studies of the interactions of viral compo-

nents indicated that pl9 is a membrane associated protein

and interacts with gp37 (Montelaro et al. 1978; Pepinsky

and Vogt 1979; Pepinsky et al. 1980; Gebhardt et al. 1984),

t
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lipid (Pepinsky and Vogt 1979; Gebhardt et al. '1984),kand
the viral RNA (Darlix and Spahr 1982; Gebhardt et al. 1984).
These close associations with the components, which ;re
utilized in virus formation, strongly indicates that pl9
plays aﬁ important role, not'only in détermining the struc;
ture and stability of the virus perticles, but in vi;ﬁs
asseﬁbly. Maturation and budding. As mentioned earlier,
p19 is feﬁnd at the amino-terminus of Pr76%%8 &, the precursor
for the gag proteins. A model concerning the_mecﬁanisms B
of virus‘assembly and budding was postulated {Bolognesi
et al. 1978; Gebhardt et al. 198@). The primary_triggering
mechanism is the association of p19 as part of the precursor,
to the buddlng site at the membrane where the virail glycopro—
teins are concentrated. The pl9 polypeptide then associates
" with the viral RNA and trigger its packaging at the site
of assembly. Bolognesi et al. (1978) have postulated that
gag and Possidbly also gag-pol polyprotelns are organlzed
under the plasma membrane, and are subsequently cleaved
to individual structural proteins which are organized in
coﬂcentric shells. It seems that the cieavage may occur .
just prior to budding and the mature pProteins localize
and interact with specific components to become properly
-assembled molecules., The polypéptide P19, as part of the
precursor, could act as a carrier for the other g&g proteins
to the budding site. It is intéfesting to note that a

Ay
. <P . . -
mutant with a lesion in pl9 is defective in virus assembly
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(Rohrschneider et al. 1976). . However, it is not clear

how glycoproteins are involved in virus assembly. Vlrus

particles lacklng glycoprotein are Produced from cells
treated with tunlcamyc1n (Dlggelmann 1979; Stohrer and
Hunter 1979). Furthermorg, virus particles lacking reverse-
transcfiptase (Hanafusa et .al, 1972; Elsenman et.al. 1980a:

Ramsay and Haymah 1980; Ro and Ghosh 1984) or genomic RNA

ﬁLev1n et al. 1974; Linial et al. 1978) were also obtained

from cells infected with defective virus. It should now
"\
be possible using DNA recombinant techniques and site- dlrected

mutagenes:s to modify" spec1f1c regions of the viral Protedns

- to 1nvestlgate their role in viral assembly.

. Vlral genomic RNAs, transcribed from the 1ntegrated

Provirus DNAs by cellular polymerase I, are 3pec1f1cally

packaged into a virus particle. This specifie paékaging

of the genomic RNA, preshmably thrbugh the specific inter-
action between viral prbteins and viral genomic RNAs, occurs
at the cell surface (Weiss et al, 1985; Gebhardt et al.
1984). The sequences invplved in the dimer linkage, by
which two viral’éenomqs are incorporated into a virion
is suggested to be present near the 5°' end of“the genome
(Weiss et al. 1982).

Although the mechanisms of replication of the viral
genome has been eitensively stﬁdied the mechanlsm of pack-

aging of the viral genome into v1r10ns is not clearly under-
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stood. Structural analyses of profiruses. of a certain
class of mutant v:ruses were useful ‘in eluc1dat1ng fhe
: p0531b1e mechanism of specifie packaglng of viral genome
(Linial et a1, 1978; Shank and Linial 1980; Watanabe and
Temln 1982 Mann et.al, 1983' Sorge et al. 1983; Kawai
and Koyama 1984; Koyama et a8l, "1984). 1In RSV, as well
88 in murine leukemia virus- (MLV) and retlculoendothe11051s
virus, the restrlctlon endonuclease map analyses of the
-Proviruses suggested that the Tecognition site for packaging
may be located near the 5' end_of the genomic RNA. In
RSV, =a eecond Packaging locus was reported to be present
in the 115-nucleotide direct repeat that flanks the transform-
ing gene, src (Sorge ee al, 1983}, i
- The selective'packaging of gehbmic RNA against
the subgenomic mRNAs may, be explained by the mechanlsm
of the specific recognition of the 51gnal sequence., In
spleen necr051s virus gnd MLV, the sequence near the 5'-
end of the genomes that are necessary for selectlve packaglng
are removed from subgenomic mRNAs by splicing; thus, mRNAs
of these viruses are not packaged into virions. In contrast,
the 5' donor 3p11ce site is located within the gag~coding
region in RSV (Swanstrom et al. 1982). The evidence support-
ing this notion was Presented recently, in which the precur-
sors for gag and env gene sfrﬁctural Proteins were shown

to contain a common aminofterminal sequence (Ficht et al.
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198&%\, The;éforé,

it seems likely that some Sequence in
the gag-~

coding region beyond the donor splice site is also

involved in selective packaging of the genomic RNA.

~7
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Scope of This Work

In the last decade, many avian retrovirus, as well
2s a small number of mnrlne virus mutants have been 1solated
In the early years, the research effort wa8s a mere character-
ization of the mutants based on a8 physiological description.
As our knowledge of the molecular biology of RNA tumor
virus infection progressed, the mutants became more and
more useful as tools to determine whether proteins were
virus'coded, as well_as to demonstrate the-biological conse-—
quence of biochemical changes.
o One type of mutant, the conditional lethal mutant,
has been particularly usgful in biochemical étudies, Since
one can easily manipulate its phenotype by coﬁtrolling
some environmental factor sucg as ‘temperature.

In general, temperature-sensitive {ts) mutants
of retroviruses havésperdissive temperatures of 31-32°%
(mammalian viruses) and 35-37°C (avian viruses) and nonpermi-
'ssive temperatures of 37-40°C and 40-42°C, respectively.

Conditional and nonconditional mutants of RSV are’

available for several virel functions. The mutants‘could
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be grouped into thrge classes: (I) transformation defec-
tive mutant or T cléss. (Im) rgpliéation defective -mutant
or R class and (IO) coordinate mutant or C class (Vogt,
1977). : ' : ;

The T class mutants contain a lesion in the '§TC
gene. The conditional ts mutants belonging to thlS class
can replicate at 41 C but can not transform cells at 41°c,
The non- condltlonal T class td mutnats (trnasformatlon
defectlve), however, can not transform cells because of
partial or complete deletion of Src gene. Non-transforming.

viruses, such as, leukosis.og Rous associated viruses (RAV)Y,

also have the src gene deleted, i

The- R cléss‘mutants have a lesion in either gag
or env gene. The condltlonal ts Rutants can not repllcate
at the nonperm1551ve temperature but can transform cells
at 41°C. The non-conditional mutants are generally deletion
mutants.

The conditional ﬁs, C class mutants can not repli-
cate or transform cells at the nonpermissive temperature
and contain lesions in the Pol gene. C class mutants can
also be generated by mutations in-both.R funcitons (gag
or env gene) and T function (src gene).

The majority of the ts replication mutants of RSV

belong to the C class withilesions in the pol gene and
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‘these mutants ;pavé made.important &ontribﬁtions-to ouf,
understanéing éf'RNA—dépendent DNA-polymerase (reverse-
transcriptase) structure‘and fu;ctidn.
The ‘first ts polymerase.mutanqs idéntified wére
LA335 and LA337 (Linial apg Mason, 1973; Wyke, 1973)..
These a;é Coordinate mutants whichrhave IESidnﬁ\if;ﬁb;
reverse transcriﬁtase gene. Both the mutants have defects
in early functions.l The v;fuses lose both'transforming
-and replicating abilitieéféfﬂfr 8.hohrs‘if infection kas

been initiated at 41°C, and if shifted down to 35°C and

shows the temperature Sensitivity with respect to trans-

formation angd replication. Both the virions and the rever-

DNA-dependent Polymerase and RNase H, are heat labile (Verma e

1975). The rate of thermal inactivation suggests that

the polymerase and the RNase j activities are located at
different sites (Verma 1575). Both of tHese enzymatié
a?tivities are located in the % subunit wh?ch is also ther-
molabile in both LA335 and LA337. Mason et al. (1979)

have isolated six additional'pol mutants, four of whicﬁ

are like LA337 (PH543, PH553, PHS68, and PH620).
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Studies to'dist%ngqish the defective functions

in the verioué-pqiymerase mutants are in their infahcy;

but som; interesting results have been obtained. The Ma™*.
dependent DNA endonuclease activity assoc:ated wlth v(?
polymerase (Golomb and Grandgenertt, 1979) was examined

in four ts pol mutants with similar biological phenotypes:
LA335,  LA337, PH553, and PH568 (Golomb et al._1981) It

was found that the endonuclease activities of LA335 and
LA337 were more thermolabile than that of wild type, whereas
the act1v1t1es in PH553 and PHS568 were as stable as that

of wild type. Thls correlates well with the fact that

LA335 and LA337 appear to map at the same site, whereas
PH553 and PH568 contaln a different mutation, These results-
also show that the Mpt —dependent endonuclease act1v1ty

is a virus coded function, but they do not identify a func-
tion for the endonuclease in the virus life cycle, It o {
" ‘should be Pointed out that all ts pol mutants that‘have ‘ ’ N\
been tested for RNase H activity are ts for both RNase H \\M/,~:
activit} and polymerase activity and that no mutants have

been isolated that are temperature-sensitive f;; RNase H

_activity alone. 1In addition, no ts pel muta&téﬁiq‘DNA

‘endonuclease activity alone have been isolated. R;cently,

v1rus mutants possessing deletions in the pp32 region have

demonstrated that thls region encodes functlon(s) essentlal

»

~
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for repiication of the virus (Hippenmeyer and Grandggnett, 3
1984)." Two separate point mutations generated near the,
amino-terminus of pp32 resulted in ﬁecréaSea viral_replica-'
tion and cell transformation &ue to redﬁced syntheéis of
the viral RNA from the integrated provirus (Hipﬁenmeyer
.and Grandgenett, 1985). It appearé that transcription
is affected by aberrant integration. - Similar results were
obfained previouéiy by Donehower and Yarmus (198&) that
a éinglé base change in the 3' region of Moléney murine
leukemia virus pol decreased the level of viral DNA integra-
tion 10-fold and that most of tke proviruses had integrated
aberrantly. These results indicate ﬁhat a viral coded
endonﬁclease activity is réquired for proper integration
of the DNA. )
Aﬁalysis of two mammalian retrovirus mutants,
Rauscher-MLV ts24 (Stephenson and Aaronson, 1973) and Mo-
MLV ts3 (Wong et al. 1973), indicates that the reverse—
transcriptase is enzymatically inactive in its PrlSOgag-p01
précursor form and is.activated only after cleavage to p80.
At the nonpermissive.temperature: these mutants fail to
cleave Pr1gn888-Pol, Cleavage apparently occurs after
_virio;.release. as polymerase activity is found only in

virions released after shifting to the permissive tempera-

ture cells infected by these mutants (Witte and Baltimore,

A
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1978). These experiments lend credence to the idea that

" Prigo8e8-Pol . the actual precursor that is cleaved to

-

mature polymerase, A ts mutant-.that does not cleave poly-
. Iy . .
mérase precursorschas not been found in the avian retro-

virus system. ——
Previous studies carried out in this laboratory

(Ghosh, 1984) with  RSV-conditional lefhal mutent LAS3 .
_~" showed that it was defective in both replication and trans- :

formatioe functions. At the nonpermissive temperatere

LAB3 produces non- 1nfect10us partlcles lacklng reverse-

ﬁranscrlptase act1v1ty. It is apparent that the synthe31s

of the reverse transcriptase at the nonpermissive temperature'
"is defective._ LASB

. L g ’ ’ N . -
.The mechahism of the synthesis and processing of

actlve reverse tfanscriptase has not been studled. The
mutant LA83 offers an excellent opportunlty ro study thesea
two lmportant aspects of reverse transcrlptase metabollsm.
In addltlon one can alg;.study ‘the 1nterrelat16nsh1p between
\\ prectursor polyprotezns cleavage and virion assembly.

T Thls thesis describes 1nvestlgat10ns into reverse—
transcriptase biogenesis by two distinct approaches,

Broadly stafed, these appreaches are first by biochemical

characterization of a conditional mutant of RSV; second,

by using the recombinant DNA merhods to express the pol
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. 8ene in E. coli to attempt to identify the functional domains

of the pol gene and functlons involve in the virus life

'cycle. "The specific. questlons or objectives.which these'

approaches have attempted to afswer are as follows.

D
2)

The mechanism of biosynthesis of reverse transcriptase.

\
‘The 1nterrelatzonsh1p between the precursor polyprotein

cleavage and viricn maturation. .

the virus 11fe cycle.,



MATERIALS AND METHODS

2.1 Matafials

2 1.1 Chemicals and Reagents

S

Polybrene and dimethylsulfate (DMS) were obtained ’
from Aldricthhemicai_Co. ! Methyl ‘mercury hydroxide was
obtained from Alfa Products, Thiokol/Ventron Divis:on.
Ammonium persulfate. dimethyl sulfoxide (DMSO), formalde-
hyde, formamide, g8lycerol, NP- 40, sodium dodecyl sulphate
;'(SDS), and Na—ethylenediaminetetraacetic acid (EDTA) _were
purchased from BDH Chemicals Ltd. Acrylamide, N,N' -methyl—-
enebisacrylamide. N,N N',N'—tetrametHylethylenediamine
(TEMED), ampholines, glycine, Triton X-100 and urea were

purchased from Bio-Rad Laboratories. Agarose, isoprOpylthio— d
P—galactoside (IPTG) and S~bromo- &-chloro—B indolyl-ﬂ D—
'galactoside (X—gal) were obtained from Bethesda Research
Laboratories. Poly (dT) ‘and oligo (dT):éoly {(rd) were
purchased from Collaboraﬁive Research, Inc. Sodium deoxy-
cholate and dithiothreitol (DTT) were obtained .from Calbio-

chem. Bactc —tryptone, Bactoagar, yeast extract,;and tryptose

phosphate broth (TPB) wvere from Difco Laboratories. Hydrazine -

(82) ahdlx-ray films were purchased from Eastman Kodsak.
Piperidine was purchased ifomFisher Scientific. Dulbecco's
modified MEM, L -MEM, F-11 MEM, 199 medium, high glucose-

. 'Dulbecco medium, Joklik modified MEM, fetal bovine serum

Tt

36
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(FBS), new born calf serum (NBCS), calf serum (cs), dialyzed
fetal bovine serum (DFBS), chick serum (ChS), penicillin/
streptomycin, ‘trypsin, and fungizone were purchased from

Gibco. Trasylol (Aprotinin) was purchased from Boehringer

Mannheir (Canada) Ltd. Polygram silica N HR thin layer plates'

were purchased from Brinkman Instruments Cﬁnada. Ltd. Gene
Screen. and Enhancer were from New England Nuclear Corp.
_Protein A- Sepharose was purchased from Pharmac1a Flne chemi-~
cals. dATP, dCTP, dGTP, TTP, .and ATP were - purchased from
P.L. Biqchemicale. Nitrocellnlose membrane was obtained

-~ - . \
from Schleicher and Schuell. Bovine serum albumin (BSA),

phenylmethylsulfonyl fluoride (PMSF), ethylene glycol bis
(ﬁ aminoethylether) N, N N' N'—tetraacetic acid (EGTA).
ampicillin, tetracycline, chloramphenicol ethidium‘bromide,

3- Puindole scrylic acid were purchased from Sigma Chemicals.

Soybean trypsin inhibitor was from Worthington.

2.2.1 Enzymes
The restriction enzymes, T4 DNA ligase, T4 DNA-

pclymerase; T4 polynucleotide kirase, and E. coli DNA-
polymerase I (Kienow fragment) were obtained fnom Bethesda-
Research Laboratories or Boehringer ‘Mannheim Ltd. Proteinulj
ase K was from Boehringer Mannheim Ltd. Micrococcal nucleaee

was purchased from P.L. Biochemicals. Ribonuclease A was
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from Sigma Chemicals»or Boehringer Hannheim Ltd. TPCK-
treated trypsin. Lysozyme, and deoxyribonuclease were
obtained fron Worthington. Phospholipase A2 was obtained
from.Dr..G.E. Gerber; Department of Biochemistry, McMaster

Unirersity.

2.1.3 Biochemicals

[ H] Glucosamine. [ H] mannose, [BH] palmitic acid,
[SHT'TTP [ H] uridine,'and [ P] orthophosphate were
obtained from New Englano»Nuclear Corporation. [358]—
Methionine was purchased from New England Nuclear Corp. or
Amersham corporation [ = P] ATP, [' P] CTP, [r— P] ATP,
and poly [8— H] adenylic-acid Were purchased from Amershap
Corp. | H] diazirinophenoxy {DAP) undecanoate (160 nCi/mmole )"
.was provmded by Dr. G.E. Gerber and P. Leblanc, Department

of Biochemistry, McMaster University,

2.1.4 Antisers

Anti-RSV serum*was prepared- by injecting rabbits
-with detergent-disrupted proteins from gradient-purified
PR-B. '\Anti-reverse transcriptaae antiserum (anti-pol) was
a8 gift from Dr. H. Oppermann and Dr. T. Pappas. Anti-p27,
'anti—p19; anti~pl5, anti-pl2, and anti-gpSS antisera were
generously provided by Dr. D. Bologneai, Department of
Surgery, Surgical Virology Laboratory, Duke Uniyersity'

—

+
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'M9dica1 Center,_quham, North Carolina. Anti-pol, anti—.
'bp32,;and anti-syntheti; ppéz beptide antisera were gifts
from Dr. D.P. étandgenett, Institute for Molecular Viroloéy,
.St. Louis University Hedicai Center,_St. Louis, Missouri.
Tumor Bgaring Rabbit (TBR) serum was'obtainedifrom Dr. P.

- Branton, Department of Pathology, McMaster University.
Anti-s?c (carboxy peptide) antiserum was a gift from

Dr. B.M. Sefton, Tumot Virology Laboratory, The Salk Institute,
San Diego, California, Anti—FLgalactosidase antiserum was a
gift from Dr. R.C. Huebner, Department of Molecular Biology
and Microbiolog?,.Tufts Univeréity School of Medicine,

Boston, Mass.

2.1.5 Cells | . -
fog Primary'chici embryo fibroblasts (CEF) were prepapred
from 9- to 1l-day-old embryos (Hy-Line) of the C/0, chf gs™ ’
phenotype fbllowing the procedure of Vogt (1967). Primary f/
cells were grown at 35°C in 199 medium or high-glucose- h
Dulbecco (HGD) medium supplemented with 10 I TPB, 5 % CS,
and 2 T heat- inactivated chicken serum (HICS). Secondary
cells were grown at 35°C in growth medium (GM) containing
199 medium or HGD medium supplemented with 10 % TPB and
5% CS. All culture media were supplemented with 132
renicilliin/streptomycin, 1 % fungizone, 2 2 L-glutemin,
and'2 Zof a 7.5 % NaH003 solqtiop. A1l monolayer tultures

were grown in the presence of 5 Z co,.
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E. co0li LE392 [F™, hsd R514 (rk“, m. ), supE44,
supSSS LacYI, or A(lacIZY)ﬁ galk2, gélTZZl metBl, trpRSS,
X"] was obtained from Dr., F.L. Graham. Department ‘of Biology,
McMaster University. E. coli HBIOl [F~, hasS20 (r » g M,
recAl3, ara-14, proaz”Iszxa\\galxz rpsl20 (Sm®), xyl-5,
mtl-1, supEd4, X7] was obtained from Dr. J. Smiley, Depart-
ment of Pathology, MEMaster University. §,.ggli JM103 [A(lac
pro), thi, strA, supE, endA, sbeB, hsdR™, F'ﬁrab36, proAB,
lach; z M15] was obtaiﬁed from-Dr.-C;B. Harley, Departmeﬁt
.of Biochemis;ry, McMaste; University.

i

2.1.6 Viruses

Wild—type viruses were the Prague strain of Rous-
sarcoma virus subgroups A (PR—A), B (PR-B) and C (PR ~-C),
and Schmldt Ruppln strain of RSV subgroup D (SR- D). The
temperature-~sensitive mutant LAS83 was isolated from PR-B
that was grown in the presence of S—-azacytidine (Toyoshima
.and Vogt, 1969b). The permissive temperature for LAS3 is
35°C, while the nonpermissive temperature is 41°C. A1l
viruses, both wild type and mutant weré obtained from Dr.
P.K. Vogt, University of Southern Califbrnia School of
Medicine, Los Angeles, California and, purified by cloning
before growing the stock virus.

Plaque purified vesicular stomatitis virus (VSV)
was of -the Indiana serotype, strain HR-LT, originally

obtained from Dr. L. Prevec, Depastment of Biology, -
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McMaster University.

All. virys stock clultures were stored at -90°C. <L
-~

-

2.1.7 Plasmids

PBR322, a cfoning vectdr was provided by Dr. W.C. .
Leung, Department of Pathology, MﬁMaster University, - pUCS8
and PUC9, pBR322 derivaéives containing Lac Z gene with
thé multicloning sites were provi&ed by Dr. Y. Gluzman,
Cold Spring Hérbér Laboratbries, Qold Spripg Harbo;. New
York. pATVO8, pBR322 derivative'conﬁaining complete proviral
DNA of PR-C was proviaed by Dr. R:V. Guntaka, Department
‘of Microbiolog}, College of Physicians and Surgeons, Columbia
University. New York. pSAL—iOZ, pB§322 derivative'containing
complete proviral DNA of PR-A was providedsby Dr. J.T.
Parsons, Depargment of Microbiology; Uniﬁersity of Virginia

School of Medicine, Charlottesville, Virginia. PSRA-2,

was provided by Dr. H.E. Varmus, Department of Microbiology
)

“

and Immunology. University of Ca;ifornia, San Francisco,
‘\\V“Ca{%fornia. pBSgag, pBSpOl, aﬁd pBSenv-are PBR322 derivatives
conﬁhining gag-spécifib—, pol-specific-, Or env-specific-
proviral DNA of PR-a, respectively. These Plasmids were
provided by Dr. E. StavneZﬁr, Genegic and Molecular Biology
Unit, Graduate School, Sloan—Kettering Institute for Cancer

' t
Research, New York. PER103, a prokaryotie expression vector
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containing a'prdmoter—operator sequence derived from the

trp operon of Serratla marcescens with a potent art1f1c1al

ribosome blndlng site (RBS) sequence. was provided by Dr.
M.B. Dworkin, Department of Biological Sciences, Sherman

FairchilalCenter, columbia University, New;York.
'2.2 * Methods

! 2.2.1 Viruas Infection

A
~

When cells were to be infected with RSV, polybrene
was added at a final concentration of 2 pg/ml to facilitate
viral adsorption (Toyoshima aﬁd Vogt, 1969a). Virus was
added to seepndery cultures within 3 hours of replating..
For the preparation of virus i % DMSO was added to the
medium 1 day postinfection to increase v;fus yield and
to aid cell monolayer stabilitf. When the infected cells
were confluently transformed they were subcultured and

incubated either at 35°C or 41°¢.

2.2.2 Virus Infectivity

.

Viral 1nfectiv1ty was determined as focus formlng
units per ml (FFU/ml) by the focus assay procedure. 60 mm

culture plates were seeded with 5 X 105 cells from primary

t
CEF in regular growth medium containing polybrene at a

L \‘ "‘"\
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final concentration of 2 pg/ml. The monolayers were 1nfected
with 0.1 ml- of an- approprlate dilution of RSV serially

diluted with PBS (138*mM NaCl 2.7 oM KCl, 8 mM Na.HPO

2 4"
1.46 mM KH,PO, ; Dulbecco and Vogt, 1954). After overnight
" (12-18 hrs) inﬁubation at 35°C, the monolayers were over-
laid with S ml of 199 medium containing 10 Z TPB, 2 % Cs,

1 % Beef émbryo extract, 0.25 Z'DMSO, and 0.9 X agar.

After the agar solidifiéd the Plates were incubarted at
35°C or 41°% for 5 days in a 5 g COZ' 85 2 air atmo§phere.'

After the 1ncubat10n period, the cells were overlaid again

with 2 to 3 ml of the overlay medium. Foci were .checked

— _ PO

after . 3 days or the plates were further 1ncubated for 2

to. 3 days after addition of 1 to 2 pml of the overlay medium.

2.2.3 Virus Purification jP

When the infected cells were confluently transformed,

the medium was collected and clarified by centrifugation

at 3600 rpm for 30 min at 4°¢c, The virus was pelleted
from the supernatant by centrifugation in Be;kman 50.2 Ti
rotor at 48,000 rpm for 1 hour at 4°¢ and suspended in
standard buffer (STE - 0.01 M Tris-HCl, pPH 7.4, 0.1 M NacC1,
0.001 M EDTA). The virus suspension was sonicated for

3 to 5 seconds before being pelleted through 25 2 (w/v)

sucrose onto a 40 Z (w/v) potassium tartrate cushion, in
t
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a Beckmén.SWAI rotor at 36,000 rpm for é hours at 4 C
The virus at the interface was collected dlluted with
STE, and pelleted by centrifugation in & tyﬁe 65 rotor
(Beckman) at &8,000 rpm for 1 hoﬁr at 4°C. 1In some cases,
the labeled viral particles were purlfled dlrectly from
the clarlfled harvested med1a~by pelleting through 25 g

sucrose in a Beckman SW41 rotor at 40,000 rpm for 2 hours

at 4 C.

‘2.2.4 Radioisotopic Labeling of Viral Particles

2.2.4.1 Labeling of Virus with Radioactive Amino-

Acids, Supars, or Orthophosphate.

- Viral proteins were labeled by incubating confluently
transformed cells (PR-B-infected cells at 35 or at 41°C
and LASB ~infected cells at 35° C) pr LA83-infected nontrans-
formed cells at 41°C with radiocactive amine acids, sugars,
or or;hophosphate. After removal of growth medium, 2 nl
of respective labeling medium containing 5 % DFBS and the
corresponding radiocactive amino acids, suga?s, or ofthophos-
phate were added to each Plate. The plates were incubated
either at 35 or &106 for 5 hours, then .an additional 3 p3
nf the labeling medium containing 5 I DFBS was added to
each plate. After 4 hours incubation, 5 ml of growth

T
medium was added. Finally, the medium was harvested after
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- 14 hours and the- v1ruses ‘were purlfled as described above.

An allquot of labeled v1rus was. spotted on a Whatman 3 MM
_:t_jh__"illter paper and the sample was prec1p1teted with-lO % TCA.
The filter paper was boiled dn 5 % TCA for75 Einland then
washed with two changes of ice cold 5 T TCA over a period
of 20 min. The fdlter.paper was rinsed with 95 % ethanol:
ether (1:1. v/v) followed by washlng wlth ether.A After .
drying in a fume hood 'the fllter paper was placed in a’
mred\unted sc1nt111at10n vial contalnlng 10 ml of a PPO/
toluene based sc1ntlllat10n fluld (4 gm of dlphenyloxyzole
.1n l liter of toluene). The radloactlvlty was determlned

in a*scintillation-counter.

2.2.4,2 Phbsphate Labeling.

N

Virai proteins were labeled with T32P] phosphate

as pteviously described (Shaikh et - al., 1979)., Briefly,
infected cells were starved for phasphate by 12 hours incu-—
bation in phosphate-deficient 199 medium with S % DFBS.

Cells were then labeled with 250 pCi/ml of [32P] ortho-
phdsphate in the above medium for 12 hours, then supplemented
with 5 ml of growth medium and the medium was harvested

after 12 hours. Supernant medium was clarified and the
virus-purified. Virus was disrupted in 0.02 M,Ttis-HCl, -

PH7.5, 0.05 M NaCl, and 0.1 2 NP-40. RNA was hydrolyzed

) ]
by incubation at 37°C for 2 hours with 20-30 pg of RNase A.
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Phospholiplds were extracted wlth 5 vol of ether. The solu- .
tion was diluted to 1 ml w1th the lysis buffer and the
vzral protelns were 1mmunoprec1p1tated using anti- gag anti-

se;um‘and protein A-Sepharose.

2,2.4.3 Labelihg of Virus with [3H] Uridine.
') ‘-

- v
Viral genomic. RNAs were lab;&ed by incubating conflu-
ently traneformed_or nontransformed cells with LBH] uridine

(250 pCi/plate) in 2 ml of F-11 MEM supplemented with 2 g

.CS and 1 % DMSO. After 1 hour incubation at respective

temﬁerature, an additional 3 ml” of the labeling medium was

added and incﬁﬁated further 11 hours at the respective

‘temperature. The medium was removed and 5 ml of fresh

GM was added and fﬁr;hef incubated for 12 hdurs. ‘The com-
bined media were clarified and the labeled viruses purified
as described above. The virus pellets were susbended in

a8 buffer containing 1 mM EDTA, 0.5 g SDs, 2.0 A260 units

of wheat germ tRNA, and 100 pg/ml of ProteinaseﬂF in 10 oM
Tris-HC1l, pH 7.5. The suspensions Were incubated at room

temperature for 20 min, then extracted with phenol:chloro-

form (1:1, v/v). The aqueous layers were precipitated

~with ethanol and the RNAs were suspended in sterile water.
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2.2.5 .Radioisotopic Labeling of Vlrue—Infected
-~ CEF Cells .
- \

Viral proteins were labeled with elther [358]
methionine (100 pCl/ml) or [32P] orthophOSphate (1 mCi/ml)
by incubatlng confluently transformed °or nontransformed
cells in 199 medium lacklng elther methlonlne or phosphate.
In chase experlments, the labeled medlum was removed and
-replaeed with normal growth medlum. In some experiments,
'cultu:es wereAshlfted to the permissive temperature in
' growth medlum containing 50 233 of cydlohexlmlde per ml

sh¢d three times with cold STE buffer and the cells

(Witte and Baltlmore. 1978). After 1ncubatzon, the cells
were I;

—

were lysed with Nml of Fold R;PA buffer (50 mM Tris-HC1,
pH7.2, 150 mM NaClgﬁl % Triton'X—IOO, 0.1 Z‘SDS, 1 % sodium
deoxycholetej containin lOO Kallikrein inactiyator units
HY‘Trasylol;‘ Lysed cells were scraped with a rubber police-
man and eollected into hn Eppendorf tube and incubated

- for 30 min in an ice baeq with occasional mixing., Cell
lysates were centrifﬁged in an Eppendorf centrifuge for

15 min at 4°C to yield a solubilized fraction.
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2.2.6 Radioisotopic Labeling of E. coli

The inocula were grown in LB (Luria—BertaniD?medium

(Per liter: 10 g Bacto;trypfone, S g Bacto-yeast extract,
5 g Na€l) containing the appropriate.antibiotic, then diluted
'15:3 1:100 and grown fof.about-zis hours at 37°C with vigor-
ous shaklng until the OD600 of the culture was approximately
0.4. Chloramphenicol was added to the culture to a- final
concentration of 200 pg/ml. - The,cultures were incubated

at 37° C with vigorous shaking for a- further 12-16 hours.

The E. coli cells (5 ml) were pelleted and washed with
prewarmed M9 medium (Per liter: 6 g NazHP04-H20, 38
KH2P04, 0.5 g NaC1, 1 g NHACI, 1 ml of 1 M MgSOA, and

10 1 of Q.01 M Caclz). The cells were resuspended in
'1 ml of MY medium supplemented with 0.2 2 glucose,

1 pg/ml thiamine, 20 pg/ml standard amino acids
(except methionine, which was 2 pg/gi), 20 pg/mi ampici~
1lin, and 20 pCi/ml f3SS] methionine. The cells were labeled
for 30 min at 37°C and pelieted and resuspended in 10 mM
Tris-HC1, pH 7.2, 1 mM EDTA and transferred into Eppendorf
tubes and centrifuged for 30 seconds. Total cell extracts

' were prepared by boiiing in 0.5 ml of a buffer containing
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150 oM NacC1, -5 uM EDTA, 10% glycerol 12 Triton x-1oo 12
sodium deoxycholate. 100 KIU/ml Trasylol, and 1 mM PMSF

in 10 mM Tris-HC1, pH 7.2 and lysozyme to a final .¢oncen-
tration of 1 mg/ml. The soluble fractions were collected
and immunoprecipitation carried out as described below.

} In the cdse of E. coli containing recombinant
plasmids with trp promoter, the overhight E. coli cultures .
were diluted into 1:100 in M9 mediumssupplemented with

0.22 glucose, 1 mM nonessential - aniao acids, 100 pg/ml
ampicillin and grown until‘AGGO = 0.1, then op-indole acrylic.
acid (20 pg/ml) was added to derepress the trp promoter
(Hallewell and Emtage, 1980), and then grown a further
1.5 hours, The cells were labeled with [358] methionine
(8 pCi/ml) for 30 min. Total cell extracts were prepared
and the soluble cell lysates were immunoprecipitated as

described above.

2.2.7 Growth of Staphylococcus aureus and T .

Preparation for Use in Immunoprecipitetion

Cultures of Staphylococcus aureus, strain

Cowan I vere grown in Penassay broth supplemented with

5 mg/ml casitome, 2.5 ng/ml yeast extract, 2.5 mg/ml
P-glycerophosphate, 4 pg/ml niacin, and 2 pg/ml thiamine-
HC1. Seven hundred milliliters of broth in 2-liter

standard Erlenmeyer flasks received inocula from
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5 ml. broth cultures growth over the previous night at 37° C.
The large cultures were then incubated for 16 hours at 37°C
in shaker.

Bacteria were collected and washed twice by centrl—.
fugation at 3000 rpm for 20 min in PBS containing 0.05 Z
(w/v) sodium azide. After resuspension_to epproximately |
'a 10 % (w/v) concentretion in PBS-azide, the cells were
stirred -at 23°C for 1.5 houre in the presence of 1.5‘2
fermalin. washed, - and again resuspended to the same concen-
tration in buffer witheut formalin,. They were then added
to ; large Erlenmeyer flask to a depth of less than 1. S cm
and killed by rapid swirling in an 80°C water bath for 5 min,
followed by rapid cooling in an ice—water bath. After two
more washes in PBS-ezide, the concentration was then set
at 10 £ (w/v). The_bacteria were stored at 4°c. 4 day
before use.the bacteria uere pelleted by centrifugation at
2000 g for:.20 min and incubated in 0.5 Z NP-40 in NET
(150 oM NaCl, 5 aM EDTA, 50 oM Tris, and 0.02 % sodium azide)
buffer, pH 7.4, for 15 pmin et 23%. They were then washed
once in 0.05 Z NP-40 NET buffer and finally resuspenued to
the volume of the original 10 Z suspension in tue latter
buffer containing 1 mg/ml ovalbumin (Kessler, 1975).

»

2.2.8 Immunoprecipitation

To an aliquot of the solubilized fraction 5 to 10 pl

of the antiserum againet-RSV ¢r monospecific antisera
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‘ﬁereeadded. and the reaction wag incubated for 30 min at

4°C with continuous mixing.. The antigen-antibody complex
was specifically adsorbed by the ‘addition of either 0. 2 ml
.of a 10 é}(vlv) susPension of protein A covalently coupled
to Sepharose beads (protein A—Sepharose) or 0.2 ml of a 10 Z

-(w/v) suspension of inactivated Staphylococcus aureus . and

incubation was continued’ further for 2.5 hours at 4°C "The
antigen—antibody—protein A complex was washed three times
with RIPA buffer and twice with TBS buffer (50 oM Tris-HC1,
pH 7.2, .150 mM NaCl) containing 100 KIU of Trasylol and the
precipiteted Proteins were released into sSolution by eddltlon
of either lysis buffer 4 [9. 5-M urea, 2 Z (w/v) NP~40, 5 ¢ 2_
mercaptoethanol and 2 % ampholine (comprised of 1.6 %z pH
range 5 to 7 and 0.4 2 PH range 3 to 10, o' Farrell, 1975)

for twoOdimensional g8el electrophoresis or electrophoreszs
sample buffer [0. 0625 M Tris-HC1 (pH 6.8), 3 ¢ SDS, 10 ¢
glyeerol, 5 % 2-per ptoethanol] and subsequent heating in

a boiling water bath fox 3 min for SDS—polyacrylamide gel

electrophoresis, Mfﬁ\\\

2.2.9 Assav for Protein Kinase ' -

Immunoprecipitates were used in phosphdtransfer
reactions. An immunoprecipitation with absorbed TBR serum
was performed as described above, Tﬁe immune-complex was
suspended in 50 pl of kinase buffer (20 mM Tris-HC1, pH 7.4,

5 oM H3C12) after the washing procedure. The mixture was
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preincubated at 35°C or 41 C for 2 min, then [y- 32P] ATP

(10 pCi 3000 Ci/mmole) was added, and - the reaction mixture
~ was iqcubated for 2 min at the respective temperatures.'

The assay was terminated by addition of 1 vol of cold stop
buffer (20 mM EDTA 4 mM ATP) and 10 vol of TS buffer (20 mM
Tris-HCl (pH 7. 4), 150 oM NaCl, and 1 % Trasylol). The
immune-complex was Spun down" and washed once with buffer
containing 25 oM Tris-HC1 (pH 6.8) and 1 z Trasylol then
suspended in gel electrophoresis sample buffer. The mix-
ture waslboiled'(IOOOC, 3 min), the protein A-Sepharose
beads were removed by centrifugation, and the sample was
‘applied to a 10 % polyacrylamide slab gel.

-

.2.2;10' Sodium Dodecyl Sulfate—Polyacrylamide Gel

Electrophoresis

Discontinuocus peiyacrylamide slab gels were pre-
pared by the method of Laemmli (1970). Separating gels
of the required acrylamide concentration were cast froa a
filtered stock solution of acrylamide (30:0.8,'acry1amide:
bis acrylamide, w/w). In addition, the separating gel
contained 0.375 M Tris-EC1 (pH 8.8), 0.1 % glycerol and
0.025 Z TEMED. The solution was degassed prior to the
addition of.freshly prepared ammonium persulphate to 0,075 2
and SDS to 0.1 Z.-

The stacking gel consisted of 5 I acrylamide, 0 125 M

’

Tris-HC1l (pH 6.8), 0.1 Z SDS, 0.05 % glycerol, 0.075 Z TEMED



end 0.064 % ammonium persulphete. The electrbphoresis
Tunaing buffer was Tris-glycine (pH 8. 3) buffer (Eer liter:
3-02 gm Tris base, 14.4 gu glycine, and 1 gm SDS). Afrer
‘electrophoresis, the slab gels were soaked in destaining
solution (7 % acetic acid, 40 g methanol) for 30 min, theﬁ‘
treated for fluorography (Laskey and Mills. 1975) Gels
were.treated.in 100 Z DMSO by two 30 min incubations in room
-temperature, Geis were then treated fof 3 hours with a
solution of 22.2 % PPO in DHSO (w/v). The PPO was precipi-
tated by washing the gel in water for 1 hour and drled on

a sheet of filter paper in vacuc before exposure to Kodak
X-Omatic, XAR-5 or XRP-1 X-ray film at —fg °C for the appro-
priate length of time, Quantitation of specific protein
bands was obtained - ‘by scanning autoradlographs in a Joyce-

Loebl microdensitometer.

2.2.11 Two-Dimensional GeliElecfrophoresis

*

2.2,11.1 First Dimension.

Isocelectric focusing gels were made in glass tubing (130 X
2.5 om inside diameter) sealed at the bottom with Parafilnm,
The gel mixture (total 10 ml) contained 5.5 gm of urea, 1,33
2l of acrylamide stock solution [30 Z acrylamide: 28.38 %
(w/v) acrylamide and 1.62 Z bis acrylamide], 2 ml of 10 Z
(w/v) NP-40, 2 % ampholines (1.97 ml of H,0 + 0.4 ml of
ampholines, pH range 5 to 7 + 0.1 ml of pPH 3 to 10). Yhen

the urea was completely dissolved, 10 pl of 10 2 ammonium



14

54

persulfate was added and the solution was degassed under
vacuum for about 1 min. Immediarelyfsfter addition of 7 pl
- of TEMED; the solution was loaded into the gel tubes. The
.gel was overlaid with 8 M urea and efter 1 to 2 hours
replaced with 20 pl of lysis buffer ‘A overlaid with a small
smount of water. The gels were allowed te set for 1 to 2
hours. The gels_were then placed in a standard tube gel
electrophoresis chamber. The lysis buffer A_.and water were
removed from the surface of the gel and 20 pl of fresh lysis
buffer A were added The tubes were then filled with 0.02 M
NaOH. The lower reservoir was filled with 0.01 M H3P04 and
the upper reservoir was fllled with 0.02 M NaOH which was
extensively degassed to remove FO The gels were then
prérun according to the following schedule: (a) 200 volts
for 15 min; (b) 300 volts for 30 min; (c)‘ﬁoo volts for 30
min. The upper reserveir was emptied, lysis buffer and
NaOH were removed from the surface of the gels, and the
samples were loaded and overlayed with 10 Pl of sample
overlay solution [9M.urea, 12 empholiues (comprised of.0.8 4
pPE range 5 to 7 and 0.2 % pH range 3 to 10)] then 0.02 M
NaOH, and the chamber was refilled The gels were run at
400 volts for 12 hours and then at 600 to 700 volts .for 1.5°
hours,

To remove the gels from the tubes, a 5 mil syringe
was connected to the tube via a short piece of Tygon tubing.

and the 3el was slowly forced out by pressure on
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‘the’ syringe. ‘ . .. | (

The gels were equilibrated in SDS sample buffer
[10Z (w/v) glycerol 52 (w/v) 2—mercaptoethanol 2 32 (w/v)
'SDS, and 0.0625 M Tris-HCI1, pH 6.8] by shaking at room

temperature for 2 hours.

N

3
2.1.11.2 Second Dimension.

The cylindrical isoeléctric focusing gel was loaded

onto a discontinuous polyacrylamide slab gel by using a
1% agarose gel solution [1: (w/v) in SDS sample buffer]
to keep the gel in place and to avoid mixing as the protein
zones migrate out of the cylinder into the slab The cylin—
drical gel was placed on a piece of Parafilm, straightened
out. and placed close and parallel to one edge of. the Para-
'film. One milliliter of the melted agarose solution (held
at about 80° C) was put in the notch, then the Parafilm
was used to transfer quickly the cylindrical gel into this
solution.n

. " Appropriate amount of radioactive molecular weight
standard samples were mixed with the 12 agarose solution
and cylindrical gels were formed with the glass tubing.
The gels were removed as described above and cut into about
1 cm length and loaded onto the slab gel at the end of
the cylindrical gel. About 5 min were allowed for the
.agarose to set, then ran at 20 mA constant current until
‘zhe dye front reaches the bottom of the gel. After elec-

trophoresis, the gels were treated as described above.
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S 2.2.12 Agaroge Gel Elecfrophdretic Fractionation

of Genomic RNAs

2;2.12.1, Electrophoresis of RNA through Gelg

Containing Formaldehvyde gLehrach et al., 1977;
Goldberg, 1980).

concentrationgs, Tespectively. The 8garose concentration wasg
usually 1 Z. The solution'was poured onto a'16 x 20 cm glass
Plate contained in a horizontal\gel apparatus, A sample'
well comd wasg Placed at one.end of the molten gel (close to
the -~ve electrode), aed the gel was allowed to solidify for
30-45 min. After the gel had solidified, 1£ was overlaid
with the gel buffer and the combd was. removed and samples
loaded into the Preformed wellgs, The buffer chambers were
filled with ehe gel buffer until the buffer contacted the

edges of the gel. The gels were fun at 1.5 volts/cm for

- 12-16 hours.. The buffer was Tecirculated to avoid genera-

ting a pH gradient in the gel,

Samples were Prepared by'mixing 3 pl of RNA and 20 p1

of sample buffer (50 2 formamide and 25 3 forgaldehyde in

'the gel buffer) ang heated at 60° for 5 min, then added

2.5 pl of 10% dye Ficoll mixture (1 Z Ficoll, 0.005 2
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3

bromophénol blue, 0.1 % SDS). -

2.2.12.2 Electrophoresis of RNA through Gels

Containing Methvlmercuric Hydroxide (Bailey and
Davidson, 1976). |
The‘gel was preﬁared by melting agarose (1 %) in gel—running
buffer (SO-mM boric acid, 5 mM sodium borate, 10 mM ;odium
sulfate). as descfibed above.
Samplés were prepared by mixing equal volumes of
the RNA solution and 2X-1;ading buffer (25 pl of methylmer-
curic hydroxide, 500 pi df'éx running buffer, 200 pl of 100 %
glycerol,- 275 pl of HZO’ and 0.2 Z w/v of bromophenol blue).
Samples. were loaded and the gel run at 1.5 volts/em for
12-16 hours with recirculation of the buffer.‘ After electro-
phoresis, teh gel.was Stained by incubating for 30 min in
0.5 M ammonium acetate and 0.5 pg/ml of ethidium bromide.
The ammonium salt complexes methylmercury and enhances

binding of the dye to RNA.

2.2.12.3 Fluorography of Agarose Gel

After electrophoresis, the gels were equilibrated with
ethanol by soaking them in approximately 20 wolumes of

ethanol for‘about 30 min followed by a second (and if

-necessary a third change) 30 min immersion in fresh ethanol

to remove water from:t&f gels, The gels were then soaked
in 2 3 2 (w/v) solution™of PPO in ethanol for about 3 hours.
Finally, the gels were immersed in water for about % hour

t
to remove ethanol and to precipitate PPO in situ and then
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they were dried by overlaying several layers of Whatman 3 MM
filter papers and a stack of paper towels, with a suitable

‘weight on top to hold it downm

'2.2.13 Tryptic Peptide Analysis

2.2.13.1 Ion. Exchange Chromatography.

Gel slices containing the Protein to be analyzed were

7\

rd
TPCK-trypsin per ml at 37°C for 16 hours. The solution was

incubated in 0.2 M NH4H003 (pH 8.5) containing 100 A8

replaced with fresh ammonium bicarbonaté ﬁnd fresh trypsin
and incubation was continued for anp additional 4 hours.
The solutions were combined, fresh trypsin was added and
incubation for a further 4 hours was carried out. At the
end of the incubation, the solution was filtered and
1;6philized. The tryptic peptides were resuspended in
water and re-lyophilized. This was repeated three more -
times after which the tryptic peptides were suspended in
S00 pl of 0.05 M pyridine-acetate (pH 3.1) (8 ml pyridine,
139.2 ml glacial acetic acid, 1954 nl water). Tryptic
peptides were separated on a water jacketed 0.9 x 22 cnm
column containing Aminex A5 cation exchangp resin and
maintained at 52°C (Toneguzzo, 1977). Samples were loaded
directly into the precolumn eluent with the aid of. an Altex
4 way injection valve containing a 0.5 ml sample loop.
Peptides were eluted at a flow rate of I.mlfmin with a

t
Milton Roy mini-pump using a linear gradient composed of
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150 ml of 0. 05 M pyridlne-acetate (pH 3.1) and 150 ml of 1 M

pyridlnehacetate (pE 5 1)(40 3 ol pyridine, 37.6 ml glacial

acetic acid, and water te 500 ml). This was followed by

elution with 50 ml of

X
2 M pyridine-acetate (pH 5.1)(32.5 m1 -

pyridine, 27.8 ml glacial acetic acid, and water to 200 rI).

Fractions of 2 ml weré collected directly into sciﬁtilla;ion

vials, dried, suspended in 200 ul of water and counted in

4 ml of Aquasol scintillation fluid.

-

A

2.2.13.2 Two

Dimensional Peptide Mapping.

Two-dimensioﬁél"tryptic peptide analysis was carried

out baéica%}y as in the previously published method (Retten-

mier et al,, 1979b).

Briefly, gel slices containing the pro-.

. <tein to be analyzed were incubated with freshly prepared per-

formic acid (formic'écid/hydrogen peroxide §3:5, v/v) for two

hours on ice. The gel pieces were removed, dried under vacuum

and treated with TPCK-trypsin as ‘above. Tryptic peptides were

solubilized in a small volume of the‘electrophofesis buffer

(acetic acid-pyridine-water, 10/1/100, v/v/v) and spotted on

a 20 X 20 cm Polygram
red was spotted in an
dye. Electrophoresis

for about 12 hours at
—_

silica N-HR thin layer plate. Phenol-
opposite corner to serve as a tracking
was carried out in the first dimension

-

300 volts. After the plate had dried,

-~ ascending chromatography in the second dimension was carried

out in l-butanol- pyfldlne-acetlc acid-water (5/4/1/5

v/v/v/v). After chromatography, the plate was
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dried in a chromatography oveh at 90 C, sprayed with Enhancer
and exposed to Kodak. X-Omat XAR film at -70 °C for approPriate

lengths of time.

- 2.2.14 Enzyme Assays

. 2.2.14.1 Preparation of Er-coli Cell Lysates, ~
s
E. coli cultures grown overnight were pelleted by centri-

fugation at 5000 rpm for 5 min at 4°C. The cells were
suspended in TE buffer (10 mM Tris-HC1 (pH 8.5), 1 mM EDTA)
end trensferfed into Eppendorf tuoes and centrifuged for
30 .seconds at 4°C. The pelleted cells were resuspended in
8 buffer containing 15 % sucrose in 50 m¥ ‘Tris-HC1 (pH 8.5),
~and lysozyme'ias added to a final concentration of 1 mg[mla‘
After 10 min on ioe, 28 second buffer .containing 0.1 % Triton-
(X—IOO. 0.1 mM EDTA, end-SO oM Tris-HC1 (pH 8.5) was added.
After 10 nin on ice,'the mixture was centrifuged at 12,000 g
for 15 min at 4°C and the supernatants were coiiected for
enzyme assays. |

\\\\\\JD 2.2.14.2 Assay for DNA Polymerase.
. .

Reaction mixture (0.1 ml) containing 50 pl of E, coli cell

lysate in the buffer containing 0.1 M Tris-HC1l (pH 8.1), 0.01 M
MgCl,, 0.1 oM of each of dATP, dCTP and dGTP, 2 T 2-mercapto-
ethenol, 0.1 % Triton I-100, and 10° cpm of [3H] TTP (25 x 10°
cpm/pmole) was incubated at 37°C for various length of time.
After incubation, the samples were precipitaeed by adding

. ]
0.1 ml of cold 0.1 M Na-pyrophosphate, 0.02 ml of 0.25 % BSa,

‘/’__*“\
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'and.4-m1 of cold 5 f trichloroacetic acid (TCA). The preci-
pitates were collected on glass fiber filter paper and washed
.".with 57 TCA, ethanol:ether (1:1, v/v), followed by washing
with ether. After drying in a fume hkood, the filter paper
was placed in a precounted scintillation vial containing 10 ml
of a PPO/toluene based scintillatioa fluid. The radioactivity
was determined in a scintillation counter, -

\
2.2.1&.3 Assay for:RNase H.

Reaction mixture (0.05 ml). containing 20'mﬁ Tris<HC1 (pH 8.0),
10 oM MgClZ. 6 mM DTT 2 pg BSA, 18.8 pmole of ooly(dT), 16.9
pmole of [ H] poly(A), and 10 pl of " E. coli cell Yysate was
incubated for 30 min at 37°C. Reaction was stopped by the
addition of 0.1 ml of cold 0 1M sodium pyrophosphate, 0.4 ng
-of BSA, and 0.25 ml of 10 2 TCA.- The reaction mixture was
centrifuged at 12,000 8 for 15 min, and the supernatant was
collected and counted in 10 ml of Aquasol scintillation fluid.
2.2.14.,4 Assay for RejeIse Transcriptase.‘

. \\‘,_/"
Assay using purified virus and poly(rAd):01igo(dT) as template

was performed as described (Mason et al., 1974), The react~
ion mixture contained in = final volume of 100 pl, 50 M

-‘ Tris-HC1 (pH 8.2), 50 mM KCl 5 mM MgClz, 5 mM DTT, 10 pM
each of dATP, dCTP and dGTP, 0.1 Z Triton X-100, 100 nCi/ml
of [ H] TTP (5 Ci/mmole), 10 pg/ml poly(rd):o0ligo(dT) and

purified particles and was incubated at 35°C for 90 min,
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Cold 10% TCA insoluble radioactivity was determined on filter

'paper (Toneguzzo and Ghosh,” 1976).

2.2.15 Transformation of Escherichia coli by '

Plasmid—DNA e 'J _ . )

Ten milliliters of LB medium were inoculated with

-

0.1 ml of an overnight culture of E. coli The culture .

‘was 1lncubated with vigorous shaking-at 37°C to a density

of about 5 x 167 cells/ml (ODSSd'- 0.5). This usually
takes 2 to 4 hours. For each transformation assay, 3’ml

of cells‘were used. The cell cultures were chdlled on
iceffGr‘lO min, then collected by centrffugation at 4000 g
for 5 min at 4°c. The pelleted cg&ls were suspended in
half the original culture volume of an ice—cold, sterile
solution of 50 mM CaCl, land 10 oM Tris—HCI (pH 8. 0) After

2
incubation in an ice ba h for 15 min. the cells were collect—

‘ed by centrifugation as above. The pelleted cells were

resuspended in 1/15 of the original volume of an ice-cold,

sterile solution of 50 mM CaClz‘and 10 mM Tris-HC1 (pH 8.0).

The cells were stored at 4°C for 12 to 24 hours. For trans—
"O-

formation, 100 pl of sterile TE [I%TmH Tris-HECl (pH 8.0),
-~ o
1 oM EDTA] containing plasmid DNA was added 'to 200 Bl o}

LS
competent/cells, prepared as above, and stored on-ice for
~ .. - -,

.30 min. The suspension wvas_ heat shocked at 42°C for 2 min,
then 1.0 ml o£ prewarmed LB medium was added. and incubated

v at 37°C for llhour without ahaking. Aliquots of anrappro-

.
- L}

- . o -
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priate dilution, in LB medium. of the cells vere spread
on agﬁ?ﬁflates (LB medium containing 1.85% of Bacto agar)
containing the selective antibiotic (tetracyclipne at 10 pg/ml
or ampicillin at 20 pg/ml) and incubated at 37°C. Colonies
were detected 16 to 20 hours later.

In the case of transformation of E. colin3ﬁ103 hy
pUC plasmid, the cells were spreed on agar plates (contain—
ing ampicillin at 50 pg/ml) with 0.01 ml. of 100 oM IPTG and

0.05 ml of 22 X-gal per plate. Transformants were ?isual— )

>ized .either as blue (Lac™) or colorless (Lac™) colonies."

2.2.16 Purification of Plasmid DNA . _ _ -
A colony 1solate of E cold, harboring the plasmid
to be purified, was ‘grown overnight in SAmf’of:LB medium
at 37° with-vigorous shaking. The next morning, the culture
was diluted to 500 ml with LB-mediumucontaining the selective
antibiotic (usually 20 pg/ml ‘ampicillin) and incubated .
at 37°C with shaking un?gl'the culture reached-late log
phase (ODSOO - 0.65. Chloranphenicolqwa; added-to 200 pg/ml
and incubation continued for a further 16 to 20 hours. Cells
were harvested by centrifugation at .5000 g for 10 min at 4° C
washed with TE buffer. and re-pelleted. The pellet was
resuspended\in 20 ml of a buff¥er containing 15Z sucrose and .

50 nH EDTA in S50 mM Tris-HCl (pH 8. 5). The mixture was then

cooled on ice and 5 nl of a freshly prepared lysozyme solution
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(5 mg/ml) was added. The mixture was inverted occasionally
during a‘lO min incobation on ice and 15 ml of a buffer
containing 0.1%7 Triton X-100 and 50 mM EDTA in 50 mM Tris-
-HCl (pE 8. 5) was added The mixture was inverted gently

and. occasionally for 10 min on ice. The partially lysed cells
were centrifuged at 10,000 rpm for 15 min at 4°C. The super—
natant was collected and 0.5 ml of 20Z SDS was addad. The
mixture ‘was heatedrat 65°C for 10 min aod cooled at least

30 min on ice in preeegce of 5 ml of 5 M potassium acetate.
The precipitete was pelleted by centfﬁfugation at 10,000“rpm
for 15 min, and the supernatant was collected. .The supernat-
ant was extracted with phenol:chloroform‘(l:l, v/v) and the
aqueous layer was precipitated with 2 vol ofgethanol in room-
temperature. The precipitate was sedimented by centrifugation
-.at 10,000 rpm for 10 min. The pellet was washed with 802
ethanol, dried, and dissolved in a buffer containing 1 oM
EDTA and 10 pg/ml RNase A-in 10 mM Tris-HC1 (pH 7 S). The
solutlon was incubated at roon temperature for 15\min, pre-
cipitated with 2 vol of ethanol containing 0.2 M potassium-
acetate, and left on ice for 20 min. The precipitate was
pelleted, weshed with 80Z cold‘ethanol and dried. The

final pellet was dissolved in a buffer containing 0.1 mM

EDTA in 10 mM Tris-HC1 (pH 8.0). -

-2.2,17 Restriction Enzyme Digestion : ~.
; ~

Restriction enzyme digestions were carried out in
. ~,
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20 pl reaction yolume (except in preparafive reactions)
containing appropriate amount of plasmid DNA, 100 pg/ml ofe
nuclease free BSA, and an appropriate amount of restriction
enzyme as r;commended by the supplier inm a buffer containing
10 mM MgC12 and 50 mH NaCl £n 50 mM Tris-HC1 (pH 8. 0). For
restriction enzynme Kpn I, the reaction buffer contained

10 oM MgClz. 10 oM NaCl, and 6 oM 2~mercaptoethanol . in 10 nM
Tris-HC1 (pH 7. 5). The reaction mixtures were incubated at
37°C for 1 hour (except for the digestion with Taq I was at
65° C) and terminated by the addition of Termination buffer
[5X stock' 4 M urea, 50% sucrose (w/v), 50 mM EDTA (pH 8.0)
and 0.12 bromophenol plue (w/v)l. In the case of double
enzyme digestion, digestion was first carried out with the
enzyme requiring lower salt concentration (e.g., Epn I). 1In
the case of double dlgestion_with same salt concentration,

both enzymes were incubated together.

2.2.18 Separation of DNA Fragments by Gel Electro-

D phoresis

2.2.18.1 Agarose Cel Electrophoresis,

Agarose was added to TBE electrophoresisg=-
'buffer [89 mM Tris, 89 mM boric ecid (pEH 8.3), 1 mM
EDTA, and 0.5 pg/ml ethidium bromide] to the desired
coacentration (usually 0.82) and dissolved ‘as dess

cribed above. The .solution was cooled to
. : <
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50 C and poured onto a preassembled horizontel gel apparatus.
After the gel had solidified the gel was overlaid with TBE
buffer and the comb was removed and eamples were loaded into
the preformed wells. Electrophoresis was carried out at 40-
100 volts for appropriate time. The gel was removed and
examined*under_s}ort wave UV light,

2.2.18.2 Photography.

'Agerose gels were photographed under short wave UV illupina-
tion from ; Chromo-Vue model 0-63 tranSilluminator (Ultra-
Violet Products Inc., San Gabriel, Calif.). Photographs
were taken with a Polaroid MP-3 Land camera containing Type

107 land film and equipped with a 39 mm SR60-2 filter.

2.2.19 Purification of DRA Fragments from Agarose

Gels

DNA bands, separateo by agarose gel electrophoresis,
were visualized by loné wavelength UV illumination of the
ethidium bromide stained gels., A slit‘ﬁgott S mm below the
band’ was made and a strip of DEAE—cellulose~paper inserted.
Strips of Whatman DEBINDEAE-celluIOSe paper were cut to a
height equal to the thickness of the gel and & width equal

Jif”—ﬁxto, or slightly greater than, the slot width, and were soaked

for several hours in 2.5 M NaCl The strips were then washed

several times in water and stored in 1 oM EDTA at 4° C. After
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insertion of the strip, electrophoresis was resumed at 150
volts until the band was transferred into the strip (usually
5—10 min). The DEAE-cellulose paper, into which the DNA had
been electrophoretically tranaferred. was removed from the
gel aad washed withicold water. The paper was drained and
blotted dry with filter paper. .This'was thea Placed in a
microfuge tube and 300-700 Bl of 20 M Tr%g—HCl (pH 7.5),
1 oM EDTA, and 1.5 M NaCl was added per 50 m 2 of paper.
‘The paper was shredded by vortexing and incubated at 37°C
for 2 hours, with occasional agitation. The mixture was.
transferred into & microfuge tube, containing a plug of

siliconlzed glass wool which served to trap the paper fibers.

A hole was made igp the bottom of the tube and it was placed

polypropylene tube) After centrifugation for 5 mip at 10, 000
Ipm, the eluate was extracted with 3 vol of n-butanol satura-
ted with water, and the DNA was precipitated after addition

of 2 vol of ethanol at -20°C for overnight. The DNA was
recovered by centrifugation at 12,000 g for 15 min at 4.

The DNA pellet was washed with 80 Z ethanol, dried, and sus-

pended in a small volunpe of appropriate buffer.

2.2.20 Nucleotide Sequence Analysis

Ve

T T e e e e



68 -

2.2.20.1. Dephosphorylation of DNA

‘ TheZDNA-fragmeﬁt was'ge;erateq by restriction énzype
digestion. The digested DNA was extracted once with‘phenoll
chloroform and frecipitated with ethanol. The ﬁelletéd DNA )
vas dissolved ;h & minimal volume of 10 mM Tris%HCl (pﬁ 8;0),

then dephosphorylpcﬁﬁﬁin a 50 pl reaction mixture coﬂtaining

1 oM MgCl,; 0.1 mM 2aCl,, 1 mM spermidine and appropriate

amount of calf intestine alkaline phsphatasé.(CIP) iﬁ 50 mM
TrisQHél (pH_Q.O){. To-dephosphorflate protruding 5' termini,
the-reaction mixtufe was incubated at 3790 for 36 min, then

a sécond aliquot of CIP was added and the incubationhﬁas
continued for a .further 30 min. To.dephosphorylate DNA with
blunt ends or recessed 5"termini; incubation -was at 37°C for
15 min and at 56°C for 15 min. Then, a second aliquot of CIP
was added and the incubations repeated #t both temperatures.
The reaction was stopped by adding éo_pl'of-water, 10 pl of
10X STE [100 oM Tris-HC1 (pH 8.0), 1 M NaCl, 10 mM EDTA], and
5 pl of 10%Z SDS, followed by heating at 68°C for 15 min. The
mixture was Ex;facted twice with phenol/chloroform and twice
with chloroform.. The aquebus layer was precipitated with

2 vol of ethanol. VThe DNA pellet was dissolvedliﬁ a small

volume of a buffer containing 0.1 mM EDTA in 10 mM Tris-HC1

“(bH‘SfD)} then analyzed on agarose gel.~ The DNA fragment of

interest was purified from the gel as described above.

2.2.20.2- Labeling the 5' ends of DNA with Té&
' £
‘Polvynucleotide Einase.
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The DNA fraément purified aé"aéécfibed above was 1abe1ed-at
5 protruding termini in a 50 pl_reaction mixture coﬁ;aining
10 mH.MgCIZ. 5 oM DTT, 0.1 mM spermidine, 0.1 mM EDTA, 50 5
pmoles [f—32P]7ATP (sp. act. = 3000 Ci/mmole), and 10-20
units of T4 ﬁolynucleotidg kinase in 50 mM Tris-HC1l (pH 7.6)
by incubating at 37°C for 30 min. The reaction was stopped
by adding 2 pl of 0.5 M EDTA and extracting once with phenol/
chloroform, tﬁen precipitated DNA with ethanél. The DNA
pellet was redissolved in a small volume of sterile water

and digested with a sécond restriciton enzyme to generate
one—end labéléd DNA fragments. The labeled DNA fragments. -
were purified.from the agarose gel as described above.

T DNA molecules with blunt ends or récessed 5' ends
lapei less efficiently with polynucleotide kinase than
molecules with.protruding 5' ends. The efficiency of
1abe1ing may be improved as follow: The dephosphorylated
DNA was heated to 7 in a 40 pl solutidn containing 20 oM
Tris-HC1 (pH 9.5), lm spermidin;, and 0.1 mM EDTA and |
chilled qui%kly on‘ice. The mixture was supplemented with
5 ;1 of 10X blunt-end.kinase buffer [0.5 M Tris-HC1 (pH 9.5),
0.1 M MgCl,, 50 mM DTT, 50 % glyceroll, 50 pmoles of [¥~32P]
ATP in & volume of.S pl, and 20 units of T4 polynucleotide
kinase. The mixture was incubat?d at 37°C for 30 min. The
reaction was stopped by adding 2 pl of 0.5 M EDTA and extract-

ing once fith phenolfchioroform. The aqueous phase was coll-
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ected.and the DNA precipitated with ‘ethanol in- the Presence
of 5 pl of 3 M godium acetate (pH 5.2). .The DNA pellet wasg
dissolved in a small volume of sterile water and digested
with a second restriction enzyme to generate onetend labeled
DNA fragments. The labeled DNA fragments were purified from

-

the agarose gel as described above.

2.2.20.3 Sequence Anaslysis of DNA by Chemical

Modification. -

This method. is essentially the chemical base-modification

procedure as described by Maxam and éilbert-(lQSO). The
changes incorporeted into the protocol include: (i) Longer
reaction times for the chemical modification reactions.

(ii) Addition of large amounts of carrier tRNAs to ensure

efficient ethanol precipitations,

2.2.20.4 Sequencimg Gelst

The gel was made up as follows- To make a 20 £ stock ’
acrylamide, the following components were mixed and the ’
volume was brought to 500 ml with sterile distilled water.
96. 5 gm acrylamide, 3.35 gm methylene -bis-acrylamide, 233.5
gm ultra—pure urea, 100 ml of 5X TBE to 500 ml with water.
To make a 20 g sequencing gel, 50 1 of the 20 % stock
acrylamide was mixed with 0.4 ml of freehly Prepared 10 I

ammonium persulfete. The solution. was then degassed under

~ vacuum. The solution was mixed with 50 pl.of TEMED end

i |
poured into a preformed sequencing gel mold The

-

-
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'pQ}ymérized gel was pre-electrophoresed for 1.5 hours at

about 2000 volts. Two microliters of each sample was loaded
»

by means of drawn out capillaries and samples were run for
an.approp:iate length of time at about 2000 volts with const-
ant power setting at 40 watts. The wells were -rinsed prior

to loading to remove urea that had diffused out of the gel. 1 

The gel was transferred to a piece of used X-ray film, cover=.

‘>

ed with plastic wrap, placed on film with an intensifying :réi -

. v
screen, and autoradiography was performed at -70°C for an %?;.

appropriate length of time,

2.2,21 Subcloning DNA Fragments into élasmid Vectbr.

Ligation of vector DNA with the desired DNA fragments
gachdrrigS out in a 20 pl reaction volume containing an
appropriate\amount‘nf vector DNA and more than double amounts
of DNA fraément to'be cloned, Z‘pl'of 10X ligation buffer’
[0.1 M MgClz, 0.2 M DTT, 0.5 M Tris-HC1 (pH 7.7), 0.01 M
ATP, 500 pg/ml nuclease free ESAI and an appropriate amount
of T4 DNA ligase. The amount of T4 Dﬁl ligase was doubled
for blunt-end ligation. The mifture was incubated at 4°C- ///,’/
for 16 hours and the reaction was terminated by heating at
65°C for Ib min. The reaction mixture was made to 100 pl

with TE buffer and used to transform-competent E. coli cells \

as described earlier.

.'\.‘

Y
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2.2.22 Identification of Recombinant Plasmids

Recombinant plasmid with a desired.DNA‘fragment was
identified by insertional'inactivatiqn of an antibiotic
resistant gene where the DNA was inserted. Trﬁnsformed
bacteria with the’recdmbipant Plasmids were firgt selected
from untransformed cells by growing in presence of an anti-

biotic whose resistant gené was not affected. The resultant

——
bacterial colonies were then screened for those cells contain-

ing the recombinant plasmids with the desired DNA inserted
»
in the other drug reszstant gene. - The colonies were trans-

ferred into swo duplicated plates containing each antibiotic

drug. ‘The 5§don1es were 1dent1f1ed for those not growlng

in presencé of the antibiotic drug whose re51stant gene

was affected. These colonies were picked £rom the other

duplicated plates and the plasmids were purified from the

cultures. . ~ .
The recombinant plasmids were also identified by

insertional.inactivation of an enzyme activity. For example,

S

‘the recombinant plasmids with the desired DNA fragment

inserted at the site of lac 2 gene present in pUC plasmid

were identified'by}épreading the transformed cells on ampi-
cillin containing- plates in présence:of X-gal, the chromogenic
substrate for ﬁ-gaiactosidase. The recombinant plasmids

do .not produce B-galactosidase due to insertional inactiva-
&

T
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tion of the lac Z gene and are unable to utilize X-gal
resulting in formation of colorless colonles. In contrast,
intact PuC plasmid transformed colonies produce p;galactosi—-
dase and form- blue colonles. The colorless colonles vere.
picked and inoculated in 5 ml LB medium containing 20 pg/ml
-amp1c1111n and allowed to grow to saturation overnight
ot.37°C. The.plasmios were then‘isolated-f:om these cells
and analyzed by restriction enzyme digestion and agérooe |

.gel electrophoresis as described earlier,

P 2.2.23 DNA Mediated Gene Transfer

DNA mediated gene transfer was carried cut by the »
calcium-phosphate transfection procedure (Graham and van
der Eb, 1973; Stow and Wilkie, 1976). Primary CEF cells
were trypsinized.and plated on 60 mm culture dishes at
&2 concentration 5 x 10S cells per ﬂlate and transfectéd
“with the DNA when the'plaﬁeo were 50 3% confluent. An appro-

priate amount of DNA along Hlth 10 pg of salmon sperm carrler

DNA was added to 0 5> wml of HEBS (10X HEBS: 50 gm of- HEPES,

80 gm of NaCl, 3.7 gm of KC1, 1.25 gm of NaZHPO&2H20, 10 gm

of dextrose in 'l liter. It was diluted just before use..

and the pH was adjusted to 7.05). Added 35 pl of 2 M CaC1,

to each tudbe and incubated on lco for 40 min for precipitation.

Medium from dishes was aspirated fo-and the calcium phosphate
) t
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precipitated DNA mixture vas poured onto. ‘the dish. . The
culture was incubated at 37 .C for 30 mln to allow the preci-
pitate to adhere to the cells., The culture was fed with

HGD medlum supplemented with 2 Z chick serum and 1 % FBS
(Low serum was used because Sera may contain DNase) After

12 hours, the medium was changed to HGD supplemented wlth

5 Z FBS, 2 2 chlck serum, and 1. Z DMSO _When the cells

were confluent, they were subcultured into 10 ¢m culture

'_dishes. Cells were malntalned until cell became transformed.

At 5.5 days Posttransfection, cells were labeled

with [ 5S] methionine (180 pCi/10 em plate) for 16 hours

and viruses were purified from the medlum and analyzed

by SDS PAGE as described earlier, Intracellglar viral
i
proteins were labeled for 1 hour with [ 5S] methlonlne

(225 pCi/10 cm plate) and cells were lysed and immunopreci-

1

Pitated as described above.

2.2.24 Preparation of Total RNAs from E. coli.

Twenty-five ml. of overnight culture was poured .

oento 10 ml of cruahed frozen media and collected by centri-

'fugatlon at 10,000 x g for 10 min at 4° C. The cell pellets.

were resuspended in 4 ml of RNA buffer (0.01 M NaC1l, 0.01 M

Tris= HCl (pH 7.5), 0.005 M 1 MgCl,, and 300 pg/ml lysozyme)
/

" and frozen in an acetone-dry -ice bath._ After thauing,'the
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Suspension was made to 1 S and incubated at’ 37 Cc
auntil cIearing of the solution occurred. Sedium acetate
buffer (pH 5.2) was then added to a f1n31 concentratzon

of 0.1 M. The samples were heated at\65 °C for 2 min in the
Presence of an equal volume of watet—saturated phendl

The aqueous layer was re-extracted. four times at 37%% with
equal volume of water—saturated phenol. The aqueous layer
was made to 2 M in NaCl, and the RNA was Precipitated by
the addition of 1.5 volume of 95 Z ethanol and keeping

at -20° C. . The precipitates were pelleted at 4°¢ and repreci-
pitated from 0;15 M Na with 1.5 vol of 95 2 ethanol. ’
This was repeated three additional tlmes and the final

RNA was washed wlth ether,‘drled with N2 and resuspended

in 0.2 ml of_sterile watér, ‘ﬂ

- i
-

2.2.25 Nick Translation .

The nick-translation reaction was cartied'out in -
a 50 pl reaction volume containing 10 mM.MgSOd, 0:1 mM'.
DTT, SO pg/ml BSA, 1 nmole of each dATPY dGTP and dTTP,
100 pmoles [¢-32P] CTP in 50 mM T'ris-HCI (ﬁH 7.2).- This
mlxture was Chllled to 0°C. and 0.5 pl of dlluted DNase I
(0.1 pg/ml) was added to the reaction mlxture, then 5 units
of E. coli DNa .polymerase I was added The mlxture was

incubated atv” 16°C for 60 g;n and the reactldn was stopped
- t

. ) B .‘ - /
- . . . . " ° . v
.
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/ . .
(DY @dding 2 pl of 0.5 M EDTA. The nick-translated DNA .

was geparated from unincorporéted [x-32p] CTP by centrifuga-

-

tion through a small column of Sephadex G-50.

‘ .
\ 2.2.26 The Dot Blot Assav for RNA

Nitrocellulose was prepared By first wet;ing with

- distilled water and then equilibrating the filter with
3 M NaCl, 0.3 M Na Citrate (20X SSC). Once filters were
dried with a heat lamp they were ready for aﬁplication of the
samples. After positionipg the dry, treated nitrocellulose
sheets on the Hybrid-Dot (Bethesds Research Laboratories) -
manifold and applying a vacuum, each dilution (1-5 pl1)
was dispensed onto the filter and washed once with an equal
volume of the tRNA diluent. With&thg vacuum still applied,
the manifold was disassembled and nitrocellulose removed,
plgced on Whatman 3 MM filter paper, and dried with a heat
ﬂg;p. The filter was placed at 80°C for 1-2 hours to immo-
bilize the RNA on the filter.

Hybridization with specific radiolabeled sequences
was accomplished using conditions identical to those-employed
in the Soutpern (1975) technique. A prehybridization step
invo}ving a2 6-12 hours incubation of the filter in a minimal

amount of hybridization buffer (3X SSC, 0.05 M HEPES (pH 7.0),

200 pg/ml tRNA, 50 pg/ml heat denatured salmon sperm DNA, and

.
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Denhardt's (1966).buffer. 0.0é ~ each BSA Ficoll, and poly-
vinylpyrrolidone) minimizes nonspecific binding by the
radiolabeled probe. After pre- annealing, the excess

~ buffer was blotted on 3 MM filter paper and hybridization
buffer (2-3 mls), which included 1-2'x 10° cpm/ml 32P labeleg
probe, was added and incubated for 48 hours. All iﬁcubaﬂ
tions were performed at 42° using this buffer. To remove-
excess probe after hybridization, filters were washed as
follow: (1) 2X SSC for 1 hour at room temperature; (2)
‘d.lx SSC and 0.1 X SDS for 45 min at 55°C, (3) three rinses
with 0.1X SSC at room temperature. Filters were placed

on 3 MM filter paper to air dry and exposed to Kodak XAR-5
X-ray film at -70°C using intensifying screen.

-

2,2.27 S1 Nuclease Mapping of Transcripts

Hybridization of 250 pg of total E. coli and 5' end-
labeled DNA-probe (35,000 cpm) was carried out in 40 mM
PIPES (pH 6.4), 1 mM EDTA, 400 oM NaCi and 80 X formamide
in a total volume of 10 pl. The reactions were heated
for 10 min at 60°C and transferred to 45°C and hybridization
was carried for 12 hours. After hybridization, 110 pl of SI1
nuclease.buffer containing 250.mM NaCl, 30 mM sodium acetate
(pE 4.5), 1 om¥M ZnSOa, 20 pg/ml of single gtranded salmon

sperm DNA, and 200 U/ml of S1 nuclease was added and incubated
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-for 50 min at‘25°C. The reaction was terminated by-extrac-
tion with an equal volume of phenol/chloroform (1:1, V/Q).
followed by ethanol précipitation. The precipitates ;ere
dissolved in loading buffer containing 80 % (v/v) formamide,
50 mM Tris-borate (pH 8.3), 1-mM EDTA, 0.1 % (w/v) xyleme-
cyanol, 0.1 % (w/v) bromophenol blue and analyzed on a

4 X polyacrylamide gel,



RESULTS

SECTION 3.1: BIOCHEMICAL CHARACTERIZATION OF A TEMPERATURE-
SENSITIVE MUTANT OF ROUS SARCOMA VIRUS DEFEC-
TIVE. IN PROCESSING OF'THE REVERSE TRANSCRIPT-
ASE PRECUREOR

Four primary polypeptide translation products of
the avian retrovirus genome have beeq defined (see Fig.
l1.1).. These are: (i) gPr92env, a 92,000 molecular wéight
glycosylated precursor (Englénd'et al., 1977; Shealy and
Rueckert, 1978; Klemenz and Diggelmann, 1978) that upon
cleavage yields the virion envelope protein gp85 and gp37;
(1) Pr76888,la 76,000 molecular weight precursor, g%at is
cleaved in = serie§ of steps to yield the ma jor interngl
virion proteins pl9, pl2, pl0, p27 and pls (VOSt et al.,
1975; Hunter et al., 1983b); (i) Prigo®28=Pol . . . _
protein of estimated molecular weight 180,000, which is
an apparent "read through" prodﬁct of the combined gag and
pol genes that is cleaved to yield the enzyme reverse trans-
criptase Gx,ﬁnd ﬁ subunit complex; Oppermann et al., 1977);
and (iv) pp605rc: a protein encoded in src, has a molééular
veight of 60,000 (Brugge et al., 1978; Levinson et al., 1978),

which is phosphorylated (Brugge et al., 1978; Levinson et al,,

79
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1978) and displays the- enzymatic properties of a cyclic
nucleotide- -independent protein kinase (Levinson et al.,
1978; Collett and Erikson, 1978).

the precise mechanisms by which these proteins or their
cleavage products aggregate at the cell membrane .to form the
viral budding structure are unknown. It is well known that
Proteolytic cleavages Play an important role in the maturation
of avian as well as gurine retroviruses (Eisenman and Vogt,
1978;.Jamjoom et al., 1977; Vogt et al., 1979; von der Helm,
1977; Yoshinaka and Luftig. 1977a b). The interrelationship
of macromolecular assembly and specific proteolytic cleavage
is difficult to assess gh cells infected with wild-type virus
because all stages of assembly and péocessing are occurring
simultaneously. In murine viruses, the cleavages of gag pre-
cursor appears to be associated with a condensation of the
- viral core, after budding from the cell membrane has occurred
(Yoshinaka and Luftig, 1977a). 1In avian viruses it isg likely
that cleavage occurs concomitantly with, and Plays an essential
role in, viral assembly. This hypothesis is supported by the
observation that mammalian cells t:ansformed by avian sarcoma
virus do not produceavirus particles and also do not cleave
Pr76898 (Eisenman et 2l. 19;g;: Studies with ts mutants
of MLV (Stephenson et al., 1975; Yeger et al., 1978) have
shown that a defect in the cleavage of gag gene polyprotein
precursor results in defective maturation and assembly

-

t
of the virus particle (Stephenson et al., 1975; Yeger et al.,
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Figure 3.1.1 Sucrose density gradient of [3H] uridine-
labeled particles of PR~B and LAS3 grown at
~ 35°C and 41°c,

LA83 infected C/0 cells were labeled with [BH] uridine for
16 hrs, and the clarified virus was centrifuged in 25% to
508 (w/w) sucrose density gradient for 4 hrs at 45,000 rpm
in a Beckman SW 41 rotor. The density was determined with
a refractometer, This figure is directly from Ghosh (1984).
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1978; van de Ven et al., 1978). It has slso been reported

- that in the case of two MLV mutants ts3 (Moloney) and ts24
(Rauschef) the late budding structures obseryed at the non-
permissive tempé}ature were due to a defect in the cleavage

of bdoth gag and'gag—pol Precursor polyproteins (Witte and
Baltimore, 1978). Lu ;t al., using Mo-MLV ts3 particles,
showed that the cleavage df the precursor Pr658%8 yas accon-
panied by a change En the.virion from an immature to a mature
horphology (Lu et al., 1979). 1In the case of the avian systen
the virion assémbly mutant tsLA3342 was suggested to contain

a cleavage defective gag precursor polyprotein Pr7682%8 (Hunter
et al., 1976; Rohrsc&peider et al,, 1976).

I was interested in studyiang the molecular basi§ by
which RNA tumor yiruses are_aséembled. and the relatiohship
-of processing of the reverse transcriptase précgrsor to
virus maturation using avian sarcoma virus kRSV) as model,
Previous studies caréied out in this laboratory (Ghosh, ‘
1984) with a RSV-conditionsl lethsl mutant RSV-PR-B-tsLAS3
(LA83) showed that LA83 was defective in both replication
and transformation functions. At the npnpermiséive temp-
erature, the yileld of particles (NI-LAS3) was 30 I of that
obtained at 35°C (Fig. 3.1.1). The buoyant density of
both NI-LA83 and LA83 particles were the same. Electfonr
microscopic analyéis showed that LA83-infected cells grownt

at 35°C (Fig. 3.1.2A) contained released virus particles
i



83

Figure 3.1.2 Electron microscopy of LAS3-infected chick-
L embryo fibroblasts at the permissive snd
nonpermissive temperatures,

Confluently transformed cells maintained at 35°C were
shifted to 41°¢ and maintasined at 41°C for 48 hrs when

the cells were no longer transformed. "For temperature-
shiftdown the cells maintained at 41°¢ were quickly cooled
to 35°C and maintained at 35°C for 2 hrs before fixing

in situ with glutaraldehyde. (A) LAS3~infected cells

at 35°C; (B) LA83-infected cells at 41°C; (C) LA83-infec-
ted cells after shiftdown from 41°C to 35°C. This figure
is directly from Ro and Ghosh (1984).
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with typical C-type .particle morphology. But infected
cells;grown at 41° (Fig. 3.1.2B) shoued the accumulation

of an increased number of ﬁuddlng structures Put fewer
released particles. A shiffﬁown from 41 to 35°C-resu1ted
in-an increased release oflvirus particles with a concomi-
tant dec:éase in bédding structures (Fig. 3.1.2C). The
infectivity of NI- LA83 produced at 41°C was 0.7 ~ of the
virus partlcles produced at 35°C. Complementation analysesﬁ
showed that LASS synthesi-ed functional gag and env gene
products at the nonpermissive temperature (Ghosh 1984).
Analysis of reverse transcriptase activity of NI-LAS3 showed

that it contained only 3 ~ of the activity of LAS3 particles

produced at 35°C, Reverse transcriptase activity including”

‘RNA- dlrected DNA Polymerase, DNA-directed DNA polymerase,

and RNase H present in LAS3 were, however, not thermoléﬁile

(Noble and Ghosh, unpublished).

T

Analvses of NI-LA8S3 Particles

Since the noninfectious NI-LA83 particles produced
at 41°¢C contained only 3 T of the reverse transcriptase
aéti%ity of \LA83 particles, it was decided to examine in
detail the Polypeptide composition of NI-LAS3. The pripary
techniqug used was SDS-polyacrvlamide gel electrophoresis
(PAGE) in which the polypeptide composition of NL:LAéB
was fractionated and compared tq that of LA83 virions

[ §
obtained at 35°C and PR-B virions obtained at 35 and 41°C.
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One of the fifét Questions asked was whethef'tﬁe
loss of infectivity end reversge transcriptase activity in

~

NI-LABS vas due to the absence of the reverse transcriptase
or the glycoproteins, or both. ' __v'?\\_ﬂhﬁ;__ﬂuj*
Viruses were labéled with [BSS] methionine and
purified as described in Materials and Methods. When [358]—
methionine labegjﬁ NI-LAS3 was analyzed on SDS-PAGE,
significant difference in_polypeptide composition of the
structural proteins was observed._ Results presented in
Fig. 3.1.3 showed that thé autoradiograph of [ S] methio-
nine labeled NI—LASB (lane 4) contained all the expected
internal structural (gag) proteins (p27, p19, p12/p15)
and the envelope g§lycoproteins (gp85 and 8p37) in amounts
similar to those present in LA83 and PR-B (lanpes 1 to 3).
The % and ﬁ subunits of reverse transcriptase were absent
in NI-LAS3 although they were present in LA83 and PR-E
virions. The purified particles were further analyzed.
by immunoprecipitation with anﬁiserum specific for reverse-
transcriptase and the results are shown in Figure 3.1.6.
PR-B virus grown at 35 or 41°C as well as LA83 virus grown
at 35% contained both subunits of reverse transcriptase
(lanes 1 to 3). In contrast, NI-LA83 (lane 4) did not
contain any polypeptides corresponding to & and ﬁ subunits.
A polypeptide of about 20Q,000 Da was Present in all the

/

viruses and it may represent nonspecific precipitation of a
- t

host protein as it was also precipitated with preimmune

L
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.Figure 3.1.3 Left. Autoradiogram of SDS- -polyacrylamide-

-

gel containing electrophoretically separated

proteins of purified viruses. h

Viruses were labeled for overnight with [SSS] methionine
and purified as described in Materials and Methods. Lane
1, PR-B grown at 35°C; lane 2, LA83 grown at 35°C; lane
3, PR-B grown at &IOC; lane 4, NI-LA83. .

Figure 3.1.4 Right: Autoradiog?am of SDS-polyacrylamide~
gel containing electrophoretically separated
reverse transcriptase subunits.

Viruses were labeled for overnight with 1358] methionine,
purified and immunoprecipitated with eanti-pol antiserum.
Lane 1, PR-B grown at 359C: 1lane 2, LA83 grown at 359%:;
lane 3, PR-B grown at 41°C; lane 4, NI-LA83; lane 5, NI-
LA83 precipitated with normal rabbit serum. This figure
is directly from Ro and Ghosh (1984).

“
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seruh (lane 5),

" The presence of a number of bands at the 200K-Da
region’was variable, and depended on the labeling conditions
.and was obéé;ved in viruses harvested at early timés (see
below). The polypeptides may represent host contaminants
or they may be the precursor for reverse tfanscriptase..

" As mentioned in Section I, fhe precursor for reverse.trans- ... .___
criptase has been shown -to be present in the virions of
two température sensitive mutants of My, and fuﬁctional
reverse transcripfase was produded when these cell-free \
" viruses were incubated at the permissive temperature (Witte
anq Baltimore. 1978). It was, therefore, décided to charac-
terize these virion associated high-molecular weight proteins
« in mbre detail. The first experiment was to test whgther
the reverse transcriptase can be produced after incubation
of the NI-LA83 particles at the permissive temperaturé.
NI-LA83 particles were harvested every 30 min from LA83-
infected cells at 41°C. The harvested media were clarified
‘—h\h_—:;E‘incubated at 35°C for various lengths.of time, then
the particles were purified as described in Materials and
Methods. Reverse ﬁranscriptase was assayed™with the exoge-
nous template and primer (poly rA:oligo dT). The results
shown in Fig. 3.1.5 indicated that no apparent increase
of the background activity was observed after incubatioen

of NI-LA83 particles at the permissive temperature. These
' 1
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Figure 3.1.5 Reverse transcriptase activity associated with
purified NI-LA83 particles.

The media harvested from LA83-infected cells at 41°C were
clarified and incubated at 35°C for various - lengths of time,
then the particles were purified as described in Materials
and Methods. The purified NI—LABS‘particles were used in
standard reverse transcriptase assay using exogenous poly-
(rd):oligo (dT) template. The reaction mixture contained
in 2 final volume ofi100 pl, 50 mM Tris-HC1 (pH 8. 2), 50 mM
KCi, S oM HgClz, S mM DTT, 10 puM each of dATP, dCTP and d4GTP,
0.1% Triton X-100, 100 pCi/ml of [ H] TTP (5 Ci/mmole),

10 pg/ml poly (rA):oligo (dT) and purified particles and
vas incubated at 35°C for 90 min. Cold 10% TCA insoluble
radicactivity was determined on filter paper (Toneguzzo -and
Ghosh, 1976).
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results support the earlier results (Figs. 3.1. 3 3 1 4)
_that there are no Pr180Bas pol molecules present in NI-
LA83 that can be processed to mature reversé transcriptase.

| To determine whether the high molecular weight
virion associated prgteins are accessible to the protease
(p15), that is specific for gag related ﬁroteins (see Section
I, cells infected with: LA83 at 41 °¢c were labeled with
.[358] methionine for 2 hours and the virus particles released
during the labeling period were purified as described ‘in
Materials and. Methods. The partieies were Qisrupted and
immunoprecipitated with anti-p27 antiseru&. The immune-
complex was suspended in the in vitro protease reaction
buffer (0.05 M Tris-HC1, pH 7.2, 0.15 M NaCl, and 0.1 Z_
Triton X-100) and incubated at 37°C for 1 hour in the presence
of various amounts of the Protease (disrupted PR;ﬁ.viruses).
Results pé%sented in . Figure 3.1.6 s o;ed a numb of bands
around 190,000 molecular weight region which inzfimmunopre-
cipitated with anti-p27 éntiserum (lane 1), however, these
same proteinsrwere also precipitated with Preimmune serum
(lane 6). More significantly, these proteins were apparently
uﬁaffected by the treatment with the protease (lanes 2
to 5). Even though the amounts of the proteins were reduced
slightly with increased amount of the pProtease, no cieavage
products were detected. Similarly, the in vitro cleavége

analysis was carried out with the intracellular proteins
' t
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Figure 3.1.6 Left: In vitro cleavage analyses of the
high Mr prdteins from NI-LAS3,

LA83-infected cells at 41 °C were labeled with [358] methio-
fiine (100 pCi/plate) for 2 hrs. The 1abe1ed medla were
collected, clarified and the viral particles were purified.
The particles were immunoprecipitated with anti- -p27 anti-
serum. The immune-complex wa's suspended in the in vitro
protease reaction buffer and incubated at 37°% for 1 hr

1n presence of various amounts of disrupted purified PR-B.
no PR-B added- lane 2 to 5, addition of 5, 10,

40 pg of PR-B, respectivély: lane 6, immunoprecipi-
tates with normal rabbit serum. Bands marked with A and B

are virion—associated high molecular weight proteins (see
Fig. 3.1.8). , '

‘Figure 3.1.8 Right: In vitro cleavage analyses of the
high Mr proteins from LA83-infected
cells.

LAB3-infected cells at 41°C were labeled as in Fig. 3.1.6.
The labeled cells were lysed and immunoprebipitated with
anti-p27 antiserum,'and in vitro prbcessing of Prigo8ag-pol
was tested. Lane 1, no PR-B added; lanes 2 to 5, ;ddition
of 5, 10, 20, and 40 pg of PR-B, respectively; lane 6, pre-
cipitates with normal rabbit serum. 1
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from LA83-infécted‘cells. The LA83-infected cells were labeled
with [BSS] methionine and the cell lysates were immunoprecipl—
tated with anti-p27 antiserum. Results presented in Fig.
.3 1.7 showed that the apparent precursor for reverse trans-.
criptase (Pr180838 pol) was precipitated with the antiserum
(lane 1), When the immune-complex was treated with the
Protease the amount of Pr180888 pol was reduced significantly
"with concomitant increase in the amount of a protein with
molecular weight of 130,000 (P130); This pProtein may repre-
Sent an intermediate of reverse transcriptase (see Section )
'3.2). It is also evident that a.rpelatively small amount

of a polypeptide with molecular: weight of 150,000 (P150)

~ ‘was precipltated by anti-p27 antiserum and P150 also disa-

-

f

ppeared with increasing amounts of the protease. This i
s

polypeptlde was further characterized by 1mmunoprec1p1tat10n

and tryptic peptide mapping (see Section 3. 2).

h
related protefns and they may represent host proteins.\'\c\

More direct evidence was obtained by tryptic-peptide mapping.
The trgptlc —Peptide profiles of thesge virion associated -

high molecular weight proteins (designated A & B in Fig.
3.1.6) with apparent molecular weight of Pr1gg838-Ppol wvere
compared to those obtalned from Pr768%8 gp4 Pr150883—901

.(see Section 3.2 for the characterization of these pre-—
1
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cursor proteins). Pr150888-pol has ant1genic determinants
for all the gag sequences and pol sequence (Fig. 3.1.17).
Consistent with the immunoprecipitation analyses, Pr150828-pol

apparently contained all the tryptic peptides present in

.Pr76888 (Fig. 3.1.8). 1In contrast, the tryptic peptide

profiles of proteins A aﬁd B were quite different from

those obtained from Pr150888 pol or Pr76888' but A and
B are related such that all the tryptic peptides of B were

also Present in A. These results elearly indicated that

no apparent Pr1g0828-Pol polypeptides were pPresent in NI-

" LA83 particles.

Although the amount of gag proteins present in
NI-LA83 was similar to that in LA83 or in PR-B, possible
alterations in posttranslational modification were tested.
32P—labeleq vifal pfoteiﬁs.were prepared as described under
Materials and Methods, and analyzed by SDS-PAGE. Virus
labeled with [ S] methionine was also electrophoresed
on the same gel so that the 32P -labeled proteins could
be 1dent1f1ed. Figure 3.1.9 showed that three internal
structural proteins, p23, pl9 and pl2, ‘were labeled with
32P. The relative amounts of each protein i;ﬁﬁI—LASB
(lane 5) were similar to those present in LA83 or in PR-B
(lanes 2 to 4). 1In addition, a polypeptide which comigrated
with pl5 was phOSphorylated It may represent re31dual

phosphollpld which have been also observed by others (Shalkh

et al,, 1979). S *
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Figurg'3.1.8 Tryptic—-peptide analyses of the virion-
. assoclated high molecular weight proteins.

The [BSS] méthionine-labgled virion-associated high mole-

cular weight proteins (A and B as in Fig. 3.1.6), Priso:

and Pr76 were eluted from the gel slices in the Presence
of TPCK-Trypsin, oxidized, and subjected to two—dimensional
tryptic-peptide analyses as described in Materials and

- Methods. PrlS0 was immunoprecipitated from LA83-infected

cells at 41°C, Pr76 was immunoprecipitated from PR-B-
infected cells, and A and B were isolated from NI-LAS3.
In the schematic diagrams, peptides common to both A and
B were indicated in filled outlines, ™

v
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Figure 3.1.9 Phosphoproteins of PR-B, LA83, and NI-LA83.

Autoradiograph of a 12.5 Z polyacrylamide slab gel contain-
ing electrophoretlcally separated polypeptides from PR-B, .
LA83, and NI-LA83. The cells were labeled for 12 hrs with
[3 P] orthophosphate (250 pCl/ml) and the viruses were harv-
ested after a 12 hrs chase with regular medium and purified
a8s described under Methods. Lane 1 contains purified PR-B
virus labeled for 16 hrs with [358] d%tthnlne, lane 2,
[32P] -phosphate-labeled PR-B at 35° C; lane 3, [32P] phosphate-
labeled LA83 at 35°C; iane 4, [3 P} phosphate-labeled PR-B
at 41°C: lane 5, [32P] phosphate-labeled NI-LA83. Band
marked PL is phospholipid. This figure is directly from

Ro and Ghosh (1984).

£
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.To examine whether there are any défecﬁs in glyco;
sylation of the envelope glycoprotéins in NI-LASB3, theq
virus w;s iab?led with radioactive sugars. Figure 3.1.10°
showed that, both gp8S and gp37 were labeled with [3H]
mannose (laneé 2 to 5) and [3H1 glucosamine (lanes 6 to
9) in NI-LAS83, fhe relative amounts of the glycoproteins
present in NI-LA83 and in LA83 or PR-B were also similar.

Finally, the RNA present in NI-LAS3 particles was
analyzed by labeling the virus with [3H] uridine and frac-
tionating the RNA on an agarose gel. Results presented
in %igure'S.l.ll showed that the profile of RNA contents
in Ni-LAS&3 (lane 4) was similar to LAS3 or PRfBl(lanes
1 to 3), and showed the presence of genomic RNA aﬁd small
molecular weight host RNAs (see introduction).

Analvses of Intracellular Viral Polvpeptides

To determine whether the synthesis of reverse trans-
criptase was defective or the reverse transcriptase molecules
were synthesized but were’not incorporated into mature
virions, the intracellular viral polypeptides were examined.
Cells infected with PR-B or LAS3 at 35 and 41°C were labeled
for 1 hour with [353] methionine and the labeled proteins
vere impunoprecipitated with antiserum specific for RSV

proteins. The immunoprecipitates were then analyzed bg
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Figure 3.1.10 Glycoproteins of PR-B, LAS3, and NI-LAS3.

Autoradiograph of a 12,5 % Polyacrylamide slab gel contsin-
ing electrbphoretically Separated glycoproteins from PR-B,

LAS3, and NI-LAB3. The cells were labeled with [H] mannose

(800 pCi) or {3H] g8lucosamie (125 pC;) for 12 hrs and the
viruses were hérvested after &8 12 hrs chase with regular
medium apd purified as described under Materials and Methods.
Lane 1, molecular weight marker proteins (190K, 69K, 50K, and
29K); lanes 2 to s, [BH] mannose-labeled PR-B produced at 359,
LA83 produced at 35°C,‘?R—B produced at 41°C ang NI-LAS3,
Tespectively; lanes 6 to 9, [3H] glucosamine-labeled PR~B
formed at 35°C, LAS3 formed at 35°C, PR-B-formed at 41°C ang
NI-LAS3, respectively; lane 10 contains purified PR-B virus
labeled for 16 hrs with [358] methionine. This figure is
directly from Ro and Ghosh (1984),
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Figure 3.1.11 Agarose gel electrophofetic analysis of RNAs
' of NI-LA83, LA83 and PR-B.

Viral genomic RNAs.were labeled with [3H] uridine and the
labeled RNAs were fsoiated from the purified viruses as
described under Materials and Methods. The isolated RNAs
were analyzed on denaturing agarose gels as described under:
Materials and Methods. Lane 1, RNAs from PR-B grown at 35°C;
lane 2, RNAs from LA83 grown at 35°C; lane 3, RNAs from PR—B
grown at 41°C; lane 4, RNAs from NI-LAS3. g8 corresponds to

the genomic RNA and t corresponds to the host tRNAs and lower
molecular weight RNAs.

()
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SDS-PAGE and ‘autoradiography (Fig. 3.1.12).  From LA83-
infected cells at 41°c; the anti-RSY antiserum precipi-

tated a polypeptide.with 1§6,000 moleéular weight (lane

d) which comigrated with ?r}BOgag-pOI ffém PR-B infected-
cells at either témpérature (lanes a and c) and LABB—infecteﬁ
cells at 35°C (lane b)t .The aﬁti—RSV antiserum also preci-
pitated the other two major precursors, gPRO2€1Y and Pf76gag,

and tﬁe'intermediates Pr66838, Pr60388, and Pr16%98, The

c;éavage‘products of Pr76833, P27, pl9 and plﬁ/plS were

-also produced during the 1 hour labeling period.

In order to confirm the synthesis of the three
primary precursor proteins, monospecific antisera were
usegﬂfor the immunoprecipitation analyses., Results presented
in Figure 3.1.13 showed the presence of a single band repre-
senting the precursor polypeﬁtide gPr92env which was preci-

pitated with the anti-glycoprotein antiserum., No such

‘band was detected in cell lysates treated with Preimmune

sgrdm. The synthesis of Pr76828 i, LA83-infected cells

at the nonpermissive temperature was examined by immunopreci-
pitatYon with anti;pZY antiserum (Fig, 3.1.14). It was
evident that Pr768%8 .4 a relatively lower agouht of p27,

as well as PrlSOgaS-pOI, vere precipitated with anti-p27
antiserum. Since PrlBOgagipo1 molecules contain both gag

and pol sequencés, they ‘were prebipitateq with both gag-

and pol-monospecific antisera. As can be seen in Figure
: * t
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Flgure 3.1.12 Polyacrylam1de gel ana1y51s of [ S] methio-
nine- labeled intracellular v1ra1 proteins

1mmunoprec1p1tated with anti-RSV antiserunm.

Infected cells were labeled with | 5S] methionine for 1 hr
and the cells were lysed d immunoprecipitated with anti-
.RSV antiserum., The preq{i?tates were then analyzed on a
12.5 écrylamide gel. Laneia, PR-B-infected cells at 35°:
lane b, LA83-infected cells at 35° C: lane ¢, PR-B-infected
cells at 41°C; lane d, LA83-infected cells at 41°,
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Figure 3.1.13 Polyacrylamide gel analysis of [358] methio-
nine-labeled intracellular viral Proteins immu-

\

Infected cells were labeled with [355] metﬁipnine for 1 hr

noprecipitated with anti-gp antiserum.

and the cells were lysed and immunoprecipitated with anti-
glycoprotein ahtiserumﬁ The precipitates were: then analyzed
on a 10 2 polyacrylamidé gel. Lanes ! and 10, molecular-~
weight_marker proteins; lanes ‘2 and 3, PR-B-infected cells
at 35°C; lanes 4 and 5, LA83-infected cells at 35°C; lanes
©8nd 7, PR-B-infected cells at 41°C; lanmes 8 and 9, LA§3.
infected cells at 41%%. Lanes 2,4,6 and 8 correspond to the
immunoprecipitates-witﬁ normal rabbit serum, and lanes 3,5,7,
and 9 correspond to the immunoprecipitates with the anti-gp
-antiserum. The arrow indicates the precursor Polypeptide
gPr92®nV, .
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Figure 3.1.14 Polyacrylamide gel analysis of [358]-
methibninellabeled intracellular viral
Proteins ;mmunoprecipitated with anti-
P27 antiserum.

Infected cells were labeled with [355] methionine for
1 br and the cells were lysed apnd immunoprecipitated with

-anti-p27 antiserum. The precipitates were then analyzed

on a 103 Polyacrylamide g8el., Lanmes 1 ang 10, molecular-
welght marker proteinsf_lanes 2 and 3, PR-B-infected cells

‘at 35°C; lanes 4 and 5, LA83-infected cells at 35°C; lanes

6 and 7, PR-B-infected cells at 41°C; lanes 8 and 9, LAS83-
infected cells at 41°, Lanes 2, 4, 6, and 8 correspond
to the immunoprecipitatep with normal rabbit serum, angd

lanes 3, S5, 7, and 9 correspond to fﬁE‘immunoprecipitatea
with the anti-p27 antiserum. o :
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Figure 3.1.15 Polyacrylamide gel analysis of [358]—
methionine labeled intracellular viral-
Proteins immunoprecipitated with anti-pol-

antiserunm.

Infected cells were labeled with [358] m%Fhionine for 1 hr
and the cells were lysed and immunoprecipitated with anti-
pol antiserum. The precipitates were then analyzed on

a 103 polyacrylamide gel. Lanes 1 and 2, PR-B-infected
cells at 35°C; lanes 3 and 4, LA83-infected cells at 35°C;
lanes 5 and 6, PR-B-infected cells at 41°C; lanes 7 and 8,
LA83-infected cells at 61°C. Lanes 1, 3; 5, and 7 corres-~
pond to the immunoprecipitates with normal rabbit serum,
and lanes 2.'4, 6, and 8 correspond to the imnunoprecipi-
tates with anti-pol antiserum. The arrow indicates the
precursor polypeptide Pr180.



113

SR Kot ol W 8 £ 0 o b $52 2 t mis A iy i e i e, 8




-y

T T T T T Y T N R N F R Y I Y T TN .

114

~ +3.1.15, only PrlBOgag-p°1 molecules were evident after immu-

noprecipitation with anti- reverbe transcriptase antiserum.
For the further confirmatlon of\¥1168 ag synthe31s, the

tryptic peptide preofile of [358] meth10n1ne—labeled Pr76838

S

- was compared to those obtained from the individual gag

6
proteins. As can bgseen in Fig. 3.1.16, Pr768288 contained

all the tryptic—peptides (panel D) present in P19 (panel 4A),
p27 (panel B){ -and plZ/piS (panel C). These reselts suggest
that the synthesis'of three pfecursor ﬁroteins was not
defective in LAB3. ‘

- In order to establish“that the apparent Pr1go828-pol
synthesized in LA83-infected cells at 41° contains all the
gag-specific domains, the.lapeled cell extracts were immuno-
precipitated with each individyal anti-gag antiserunm.
Results presented in Fig. 3.1,17 showed that 180,000 Da
polypeptide present im cells infected with LA83 at 41°C

was precipitable with anti-RSV (lane a), aﬁéi:plg (lane b),

- anti-p27 (lanes ¢,d), anti—p12 (lane e), anti-pl5 (lane £),

and anti-reverse transcriptase )lanes g,h)_antisera, but not
with normal rabbit serum-{lane i) and anti-glycoprotein anti-
serum (Fig. 3.1.13). Furthesmore, the tryptic-peptide profile

¢ [35

o S] methionine-labeled Pr180 was compared to those

obtained from Pr76%98 and reverse transcriptase. *Consistent
with the immunoprecipitation analyses, Prl80 contained all

the. tryptlc peptides (Fig. 3.1.18A) present ip reverse-
1
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Figure 3.1.16 Two-dimensional tryptic~peptide anslyses
of Pr?’ﬁga8 and the mature gag proteins.

The [BSS] methionine-labeled polypeptides were isolated
by gel electrophoresis and excised from the gel and tre-
ated as described under Materials and Methods. Auto-

_radiographs_of the dried plates are shown in the figure;
electrophoresis (TLE) was from bottom to top and chromato-

graphy (TLC) was from left to right. pl9 (4), p27 (B),
and pl2/pl5 (C) were isolated from purified PR-B virus.
Pr76 (D) was obtsiined from LA83-infected cells at 41°C.
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figure 511.17 Immunological characterization of Priso.

Autoradiograph of a 7.5 to 15% gradient polyécryla;ide
‘siab_gei containing electrophoretically éeparated poiy—
peptides from LA83-infected cells after immunoprecipi—
tation with monospecific antisera. The ceils were label-
ed 1 hr at 41 C with [3581 methionine. Lane a8, anti-

RSV serum; lane b, anti-pl9 serum; lanes ¢ and. d, anti- .
P27 serum; lane e, anti-pl2 serum; lane f, anti-pl5S serum;-
lanes g and 1, anti-pol serum; lane i, ‘preimmune serum;
lane j, molecular welght marker proteins (190K, 69K, SOK;

and 29K). This figure is directly from Ro and Ghosh (1§84)Q

2y
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Figure 3.1.18 iwofdimensional tryptic-peptide finger-
,printing analyses of Pr180 with ‘Pr76%28
. and reverse transcriptase subunits.

S] Hethionine—laheled polypeptides were ‘isolated by
gel electrophoresis and excised from the gel and treated
as described under Materials and Methods. Autoradiogra-
phs of the dried plates. are shown in the figures; a sche-
matic diagram of-each autoradiograph is shown immediately
below it. The origin of each fingerprint, indicated by
x in the disgrams, is at the lower left corner, and elec-'
trophoresis is from bottom to top. Prl80 (A) was obtainied
from LA83-infected cells at 41°c, Pr7e828 (D) and reverse-
transcriptase (C) were obtsined from PR-B-infected cells
and purified PR-B .virus, respectively. ‘The reverse trans-
criptase was immunoprecdpitated from disrupted virus with
anti-pol antiserum ang/ginally isolated by gel electro-
phoresis. The & and B subunits were combined for digest-
ion with trypsin. Pr76828 yas immunoprecipitated from r
PR-B-~infected cells with anti-p27 serum and isolated by —
gel electrophoresis. In the schematic diagrams, peptides
characteristic of reverse . -transcriptase are indicated in
filled (C) and Pr76%28 in open outlines (D). The autora-
diograph (B) is the mixture of peptides from Pr76828 ap4
reverse transcriptase. The spots. indicated by crossed
outlines in Prl80 (A) are not seen either in reverse-—
transcriptase or in Pr76338, while the peptides indicated
by crossed outlines_in reverse transcriptase (B, C) are
not observed in Pr180. This figure is directly from Ro
and Ghosh (1984).
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transcriptase (Fig. 3.1. 18C).. and ‘in Pr768 g (F:g. 3‘1 ISD).

‘In addltion to the peptldes of Pr76388 and Teverse trans-

crlptase Pri18o cgntained six more tryptic peptides 1nd1cated
by, crossed circles in the schematic .diagram (Fig. 3.1. 184)
which were not present either ip reverse transcrlptase or in
Pr76gag Also, there are six tryptic peptldes indicated

by crossed circles in the" schematic diagrams of Figs. 3 1.18B

‘and C which were not present in Prl180. These peptides may

Tepresent products of 1ncomp1ete dlgestlon. The tryptic-

peptide profiles of PrlBOSag pol from LA83 infected cells at

41°C were also compared to those from PR- B infected cells.
As can be seen in Flg. 3.1, 19 no apparent dlffe;ence-was
noted. Taken together these data suégested_that the Prlso
protein observed in cells infected with LA83 is Pr1so828-pol_
Although the precursor Pr18083g-pol was synthesized at 41°¢
without an} apparent defect, the NI-LAS3 partieles did not
contain any reverse transcrlptase (Fig. 3.1.4, iane 4).
Pr180gag pol has been previously shown tc be phos-
phorylated (Eisenman et al., 1980). To determine whether
there were defects in phosphorylation of Pr180828~POLl .54
infected cells were labeled for 2 hrs with-[32P] phosphate
and the cell lysate was precipitated with anti-gag or anti-.
reverse transcriptase antisera. As shown in Fig. 3.1.20,

both Pr?f;gag and Pr‘lBOgaS-p01 were phosphorylated in LA83-

infected cells at the nonpermissive temperature (lanes e and
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Figure 3.1.19 Two-dimensicnal tryptic-peptidé fingere
‘ printing analyses of Pr1g0o828-Pol .. ...
LA83- and PR-B-infected cells

[353] Methionine—labelgd préteins were excised from poly-,
acrylamide gels, digested with trypsin, and the tryptic-—-
peptides were analyzed as described under Materials and
Methods. For the direct comparison of'tryptic—peptides,
sahples were spotted on the same plate on opposite sides
of the center line of the plate. Following electrophore-
sis (TLE), the plate was cut along the center 1ine and

the two halves were chromatographed (TLC) at right angles
to the direction of electrophoresis.

Y
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Figure 3.1.20 Autoradiogram of intracellular phospho—
' proteins.

The infected cells were labeled with [ P] phosphate and
the cell lysates were precipitated - with anti-gag (lanes

d to g) or aati-pol (lanes h to j) antisera and analyzed

on a 12.5% polyacrylamide gel Lane a, molecular weight
marker proteins; lane by [ 5S] methionine-labeled purified
PR-B; lsnes ¢ and 4, 3 S] methionine\labeled PR-B-infected
cells immunoprecipitated with .nermal rabbit serum and anti-
gag antiserum, respectively; lanes e and h, LA83-infected
cells at 41° C; lanes f and i, PR-B-infected cells at 41° Cs
lanes g and j, LA83-infected cells at 35°.. :
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h). Furthermore, the gag proteins p23 and pl9 were p1so
detectgd in the infecfed cells (lanes_e‘to g), but no pl2
was detected in this particular experiment. These results
indicatéd fhat PRlSOSag_pOI waé normally synthesized and
phosphorylated in’ LA83-infected cells at 41°% but the extent
'of phosphorylation of PrlBOgag-p°1 has not been determined.

We reported recently a RSV—condztlonal lethal mutant

RSV PR B—tsLA83 (LASB) which is defectzve in both replication
and- transformatlon functlons (Ghosh, 1984) and the biochemical
evidence suggests that LAS83 is defective in processing the
reverse transcriptase precursor at Fhe nonpermissive ﬁempera—
ture (Ro and Ghosh, 1984). Thhs it was suspectéd that LAS83
contalns a 1eszon in the pol gene or LA83 could. h;;e multlple
mutations in tgg.replzcat;on and transformatiqn functions.
Complementation expe;imenté with avian leukosis viruses defec-—
~tive in traﬁsforniﬁg function showed that LASG”cou1d~comp1e—
ment ohly feplication defects (Ghosh, 1984j. These resultrs
suggested thaf the transformagion defett in LA83 is due to
mutation in the src gene. It was thus decided to examine
dhethé; the src¢ éene products are synthesized at the non-
permissive temperature. Virus was added to secdndary cul-
tures of chick embryo fibroblast cells within 3 hours of
replating. When the infected cells were confluently trans-

forméd they were subcultured and incubated at either 35 or

41°C, The infected cells were Jlabeled with [358] methio-
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,nine (Amersham).for 2 hours at either 35 or &1°C The cell
extracts were 1mmunoprecip1tated with the serum from rabblts
bearing Rous sarcoma_virusﬁinduced tumors (TBR antiserum).
which has been preédsorbedrwith the"de:ergenaﬁzréaqed unlabel-
ed virus, The immunoprec&pifates ;gré solubilizéd igﬁelectro_
phoresis sapple buffer and analyzed on é 10 % SDS—ﬁo;}acryl-
amide gel.(R§ and Ghoéﬁ, 1984). As shown in Figure 3.1.21,
ppéosrc synthesized in LAB3-infected cells was comparable to
that synthesized in the wild-type PR;Bjinfected_cells_at
either 35 or 41°C. ?herefore,.the normal production of
pp60?rc at the nonpermissive temperature indicates that

the defect in transformatlon was due to the -functional

ﬂefects of ppﬁosrcrather than its lablllty.

A rec

The protein pp60 has protein kinase activity
Fpeéific for tyrosine residues. The identification of

the proteins phosphorylated by ppﬁosrc is important in
understanding the events involved in RSV-mediated transfor-
mation. One potential substrate is a 50,000 molecular-
weight phosphotyrosine contaiﬁing protein (ppSOj which

is associated in a cémplex with ppGOSrc an& a cellular
90,000 molecular weight protein (pp90; Brugge et al., 198i)
and thus is immuﬁbprecipitated by antibody to bPGOSrc (Hunter
and Sefton, 1980; Oppermann et al., 1981). As can be seen
in Figure 3.1.21, Both\pp90 and Pp50 were deteéted in.immu—

noprecipitates from lysates of cells infected with LAB3
1
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Figure 3. 1 21 Polyacrylamide gel analyses of [3581—
methionine labeled pp605T¢, L

\

. {
RSV infected cells wer labeled with [BSS] methlonine! or
2 hrs either at 35 or-41°C. The cell extracts were Immu-—-

noprecipitated with TBR serum which has been preadsorbed

with the detergent treated unlabeled virus. The precipi~
tates were then analyzed on a 10% polyacrylamide gel.

Lane 1, molecular welght marker proteins; lanes 2 and 3,
PR-B-infected cells at 35 and 41°C, respectively; lanes

4 and 5, LA83-infected cells at 35 and 41°C, respectively;
lanes 6 and 7, SR-D-infected cells at 35 and 41°thre8pec-‘

tively; lane 8, the immunoprecipitates with normal rabbit-
Serum.
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(lanes 4 and 5) as well as those from wild-tbpes (lanes
1,2,6 and 7) at both temperatures. However, the ratio

of pp605TC to pp90 and pp50 were varied for éach virus
strain as demonstrated preQiously (Brugge et al., 1981).
One interesiing‘observation was that the relative amount

of pp50 associated with pp60src in LA83-infected cells

at the nonpermissive temperaturé (lane 5) was less thaﬁ
that préseng iﬁ_LA83—infected cells at 35°C (lane &).

It has been preciously demonstrated that a cellular protein
Pp50 was phosphorylated at tyrosine with concomitan£ trans-
formation of the infected cells by RSV (Brugge and Darrow,

1982). This phosphorylation of pp50 at tyrosine was not

.temperature sensitive in cells infected with mutant viruses

containing a ﬁemperature sensitive defect in the srec gene
(Brugge and Darrow, 1982) Thus, it seems that the tem-
perature sen51t1ve defect of src in LAB3 may be due to
diminished associatib? of ppSO with ppGOSrc. However,

the possibility of other functional defects can nor be

ruled out. It was thus decided to examine the possible
defect in the kinase activity present in ppGOSrc by assaying

-

the immune-complex phosphotransferase activity.
=~ The immunoprecipitates from the infected cells
were assaved for kinase acti§ity. The protein A-sepharose

beads containing bound imnune~complexes were resuspended

in 50 pl of the,kinase buffer (20 mM Tris-HC1l, pH 7.2 ~
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5 mM MgCl ) and incubated at 30°C for 10 mln in the presence
of [r-3zp] ATP (3000 Ci/mmol Amersham)., The reactions

were terminated by addition of,lO vol of a buffer containing
300 mM NaCl, 5 mMrEDTA 10 % glycerol 1 % Triton X-100,

1 Z sodium deoxz_Bnlate, 100 KIU/ml1 Trasylol 1 oM PMSF

and 0.1 %2 SDS in 10 mM Tris—HCI (PH 7.2). The immqne-comtlex'
was washed once with the aheve buffer except that the'NaCl
.///concentration was 10 mM. Flnally,'the protelns were-solubi-
lized in electrophoresis sample buffer’ and analyzed on

2 10 Z SDS- polyacrylam:de gel. It is ev1dent in Flgure
3.1.22 that the phosphotransferase reaction carried out

on pp60°5T ‘from LA83-infected cells at either temperature
resulted in labeling of the heavy chain of immunoglebulin

{lanes 7 and 9) as in the reactlons from the wlld type

infected cells (lanes 3 and 5) Howeﬁer, cells infected

v
-

‘with.the mutant contaln at the nnnpermissive-tehperature
(laﬁe 9) less 1mmunoprec1p1table proteln kinase activity
than do cells at the perm1351ve temperature {lane 79).
\\ he-proteln kinase act1v1ty of pp60°T encoded by the mutant

‘seems mQre labile thaa that encoded by wild-type virus’

~(see below). Similar results were obtained,prev1ously

with other temperature~sen51t1ve mutants (Collet and Erikson,
1978; Sefton et al., 1979, 1980).

The kinage activity present in pp60Src synthesized

in LA83-infected cells at 41°C was tested for temperature-

. L 4
sensitivity. The imnune-complex obtained from LA83-infected
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3

Figure 3.1.22 The protein’ kinase activity induced by LAS83.
P i
Lanes 1 and 10, molecular weight marker proteins; lanes 2

and 3, PR-B-infected cells 3rown at 35°C and immunopreci-
pitated with normal rabbit serum and TBR serum, respecti-
vely; lanes 4 and 5, PR-B-infected cells grown at 41°c
and immunoprecipitated with normal rabbit serum and TBR-
serum, respectively, lanes 6 and 7, LA83—infected cells
grown at 35°C and immunoprecipitated with normal rabbit-
serum "and TBR serum, respectively, lanes 8 and 9, LAS3-
infected cells grown at 41°C and immunoprecipitated with
normal rabbit serum and TBR serum, respectively,

-«






'cells grown at 41 C was - assayed for the kinase activity at
both 35 and 41 c. First, the immune—complexes were prein-
cubated at either 35 or 41°C for 2 min, the- [f 32?] ATP was
added and the mixtures were further incubated 5 min at the
respective temperatures; The reactions were terminated as.
above and analyzed on a 10 SDS—polyacrylamide gel. As

. shown in Figure 3 1, 23. the kinase activity was temperature—
sensitive, The labeling in the immune-complex from LAB3-
infected c;lls at 41°C and assayed at 41 C (lane 6) was
relatively less than the one assayed at 35°C (lane 3). No
significant ﬂifference was evident-in the mutant infected\
cells grown at 35° C and assayed at either temperature (lanES
4 and 7). This result was unexpected and not clear why the
activity from mutant extracts grown at 35°C is not ts in the
in gigzg_experiment. One possibility is that the LA83 "

OSré is functionally stabilized when synthesized at 35°.

ppo
In contrast, the pp60src produced at 41°C was able to recover
the activity slightly when assayed.at 35°% (lane 3). Hoéwever,
the activity 1s stillemuch lover than the activity from mutant
extracts grown at 35°C (lanes 4 and 7).

| The lability of the protein kinase activity of the
‘mutant suggests that this activity is essential for\trgns—
formation which is temperature- sensitiue in LA83-infected
cells. The observation of protein kinase activity in cells -

infected with the mutant at the nonpermissive temperature

suggests a possibility that the transformed phenotype of a
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Figure 3,1,23 Temperature—sensitivity éf the Protein-Kinsse
. Actifity Induced by LA83, '

The pp603TC pfotein contginiﬁg hrotein Rinase activity was
immunbprecipitated from PR-B-infected cells grown at 41°c,
and cells infected with LA83 grown at 35 or 41°C.  The cells
were lysed and €qual volumes of the cell lysateé were immu-
noprecipitated with TBR Serum and assayed fof'the protein-
kinaée_activity at 35 aggﬂéioc; respectively.  Lanes 1} and
8, molecular weilght marker*pro?eins; lanes 2 and 5, PR-B-
infected cells grown at 41°C .and 2ssayed at 35 and 41°C,
Tespectively; lanes 3 and'%,'Lﬂé3—infected cells grown at
41° and assayed at 35 and 41°C, Tespectively; lanes 4 and
7, LA83~iqfec;ed cells grown at 35% and assayed at 35 and
41°C, respectively,
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chick cell is dependent critically on the actual concentra—
tion of src-encoded protein kinase activitf, bhowever, con-
sideration of other. factors, &uch as the amount SVaileble
and/or the level of association of the substrates (eg. pp50)
with pp60s c' in the’:;;ﬁai\rmation of a chick cell can not

be ruled out.

Stabilitv and Kinetics of Processing of Intracellu—

. lar Precursor Polypeptides

-
-

, ~r
The intracellular.processing of viral precursor

polypeptides was analyzedeby'pulse-chase expe;iments.
Infected cells were pulsed fon 30 min with [ S] methionine,
then chased for verying anounts of time, and virua-specific
Proteins. were analyzed by 1mmun0precip1tation with antl-RSV
ant1—p27 anti—glycoprotein, or anti-reverse transcrlptase
antisera and electrophoresed on SDS-polyacrylamide éels.
Figure 3.1.24 shows ‘the results - obtained with anti-RSV anti-
serum. Both Pr768%2 8 and gPr92%tV¥ couid be chased and hence
processed at both 35 and 41°%. 1 significant amount of
Pr1808&‘3-p01 was, however, present even after a 4 hfa chase
at 41°C in cells infeeted with LA83. 1In contrast, Pr1808a8-pol
present in cells infected with nA83 or PR-B at 35°C as well
as in cells infected with PR-B at 41°C could be chased - The
Processing of gPr92%2V yas presented in Fig. 3.1.25, in which
nhe pulse-chased cell extracts were analyzed by immunopreci-

-~

N
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Figure 3.1.24 Polyacrylamide gel analyses of [358] meth-
. ionine labeled viral Proteins immunopreci-
pitated with anti-RSV antiserum.,

.

- RSV-infected cells were Pulse-labeled for 30 min at 35 or
41°C, then chased for 2 and 4 hrs, The labeled cells were
"lysed and immunoprecipitated with anti-=RSV antiserum. The

precipitates,were then analyzed oh a 7.5 to'IS,Z gradient
Polyacrylamide slab gel,

“~

]
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Figure 3.1.25 Polyacrylamide gel analyses of [358] meth-
: ionine labeled viral proteins immunopreci-
pitated with anti-gp antiserum,

RSV—infected cells were pulse-labeled for 30 min at 35 or -
41° C, then chased for 2 and k hrs. - The labeled cells were
lysed and immunoprecipitated with anti-gp. antiserum. The
+—#~*4;~"prefipitutes‘WEre then @nalyzed on a 10 I polyacrylamide gel,
| Lanes ‘1 to 3, PR-B-infected cells at 35°C were pulsed and
chased, respectively, lanes 4 to 6, LA83-infected cells at
35°C were pulsed and chased, respectively. ‘lanes 7 to 9,

- PR-B-infected cells at 41 °c were pulsed and chased, regpec—
tively; lanes 10 to 12, LA83-infected cells At 41°C were
pulsed and chased, respectively. The arrew'indlcates the
precursor protein gPr92%2v, o sample is present in lane 5,
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. Figure 3.1.26 Accumulation of Pr1803?3fp°1 in LA83-infected

cells at the nonpermissive temperature. -
\

ﬁu;oradiograms of polyacrylamide slab gels cohtaining elec-
; trophoretically separated'poljpeptides from'LA83~infeEted

; _ ' ‘éel{é after immuﬂoprecipitatiéh with diffgrent aptisera.f

. ' LAéS—infected cells at 35°C were pulse iabe1ed with [35

Sl-
methionine. for 30 min (lane .a) and chase

d for 2.(lang b) and
4 ‘hrs (lane. c) at 35°C and immunoprecipitated with anti-RSV-
antiserum.

LA83-infected cells at 41°C were bulse;lébeled_
with [?SS} methionine for 30 minp (lanes d
for 2 (lanes e,

A R N A S A NI e

»8» J) aand chased
B, k)end 4 hrs (lanes f, 1, 1) at 41°¢
immunoprecipitated witg anti-~-pol
(lanes'gfto i),.
tively.

» and
(lanes d to £), anti-p27

-0T anti-gp (lanes j to 1) antisera, respec-
This figure is directly from Ro and Ghosh (1984). -

b
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Figure 3. 1 27 Disappearance of precursor molecules in
RSV-infected cells._

"Quantitation of specific protein bands was cbtained by
scanning antoradiographs in a transmission densitometer. .
D,,PR—Bfinfeéﬁed cells pulsed and chased at 35°C: »,
PR-B~infected cells pulsed and chased at 41°C; A, LA83-
infected cells pulsed and chased at 35°C; A, LA83-infec-
ted cells pulsed and chased at 41°C. (A) Pr180888-Pol
(3%§Pr 6838, (C) gPr92°®Y. The results were obtained
from a oradlographs of immunoprecipitations with anti-

__pol, anti-p27, and anti-glycoprotein antisera, respec-
tively This figure is directly from Ro anrd Ghosh ;IQS&).



ONIHIVAENS

-8

3
CHASE(Ar)



146
pitation with anti-glycoprotein antiserum. Hore\conyincing
evidence for sccumulation of Pr180838 pol ‘in LA83 infected
: cells at 41°¢ was obtained by immunoprecipitation with anti-
reverse transcriptase antiserum. As presented\in Fig. 3.1.26,

a significant amount of PrlSOgaghp°1 was present even after

“.a &4 hrs chase at 41 C in cells infected with LA8S3 (lane:f).

" - In contrast the amounts‘of Pr180gag pol present in cells

infected with LA83 st 35°% decreased significantly during
this chase (lanes a to c) Therefore, it appeared that in
the case of LAaz_there was a reduction in the rate of pro-
cessing of Pr180888~ pol.into reverse transcriptase at the
nonpermissive temperature.' Both Pr768288 gng gPr92env could
be chased ‘and hence processed at both 35 and 41°C in LA83—
infected cells (lanes a to ¢, g8 to 1). The relative~amounts
of the three precursor polypeptldes, Pr180838 p°1,-Pr768&8,
and gPrQZenv after different periods of chase were determined
by microdensitometric analyses of the corresponding bands
present in the autoradiograms obtained by immunoprecipita-
tiou with anti-reverse transcriptase, anti—p27,_or anti-—

) glycoprotein antisera. A plot of the_percentaée of the
precursor remaining after chase against the duration of the .
chase is presented in Fig. 3.1.27. The results show that
only the precursor PrlSOgag—po1 in the case of LAS83 infected
cells at 41°C was steble and about 80 Z of the precursor was
not chased even after 4 hrs. Over 90 % of Pr180gag po} was,

however, chased in 4 hrs in the case of LA83—infected cells
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at. 35 C or PR-B-infected cells at 35‘or 41 C The ti of
lPrlBOSag pol in LASS—infected cells at &1 C was greater than,

4 hrs. and at 35°C it was about 1 75 hrs (see Table o).

ey

‘Results of previous experiments (Hayman, 19783) showed that
t* for PrlSOgag pol in PR-B—infected cells was: about 1.15 hrs
at 35°C and 1.25 hrs at 41°C. Also, the ti values of 0.75
to .1 hr and i to 1. 5 hrs were reported earlier for Pr76888
and gPr92®%¥ » respectively, in wild-type virus- infected cells

(Hayman, 1978a; Oppermann et al., 1977; Vogt et al., 1975),

Effects of Temperature Shiftdown on the Processing

of PrlSOgag-p°1 -

- It was observed that although LA83- infected cells
at the restrictive temperature produced noninfectxous parti-
cles, a2 shiftdown to the permissive temperature resulted in
synthesis of infectious virions within 2 hrs after shift-
down (Ghosh, 1984). To investigate whether the intracellu-
lar precursor PrigQ898~ pol was processed and .the reverse-
transcriptase produced was incorporated in the released
virus particles; LABB—infected;cells were labeled for 30 min
at 41°C with [358] ‘methionine and the temperature was shifted
down to 35°C in the presence of cycloheximide (50 pg/ml) so
that only Previously synthesized polypeptides were utilized
for virus production. The intracellular Proteins were analy-

. -~
zed at various intervals after shiftdown by immunoprecipita-

\
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Figure 3.1.28 Processing of Pr18e%°87P%1 i 1ag3-infected
' cells after shiftdown to the permissive
temperature.

‘[353] Methiornine-labeled polypeptidés f}om.LASB—infected
cells were immunoprecipitated with anti-pol antiserum and
electraphoresed on a 10Z polyacrylamide slab -gel. Lane -
a, molecular weight.mérker proteins;'lane b, LA83-infected
cells at 41°C pulse labeled 2 hr with [3$S]‘methiohine:
~ lanes ¢ to g, LA83-infected cells at 41°C pulse-labeled

* 2 hr, then shifted down to 35°C and chased for 0.5, 1,

: 2,'4,.6 hr, respectively. The graph (right) shows the

of disappearance of Pr180888-Pol Quantitation of
ag-pol

was obtained as described in legend to Fig.
3.1.27. \\This figure is directly from Ro and Ghosh (1984).

The arrow inl¢ates the precursor polypeptide Pr180828-Pol

(r
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Table II. Approximate half life of RSV precursor poly-
peptides.

=3

PR-B/35°C )«§R-31a1 C LA83/35°C LA83/41%C
Pri1gp8as—pol "1.15 |

Precursors o Ce11 Cultures

. 1.25 1.75 >4
Pr76888 . 1.35 "1.0° 1.9 1.45
gPr92®nv 1.3 1.1 . 1.4 1.2

The half-life (té) of the three Precursors were determined -
from the results of kinetics of turnover of the precursors
from the autoradiograms of immunoprecipitations with anti-
polymerase, anti-p27, and anti—glycoprotein sera, respect-
ively.
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tion with anti-reverae transcriptase antiserum and SDS-PAGE

(Fig; 3.1.28)., "It was evident that in the infected cells
' e . $ " -

Pr1808a3—p°1'could now be chased after shiftdown. The

A ~

 graph in Fig. 3.1.28 shows the quantitation of the amounts

of Pr180888 pol remaining after temperature shiftdown for

various intervals of time. It was observed that t§ of
showed a marked decrease to about 1. 25 hrs on
shiftdown in the presence of cycioheximide. This value was
comparable to the t& of wild\;ype virus—infected cells
(Ta¥le I).

Since the appearance of tne products of proqessing

of Pr180838-Pol namely o and f subunits were not evident

in the cells (Figs. 3.1.12..3.1;45,‘3.1.17 '3.1.20, 3.1.24,

l3 1.26, 3.1.28), the virus released during the chase after

shiftdown was purified and analyzed by immunoprecipltatlon
with anti—reverse transcriptase antiserum and electrophoresis
on SDPS-polyacrylamide gel (Fig. 3.1.29)., It was evident

_ . _ ~
that both & and ﬁ subunits appeared and increased with time

.of chase. The presence of a number of bands at the 200K-Da

region was variahle and was observed in viruses harvested
at early times, The polypeptides may represent host conta-
minants which were nonspecificelly precipitated with pre-
immune serum. Tryptic-peptide analyses of two polypeptides
atrthe regien of 200K-Da showed no homologies to PrlSOgag’P01
(Fig. 3.1.8). These'data are in agreement with the dats

.-

presented by Eisenman et al. (1980a) and suggested that

-
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Figure 3,1.29 Appearance of reversé—transcriptase sube .
units in virus particles.

LA83-infected cells at 41°C were pulse labeled with [358]—
methionine then chased affér shiftdown to 35°C for varying
lengths of time. Virus was purified from the supernatant
médium, immunoprecipitated with anti-pol antiserum, then
analyzed by SDS-polyacrylamide gel electrophoresis on a
12.5% gel. Lane a coﬁtaina purified PR-B virus labeled

for 16 hr with [358] methionine; lane b, virus released
from cells infected with LA83 after 2 &r labeling at 41°C;
lanes ¢ to g, virus released from cells infected with LA8§
after 2 hr labeling at 41°C followed by 0.5, 1, 2, 4, and
6 hr chase, respectively at 35°C. The graph (right) shows
the relative amounts of reverse—transcriptase subunits .
in,virus released from LA83-infected cells after 2 hr label-
ing at 41°C (0 hr) followed by 0.5, 1, 2, 4, and 6 hr chase,
respectively at 35°C. The relative amounts of tadioactivity
in each band were determined by scanning densitométrg as
‘described in legend to Fig. 3.1.27. Symbols: e, & sub-
unit; o, B subunit; A, combined & and ﬁ subunits. This
figure is directly from Ro and Ghosh (1984).
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Pril.BOgas-lm1 was not incorporated into virions as a Precursor
to & and ﬂ-subunita. Thuar polymerase Precursors are proba-
i bly cleaved concomitant with virus budding. and only the
products of these cleavages are actually incorporated into
virus particles., ' _ \‘

- The kinetics of appearance of reverse transcriptase
subunits in v;rions is shown in Fig. 3.1, 29. In .agreement
with the previously published data (Eisenman et al., 1980a),
the presence of the ﬁ'aubunit was detected first, whereas
the X subunit appeared after a lag period. These results
are also in agreement with reports that & is derived by
cleavage from B (64bson and Verma, 1974; Moelling, 1975).

The disappearance of Prigo888-pol corresponded with the
appearance of and ﬁ subunits in virusg particles (compare

Figs. 3.1.28 and 3.1.29).

7 ’,’ .
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;SECTION 3.2: PROCESSING OF REVERSE TRANSCRIPTASE

. _ PRECURSOR MOLECULES

-

4

A study of the Processing of Pr180888 po 0l requires

the identification of the possibie,énter&ediate(s)'inv‘

criptese. It has been shown that the immuno-complexed
Pr180828-pol molecules
experiment, resulting in the formatlon cf a2 new polypeptide
with molecular weight of 130,000 (Flg. 3 1. 7) Analyses

of intracellular protelns resulted in further identification
of two putative 1ntermediete polypeptldes with molecular
weights of 130,000 (Pr130) and. 70, 000 (Pr?O), respectlvely.‘

The detection of these polypeptides was varlable depending

on the labeling conditions. These polypeptldes have been

zfurther characterized by immunoprecipitation with the mono- .

specific ‘antisersa. Results pfesented in Figure 3.2.1 showed
that Pri30 contains antigenic determlnent for pl5 and reverse-
transcriptase sequences, and Pr70 contalns antigenlc determl-
nants for gag sequences. The relatlve amount of Pr130 and
Pr70 were significantly less than PrlBOSag pol.ﬁ Shortly

after the 1dent1f1cet10n of these putatlve 1ntermedlates.
Eisenman and coworkers (Eisenman et al., 1980a) presented
similar resultst_however. they were not able to demonstrate.
unequiﬁocally_whether Pr130888-pol’, a8 cleavage product

of Prigo828-pol primary translation product.

155
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TFigure 3.2.1 Immunological characterization of Prl30
' and Pr70..

LA83-infected cells at 41°C were labeled with [3°§]—
methidxine for 2 hrs, then labeled cells were lysed and
immunoprecipitaﬁed with the monospecific antisera. The
precipitates were analyzed on a 12.5% polyacrylamide gel.
Lane 1, molecular weight marker proteins; lanes 2 to 6,
iﬁhunoprecipitates with anti-pl9, anti-p27, anti-pl2,
anti—plS, and anti-pol antisera, respectively..
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Further analysis of the intracellular proteins
labeled for short time from the infected cells resulted
in the identification of an additional putative intermediate.
polypeptide with apparent molecular weight of 150 000 (Prls0).

This protein wvas shown to contain antigenic determinants

'__for both gag and reverse transcriptase sequences (Fig. 3 1.17).

The relative amount of Prl50 was less than P-.r180888 pol .

These data suggest that Pr150 may represent a minor inter-g.

u.mediate product. The peptide make up of Pr150 was established

by tryptic peptide mapping.. The [3581 methionine-labeled
protein was eluted from a gel 1n the presence of TPCK-trypsin,
oxidized, and subJected to twojdiJSnsional tryptic peptide
analyses as described in Materials and Methods. Figure

3.2.2. shows the profile of [355] methionine labelled tryptic-

peptides from Prl50 (immunoprecipitated from’LABB—infected

»

cells at 41°C).‘Pr76Sag (immunoprecipitated from PR-B-infected .

cells), and reverse transcriptase (immunoprecipitated from
disrupted PR-B virions). It is evident that all the [358]
methionine-laagled peptides of Pr76828 yere coincident

with those of Pr150. Some of the tryptic‘peptides of reverse;
transcriptase were also coincident with those of Pr150,

but =a number of them were apparently nissing. These results
demonstrate that ‘Prl150 does not possess complete pol-related
sequences, but possesses complete gag-related sequences.

Thus. the possible sequence of PrlSOlmay be represented

as NHZ-PrTG—pol(ad—COOH.where the unique carboxy-terminus

L4
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Figure 3.2. 2 Two-dimensional tryptic-peptide finger-
" printing analyses of Prl50.

.

S] Hethionine-labeled pelypeptides were isolated by

gel electrophoresis and excised from the gel and treated
8s described under Materials and Methods. Autoradiogra-
phs of the dried plates are shown in the figure; a sche-
metic diagram of each autoradiograph is shown immediately
below it. The ori‘gg of each fingerprint, indicated by
x in the- diagrams, is at the lower left corner, and elec-
trophoresis (E) is from bottom to top. Prl50 was obtained
from LASB-infected cells at 41°¢C. Pr7égaEFand reverse-
transcriptase (POL) were obtained from PR B- infected cells

and purified PR-B virus,’ respectively. The reverse trans—

criptase was immunoprecipitated from disrupted vinus with

" anti-pol antiserum and finally isolated by gel eléctropho—

resis. . In the shemetic diagrams, peptides characteristic
of teverse transcriptase are indicated in filled and Pr76
is open outlines. _

L
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region of,p subunlt_(pp32) is eb”ent.' These results further
suggest that Prls0 may be cleav'd from Pr180838 pol

In vitro cleavage experiments were, - therefore,
carried out to determine whether Pr150 Pr130, and Pr70
are intermediates in the processing of Pr180gag pol Cells
1nfected with LA83 ‘were labeled with [ 5S] methionine for
2 hours at 41 °¢ and the labeled cells were lyzed and immuno-
prec1p1tated with dnti-reverse transcriptase antiserum. .
- The immuno-complex bound to protein A—Sepharose was incublated
at 35° c for various. length of times, in the presence of
detergent —disrupted purified PR-B vlrlons, whlch served
as a source of the protgase pls. The prqdqcts were analyzed
on a SDS—polpacrylamide gel, Results presented in Figure
3.2.3 shoved that Prigo®*87P°L, pris0, Pr130, and Pr7o
were prec1p1tated from LAB3- 1n£ected cells at 41°C (lane 3),
but they were not preclpltated from the cell 1ysates with
Preimmune serum (lane 11). These proteins were stable
during the 8 hours incubation” in the absence of virion
protehsg (lane 10), however, they were processed in the
presence of the protease (lanes 4 to 9). The pProcessing
"of the proteins PrlSOgﬂg_p°1 and Prlso0 resulted in increased
appearance of Prl130 and Pr70 proteins during the first
2 hours. After 2 hours the amount of these two proteins
showed aAgradualrdecrease with increasing time of incubation.
Furthermore, a concomitant appearance of a polypeptide,

which comigrated .with p27, was evident. Theee data suggeet

-

r*".\.
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Figure 3.2.3 1In vitro processing of reverse transcrip-
tase precursors.

LA83-infected cells at 41°C were labeled with [355] meth-
ionine and labeled cells were lysed and immunoprecipitated
with anti-pol antiserum. The immune-complex was incubated
at 35°C for various 1engths of time in presence of 40 pg
of disrupted unlabeled PR-B virus. The products were
analyzed on a 12.5% polyacrylamide gel. Lanes 1 and 2,
{3551 methionine labeled PR-B virus; lanes 3 to 9, the
immune-complexes were incubated in presence of the prote-
ase for 0, 0.5, 1, 2, 5’ 6, and 8 hrs, respectively; lane
10, the immune-complex was incubated 8 hrs without the

protease; lane 11, the precipitates with normal rabbit-
serum,
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-'The immune-complex was incubated at 37°C for various
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Figure 3.2.4 (A) The rate of disappearance of Pri1go828-Pol
. in the presence of virion Protease.

v

1engths of time in presence of the detergent-treated PR-B
virusesTas in Fig. 3.2.3. The quantitation of Pr180888—pol
was obtained as described in legend to Fig. 3.1. 27
(B) The relative amounts of putative inter-
mediates Prl130 and Pr70 and the prodact ' -~
"p27 generated ‘during in yitro cleavage . //;53 g
.. of Pr1g0838-Pol_
The relative amounts of radioactivity in each band were

determined b acanning densitometry as described in legend
to Fig. 3. 1 2
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that P130 and Pr70 may represent intermediate molecules
cleaved from PrlBOgas_pOI. Imnunologicel analyses of these
proteins in infected cellsihad'also shown that they are
oossible intermediates of the cleavage of Pr1gg828-Pel
(see above)., The relative amounts of these polypeptides
aftrer different periods of incubation vere determined oy
microﬂensitoﬁetric analyses of the corresponding bands
present in the autoradiogram. A plot of the relative amounts
of these polypeptides against the time of incubation is
Presented in Figure 3.2.4.‘ The absence of reverse transcrip-
tase supunits suggested that both subunits may be either
unstable duting in vitro cleavage or the obsertéd interme-
diate(s) maj not be ﬁurther processed in-the ig\;é;;g system.
It should be noted .that the production of the reverse trans-
- criotase.snbunits by in vitro cleavage has not been reported.
Pr70fmay be processed to p27 since Pr70 was shown to be
contain the antigenic determinant for P27 sequence. Figure
3.2.5 shows the proposed processing scheme of.‘PrIBOgag_po1

based on the above data.
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Prlsogag—pol N p19p10p27p1ﬁ?15 a - 4?32 ¢
- 1 - 2
- 1l
pr7o § RIPIOPZIRIZ o . 530 y RIS s p32 c
3 +
p27 X g P32 ¢ ()
¥
a <+ p32 :
Pr1go5387Pol .
+ 2 .
priso x Ri3plOp27plZpld 2 C + p32 /..ﬂ\
[ . N . .
- . +
Pr76 + o

Figure 239.5 Proposed structures of the precursor and intermediate

molecules and proposed scheme for the processing of the

precursor molecules to their mature reverse transcriptase.

The initial cleavage at the PrIBOSag-po1 molecules are occurring at' the
gag polypeptide region (1) to liberate Pr70 and Pr130, and the putative
cleavage site at the pol polypeptide region (2) between acand p32 to
produce Prl50 and p32, Prl30 is further cleaved as in the Figure 1.5
and Pr70 is further cleaved to generate p27. PrlS5S0 is cleaved at the
gag—ﬁbl juncfidn-sequence to produce Pr76 and o.

~
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SECTION 3.3: BXPRESSION OF REVERSE TRANSCRIPTASE GEXNE
IN E. coli

The structure end function of the retrovirus rever-
se transcriptase have been intensively investigated in
recent years (Gerard and Grandgenett. 1980; Donehower and
Varmus, 1984; Grandgenett et al,, 1985; Bippenmeyer and
Grandgenett, 1985; Jacks and Varmus, 1985; Roth et al,,
1985; Tanese et al., 1985; Varmus; 1985). Reverse trans-—
criptase is required for the conversion of viral genomic
RNA into the proviral DNA which is subsequently integrated
into the host chromosomal DNA. Purified reversge transcrip—‘
tase manifests both synthetic and degradative activities,
The eynthetic activities are characterized by RNA-directed
synthesis of cDNA and~DNA-directed synthesis of double—
stranded DNA; The degradative activities are represented
by RHase H activity, “;E;h degrades specifically the RNA
‘molety of DNA:RNA. hybrid, and DNA endonucleas activity,
Limited information hairbeen obtained about the localiza-
tion of these JEriousféctivities on the _Teverse trenscriptase
molecule, except for endonuclease activity (Golomb and )
Grandgenett, 1979; Grandgenett et al., 1978, 1980, 1985;
Hippenmeyer and“Grandgenett, 1984, 1985). The polymerase =
Polypeptide is cleaved to the & subunit and the pp32 DNA
binding protein in vitro. The DNA polymerase and RNasq H

&
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activities_are located on the Nﬂz—termingl'ﬁtpolypeptide
moiety (Grandgenett et-tl.. 1985). inditect experiments
with variout enzymatic inhibitors indicate ttét DNA poly--
merase and RNase H are located oh‘differeﬁt active sites
(Getard and Grandgenett, 1980;: Grandgenett et al. 1985).

A polypeptide fragment (Mr = 24 »000) having only RNase H
activity can be 1solated by partial chymotryptic digestion
of the d'moiety (Lai. and Verma, 1978) Anti—peptide sera
directed against-different regions of 0¢suﬁunit ‘have. been
tested to determine the origin of the p24 trotein—{Grand—
genett et al., 1985). The results suggeted that the RNase H
active site is located in the NHz—terminus of . X subunit,
consistent‘with the arrangemett found in. MulV tol (Levin

et al., 1984). The DNA endonuclease site is apparently
1ocated on the carboxyl terminus of the A polymerase subunit
(Golomb\knd Grandgenett, 1979; Samuel et al., 1979; Hizi

et al., 1;@2 Leis et aI., 1983; Grandgenett et al,, 1985)
and a similar endonuclease activity has been demonstrated

to be associated with pp32 the phosphoprotein derived

from the carboxyl terminus of ﬂ(Grandgenett et al., 1978;
Eisenman et el.. 1980; Copeland et al., 1980; G dgenett

et al., 1985}). The endonuclease PpP32 is beligzzzﬁto be
involved in integration of the synthesized prioviral DNA._:
pp32 was shown to bdbind to specific sequences an avian retro-
virus LTR DNA including the circle Jnnction in in 11552

studies (Misra et al., 1982; EKnaus et al, .y ;98&). The
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circular viral molecule containing two LTRs in tandem is
the presumed precursor molecule to the integrated provirus
(Panganiban and Temin. 1983, 1986) The endonuclease pp32
was shown .to nick supercoiled DNA containing LTR circle
junction sequences (Grandgeaett and Vora, 1985) Recently.j'
virus mntants possessing deletion in the pp32 regioh have
demonstrated that this region encodes functin(s) essential
 for replication of the virus (Hippenmeyer and Grandgenett,

- 1984). Two separate point Dutations generated near the
anino-terminus of pp32 resulted in decreased viral repli—
cation and cell transformation.due to reduced synthesis

of the viral RNA from the integrated provirus (Hippenmeyer
and Grandgenett, 1985). It appears that transcription

is affected by aberrant integration.:

The function of RNase H during the synthesis of
pProviral DNA is still not ~very clear. It has been proposed
that during the synthesis of cDNA RNase H degrades the
RNA template and provides a primer/with a 3'~hydroxyl group
to initiate the synthesis of the second strand of DNA (Bal-
timore and Smoler, 1971; Keller and Crouch, 1972; Leis
et al., 1973). Studies involving inhibitors specific for
RNase H activity (eg., NaF, > 150 oM KCl), however, do
not.seem to suppaért this notion (Brewer and Wells, 1974,
Collett and Faras, 1976). The size of cDNA and the amounts
of double-stranded DNA synthesized in their studies-are
relatively small and thus may not reflect the true pic;ure.

-
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Hore satisfactory answers can, be provided from studies

~involving mutants that have lesions in only RNase B activity.ﬁ

However, all ts pol mutants that have been tested Tor RNase H
activity are ts for both RNase H activity and polymerase—

activity end no mutants have been isolated that ‘are ts for

Rnase H activity alone.' Anothervapproach would be to use a

Teconstituted system containing DNA polymerase free of
RNase H activity. -This approach, however, requires-physicsl
separation of the two enzymatic activities, |

| The recent application of recombinant DNA techniques

_to the study of retroviruses has made it possible to isolate

and to amplify the genetic information of such viruses

molecular analyses, such as

Sequencing of the viral genome, studies of viral gene expre-—
ssion, and site-specific mutagenesis within the viral genome.,
By expressing reverse transcriptase -gene in E.. coli and
manipulating the gene by site directed mutagenesis, ic.

may be possible to establish the functional domains of

the various activities of this very multifunctional enzyme

molecule. -*»

S— s

This section describes the éxpression of reverse-

transcriptase gene'in‘E. coli harboring recombinant plasmids

which contain either the complete sequence of RSY proviral

DNA ¢6r cloned reversge transcriptase gene,

The presence of two regions of general homology

in prokaryotic transériptional promoter sequences has been
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‘& region, ajout 3-11 bases-upetrcam from the initintion'

. S -

well documented (KcClure, 1985). Theae are the Pribnow—.w

box, or -10 region. and the -35 region (Pr bnov, 1975;
Schaller et al., 1975; Gilbert, 1976) ceantered ebout 10 C .
and 35 base pairs,’ respectively,,upstream from the trans- |

criptional initietion aite. ‘More recently, statietical

‘analyses of promoter sequence composition have resulted

in the generation of model promoter sequences containing

the most freqnently found bases at given’ positions throughout
the RNA polymerase recognized region (Scherer et al,, 1978'
Rosenberg and Court, 1979; Siebenlist et al., 1980; McClure,
1985).

Previous studies have established that mRNAs ore.
translated with varying efficténcies in prokaryotic cells, -
and any effort- to encure the efficient expression of cloned
eukaryotic genes in bacteria must consider not only the ‘
faithful transcription of the,inserted gene but also the
specificity.;efficiency nnd stabiiity,of the mRNA.produced.
Whereas the‘initiation of'transcription presumably is dictated
by the exfetence of =& promOter, the initiation of protein
synthesis appears to be governed. at least in part, by
the availebility of a ribosome binding site (RBS) (Grnnberg—
Madago and Gross, '1977; Steitz, 1979).upstream to the ini- #f—;;__p
tiation codon AUG. Nucleotide-sequence anelysis-hae revealed'
o
codon, that seems to be conserved among most of the bacterial

and phage RNAs (Scherer et al,, 1980). This Tegion, referred
Y . -

*
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to as the Shi Delgarno (S/D) sequence, is complenentarj

_.to the 3' end of ‘the 168 ribosomal RNA (Shine and Dnlsarno.

1975) and base pairs with it during the process of. 1nitiation
of protein synthesis (Steitz and Jakes,.1975). The S/D

sequence is generally 4-9 - bases long. but the resson fcr

this size variability is unclear. Thermodynamically, one

might speculate that the extent of homolbgy is. directly
proportional to the efficiency of ridbosome binding. In

addition to sequence specificity, the Jlocation of the S/D

.sequenzjfgelative to the translational initiation codon

mportant in determining the efficiency of initia-

tion (Dunn et al., 1978; Roberts et al...1979; Boer and

/\ . '7‘_.

In many cases, a second sequence. R-R-U-U~U-R~R

Shepard, 1983).

(R = purine nucleotide), hss been found, in part or in
full, either in addition to or in the' absence of-tﬂe S/D

sequence, Whereas the S/D sequence' is recognized by the

168 ribosomal RNA, this R—R—U—U-U—R—R sequence may exist

for recognition by the ribosomal protein Sl wh%ch has the -

in vitro Property of binding to polyuridylate (Tsl et ™~—,
1972) and has been shown to be indispensable for trans- _

lation of certain natural mRNAs (Szer et al., 1975). fThe

almost exclustive occurrence of this sequence among an ’
f2)

and ribosomﬁi proteins (Lll LJZ 512) suggests a8 fnnctional
role 1n the initiation of synthesis of thége viral and

~ ) . . W oo \‘-J

. . '7‘ . . . ‘.“..
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cel;:iar structurdl proteins that accumulate to high levels
in the cell (Scherer et al., 1980).
Bacterial promoters hafe now been used extensively
to encoifage synthesis of large quantities of important
eukaryotic proteins. By and large, systems that express
unfused eukaryotic protéins (diréct expression) have been
of somewhet limited use because of the problems of stability
of the native eukaryotic Proteins in E. coli (Boer and
Shepard, 1983). .Such systems have been mostly employed
in the expression of small soluble proteins such as inter-
feron and human growth hormone (Goeddel et al., 1980a,b;
Jay et al., 1984; Tessier et al., 1984; Simmons et al., 1984).
Expression of a fusion protein has been widely employed
to express small peptide hormones (Itakura et al., 1977;
Goeddel et al., 1979a,b; Shine et ai., 3980), as well as more
complex proteins such as hepatitis B surface antigen (Charnay
et al., 1980; Mackay et al., 1981), foot and mouth disease
virus VP3 (Kleid et al., 1981), influenza virus hemégglutinin
(Davis et al., 1981; Emtage et al.,, 1980; Heiland and Gething,
1981), VSV G protein (Rose and Shafferman, 1981),. and Polyoma
early gene products (Schaffhauson et al., 1985).
B The retrovirus reverse transcriptase is g complex
protein,‘;ot only in its enzymatic capabilities but also in
its synthesis and maturation in virus—infected cells (see
Section 1): Reverse transcriptase i1s gynthesized in RSV-

infected cells as a polyprotein (PrlBOgag_pOI) containing
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the polymerase and the Precursor of the gag structural pProteins
(Pr768“3)' The mechanism of synthesis of Pr1gp828-pol was

suggested to;lnvolve a2 spliced mRNA specieé which contains s
small deletion near the 888 and pol junction seqﬁences. The
splicing occurs in such a way that the reading frsnme for gag
coding sequence is continued to the reading frame coding for
pol gene products-(Schwartz et al., 1983). Howéver, recent
studies have suggested that a ribosomal frémeshift suppression
may be involved in the production of gag-pol fusion protein
Pr180888-pol (Jacks and Varmus, 1985). In order to express
the pol gene Sequence in E, coli, it is necessary to insert
the polrgene Sequence next to a bacterial coding sequence
%s a hybrid gene in the correct reading frame to synthesize
8 fusion protein, but, there may bg a problem in processing
"to the functional mature products. It is desirable to Syn~
thesize the poiymerase 84s an independent product, that is
n:t a fused protein. The nucleotide sequence of the proviral
DNA or RSV (PR~-C) showed that the codon ATG corresponding
to methionine residyes located at 295 and 297 position of
the polymérasekmo;ecule Present in RSV have a putative RBS
adjacent to its 5' end (Fig. 3.3.1).- It was, therefore,
decided to examine if any of these appareat ipitiation siteg
are used in E. coli to synthesize pol-related Proteins and
if so whether these pol-derived proteins havg any enzymatic

activity,
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. Figure 3.3.1 Nucleotide sequence of the pol gene of PR-C-RSV and restri-
' tion enzyme map of PR-A-RSV DNA.

-~
The apparent promoter sequence in the pol gene was indicated as (=35),
(=12), and CAT regions. The underlined sequences denote highly conser-
ved sequences., Hpa I corresponds to the restriction enzyme cleavage
site recognizing GTTAAC sequence; Hi 3 corresponds to the restriction
enzyme Hind I cleavage site recognizing AAGCTT. The putative initia—

enzyme gite (TCTAGA) and two ATG codons are located downstream from

the Xba I site, and shown above the codons are the two methionine resi-
dues 295 and 297 of reverse transcriptase molecule. Epn I corresponds
to the restriction enzyme cleavage site recognizing GGTACC sequence

and located near the 3' end of the pol gene. This figure is directly
from Schwartz et al. (1983). The restriction map shown is that of
PR-A-RSV DNA. The left hand end of the map (0 kb) corresponds to the
5" end of the RNA genome. The sizes of the individual viral genes

are approximate, based on the aizes of known gene products and the

structure of deletion mutants. This figure is directly from Highfield
et al, (1980).



177

The work descrided in this section would not have
been possible without the generosity of Dr. H.E. Varnus,
" Dr. J.T. Parsoms, Dr. R.V. Guntaka, Dr. E. ‘Stavnezer and
Dr. M.B. Dwokin inp Providing the recombinant plasmids
PSRA-2, pSAL-102, pATV-8, pBsPOL . . PER}03 - respectively.
The recombinant plasmids pSAL-102 and pSRA-2 contain proviral
DNA permuted at the env gene (Highfield et al., 1980; DeLorbe
et al., 1980). The possible transcripts for the pPolymerase
like proteins may be Promoted from the LTR sequence (Fig.
3.3.2). 'Recently, It was repg;:ed that a sequence in the
LTR of both avian and murine tumor virus provirsl DNﬁs
were shown to contain a promo&er active in E. coli (Guntaka
and Mitsialis, 1980; Hitsialis et al., 1981; Prakash et al,
1983). These transcripts may code for gag- and Pol- related
Proteins (Transcript 1; Fig. 3.3.2). The plasmid pATV-8
has<RSV proviral DNa permuted at the pol gepe (Katz et al.
1982; Flg. 3.3.2). The possible transcripts for the poly-
merase like proteins can not be synthesized under the con-
trol of the LTR, rather they méy now be synthesized under
the control of one of the.two promoters for ﬁ—lactamase
gene of pBR322 located between Hind IT ang Bam HI restric-
tion sites (Bros;us éfhal., 1982). These Putative pol-
transcripts will still contain the putative initiation
site ag described above.~ The Possible transcripts for
the gag-related proteins may be promoted from the LTR seq-

uence (Transcript 1; Fig. 3.3.2).
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Figure 3.3.2 Schematic representation of RSV proviral DNA recombinant
plasmids and proposed transcription strategy.

Symbols: line, pBR322; open bar, RSV proviral DNA (L, LTR: g, g£38: P,
pol; e, env; s, sre; 1 —=, viral transcript promoted from the apparent
promoter in LTR sequence; 2 —=, viral transcript promoted from the app-~
arent promoter in the pol gene; 3 ——&, viral transcript promoted from
one of the two promoters for the f-lactamase gene of PBR322 (Brosius et
al., 1982); B, Bam HI; E, Eco RI; H, Bpa I; Ei, Hind III; K, Kpn I; 2,
Pst I: S, Sal I. pSAL-102, recombinant plasmid containing the proviral
DNA of Prague A strain of RSV (Bighfield et al., 1980); pATV-8, Prague C
strain of RSV (Ratz et al., 1982). The sequences are not drawn to scale.

~
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Figure 3.3.3 Autoradiogram of Dot Blot Assay with _I_-:_ coli RNA,

Lane 1, RNAs from E. coli harboring PBR322; lane 2, RNAs from E. coldi
harboring pATV~8; lane 3, RNAs from E. coli harboring pSAL~102: lane
4, Rabbit tRNAs; lane 5, 'genomic RNAs from PR-C virus. Rows a to d
correspond to serial 1:2 dilutions. Lanes 2 and 3 have duplicated

TOWS.
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Dot Blot Assay for in-vivo RNAs from E.coldl Harbor-
1ng the RSV-Recombdinant Plasmids

The presenceﬁof viral transcripts in E. coli harbor-
ing the RSV-recomhinant'plasmi&g-were tested by the dot
.blot assay (Fig. 3.3.3).‘ Total RNAs were prepared from
E. coli containing either PER322 (lane 1) or pATV-8 (lane
2) or pSAL-102 (lane 3. RNA was also prepared from purified
PR-C virions for the positive control (lanme S5) and rabbit-
tRNA was.used for the negative control (iane 4). The RNA
samples were used at the same concentrations and serial
dilutions of samples (3 to 5 p8) were prepared with a rabbit~
tRNA diluent (1 mg/ml), and tested. The hybridization
probe was prepared by nick-translation of the cloned DXNA
fragment from pATV-8. pATV-8 ;as purified and digested
with Hind IO, the 3.3 kb fragment consisting of pol-env
genes sequences (Fig. 3.3.1) was isolated from the agarose-
gel. The purified fragment was labeled with'32P by nick-
translation as described in Materials and Methods.

As can be seen in Figure 3.3.3, this probe was
able to hybridize with RNAs from E. co0ld conteining pATV-8
or pSAL-102 and_with the genomic RNAs from PR-C virionms.

In contrast, no hybridization was detected with RNAs from
E. coli-containing pBR322 and with the rabbit tRNAs. These
results indicated that E. coli harboring the RSV-recombinant

plasmids could synthesize the viral transcripts.

N
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Syﬂthésis of gag-Related Polvpeptides in E. coli

. Harboring the RSV-Recombinant Plasmids

The presence‘of gag-related proteins in E. coli
harbaring the recombinant plasmids containing RSV proviral
DNAs was determined by immunoprecipitation of the E. coli
extracts with ;nti-gag antiserum. Cells were labeled with.
[BSS] methioniné.and cell lysates were immunoprecipitated
with anti-gag dntiserum. then analyzed by SDS~PAGE (Fig.
'3.3.4). The ﬁredominant stable proteins immdnoprecipitable
from E. coli containing pATV-8 (lane 5) or pSRA-2 (lane 7)
by anti-gag antiserum were very similar in size and antigeni-
city to the Pr76838 cleavage products p27 and piS suggesting
the same processing of Pr768%8 yhich occurs in eukaryotic
cells aléo occurs in bacteria. Thus, either the cleavage

"sites for these proteins are accessible to bacterial enzymes,

or the pl5 protease activity must be active in a precursor

form.
N

Svnthesis of pol-Related Polvypeptides in E. aoii

/
rd

Harboring the RSV—Recombinant Plasmids ad

The presence of/pol-related proteins in E. coli
harboring the recombfnant plasmids containing RSV proviral
DNAs a ifants containing manipulated pol sequences

was determined by immunoprecipitation with anti-pol anti-

serum. The cells were labeled with [355] methionine and
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Svear.

Figure 3.3.4 Autoradiogram of SDS-PAGE of- the gag-related
“-  proteins synthesized in E. coli.

E. coli cells weré labeled with [358] methionine and cell

lysates were imﬁungprecipitated with anti-gag antiserum

‘8s described under Materials and Methods. Lane 1, mole-

cular weight marker proteins; lanes 2 and 3, E. coli harbo-
ring pBR322 immunoprecipita:ed with normal rabbit serunm

and'anti-gag antiserum, respectively; lanes 4 and 5,

E. coli harboring pATV immunoprecipitated with normal-

rabbit serum and anti-gag antiserum, respectively; lanes

6 and'7, E. coli barboring pSAL-102 immdnoprécipitated

vith normal rabbit serum and anti-gag antiserum, respect-

ively; lane 8, purifiéd PR-C virus.
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cell lysates were immunoprecipitated with anti-pol antiserum, "
then analyzed by SDS-PAGE }Fig. 3.3.5). A protein wich
nolecular weight of about 65, 000 (p65) vas detected by
the anti-pol antiseurm in cells harhoring PATV-8 (lane b)
and pSAL-102 (lane ;). A protein corresponding éo pob5 vas
also detected i;\E;_c°1i containing the deletioe mutant '
pSAL-lOZDLpOl-Z (lane d). However, the amouhkxbf p65 present
was much less ‘than that present in cells harboring pSAL- 102.
It should be noted that the plasmid (see Fig. 3.3.6 for the i;‘\
construction) lacks the 126 .bp Hind IX fragment near the. 5' 0
end of the pol gene (Fig. 3 3.1). In contrast, pGSgprotein \d \
wvas not detected in E. €oli harboring pBR322 (lane a), g

The presence of p65 im E. coli harboring the RSV-
recombinaﬁt plasmids was further analyzed by two-dimensional
gel electrophoresis as descr}\sd in Materials and Methods.
Results presented in Fig. 3.3.7 showed the gel anslysis of
total proteins from cells harboring pBR322 and PSAL-102 (panels
A and B). No significant difference could be detected in pro-
tein profiles. The labeled cell lysates were, therefore,
immunoprecipitated with anti-reverse transcriptase antiserum
and analyzed by two-dimensional gel electrophoresis. Resuylts
presented in Fig. 3.3.8 showed the presence of p65 in cells
harboring pATV-8 and pSAL-102 (panels A and B). p65 was also
detected inﬁ%. égl; containing pSAL—102DLp°1-2 (panel C), but

the amount was much less than that present in cells harbdring

'
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Figure 3.3.5 Autoradiogram of SDS-PAGE of the pol-related

-

i proteins synthesized in E. coli.

E. coli cells were labeled with [3581 methionine and cell

lysates were immunoprecipitated with anti-pol antiserum
as described in Materials and Methods.. Lane a, E. coli
harboring pBR322; lane b, E. coli harboriﬁg pATV-8; lane ¢

E. coli harboring pSAL-102; lane d, E. coli harboring the

deletion mutant pSAL-102DLPOl_2.
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pSALelOZQ Again, no p65 protein was detected in E. coli
harboring pBR322 (panel D). Thus, it appears that the
pol-related proteins may be initiated from the methionine

codons which are located downstream from the deletion site

in pSAL-manP°1

Nucleotide Sequence of The Putatlve In1t1ation Site

in The pol Gene —_—

— . - - Ed -
ar— e
el R ——r —— .

"~

———— —

\ From the DNA Sequence (Fig. 3.3.1), molecular weight
of the proteins that initiated from the two ATG codons
corresponding to methionine residues 295 and 297 was calculated
as 66,000. ;Therefore. the protein p65 specifically recognized
by anti-reverse transcriptase antibody may be initiated
from the methionipe residues in position 295 or 297 of
the reverse transcriptase molecule.

The nucleotide Séquence present.in Figure 3.3.1

corresponds to the proviral DNA from PR-C-infected cells,
It was; thus, decided to determine whether the same putatlve
1n1t1at10n site is pr;sent in pSAL-102 (the PR-A proviral
DNA). The DNA fragment used for sequencing analyses was
obtained from the recombinant plasmid PBRPOL-62, which

¢ contains the complete pol gene with portion of flanking

| g82g and env genes from PSAL-102. The cloned fragment spans

from Eco RI site at the 3' end of the gag genme to Sal I

site in the middle of env gene (see Fig. 3.3.1). This

Iy
.//
»
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Figure 3.5.6 Construction of a RSV proviral DNA recombinant plasmid

with specific deletion at the pol gene, -

Step 1 ~ The recombinant plﬁamid pBSp°1 (Stavneger et al., 1981), which
contains pol gen, was digested with Hind If. The reaction mixture

‘was phenol extracted and DNA was ethanol precipitated. The precipi-

tatedODNA was treated with polymerase I (Klenow fragment) for 30 min
at 37°C. After phenol extraction and etganol precipitation, the mixw
ture was treated with T4 DNA ligase at 4°C for 24 hrs. The ligated

DNA,was introduced into E. cold cells and transformants carrying plas-

with restriction endonucleases, One colony (pB5 2) was chossgl
for further analyses. Lanes 1 to 3, pSAL-102, pBSP 2 and pBS

were digested with Hpa I agg Kpn I. Steps 2 and 3 - Plasmids isolated
fron E. coli harboring pBSP°'DL-2 or pSAL-102 were digested ity Hpa I
and Kpn I. The digests were analyzed by electrsg oresis in a 0.83
agarose gel, then fragments of 2.1 kb (from pB5 I~2) and 11.7 kb
(from pSAL~102) were isolated from the gel as described in Materials
and Methods. Step 4 — The DNAs were ligated with T4 DNA ligase at

4°C for 24 hrs. The ligated DN{ was introduced into E. coli cells

and transformants (pSAL-102DLP® —2) containing plasmids were grown

in the presence of 20 pg/ml of ampicillin. The plasmids were further °
characterized with restric ion endonucleases. Lanes 4 and 5, untreat-
ed pSAL-102 and pSAL-102DL =2, respectively. Lanes 6 and 7 corres-
pond to the molecular weight marker DNA digested with d II.

Lanes 8 and 9, Eco RI digested pSAL-102 and PSAL-102DLPO*.2, res-
pectively. The resulted fragments are 4.4 kb, 3.3 kb, 3.0 kb, and

2.3 kb from tsglto bottom. The mobility of 4.4 kb fragment 1s faster
in pSAL~102DL*™“-2 due to the deletion. Lanes %9 and 11, Epn I and

Eco RI double digested PSAL-102 and pSAL-102DLP -2, respectively,

The unique Kpn I site is present in the 4.4 kb giagment and resulted

in 2.6 kb and 1.8 kb fragments. In pSAL-102DLP -2, this double di-
gestion resulted in 2.5 kb and 1.8 kb fragment., The 2.6 kb fragment
comigrated with the fragment from pBsP° digested with Kpn I and Eco RI
(ane ISBoind the 2.5 kb fragment comigratedpgith the ng ent generated
DL~2 (lane 12). Symbols: In pB5 §§

. indicates the modified PBR322 gequence (Stavneger et al., 1981), filled
" bar indicates the 3' end of the 8ag gene, open bar indicates the pol-

8ene, and A indicates the specific deletion at the pol gene. The seq-
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Figure 3.3.7 Autoradiogram of two-dimensional gel elec~
" trbphoresis analyses of the total proteins
" synthesized in E. coli.

E. coli cells were labeled with [358] methionine and the
labeled proteins were analyzed by two-dimensional gel
electrophoresis as described in Materials and Methods.
Panel A, E. coli harboring pBR322; panel B, E. coli har-
boring ‘pSAL-102,

b
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Figure 3.3.8 Autoradiogram of two-dimensional gel elec-
trophoresis‘analysep of the pol-related
proteins synthesized in E. coli,

E. coli cells were labeled with rSSS] méthionine'and cell
lysates were ;mmunoprecipitated with anti-pol antiserum
as described in Materials and Methods. Panel A, E. coli
harboring pATV—S?Tpanel B, E. coli harboring pSAL-102;
‘panel C, E. coli harboring pSAL-102DLP°1-2; pagel D,

E. coli harboring pBR322.
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fragment was subcloned into PBR322 which was double digested
with the same enzymes (see Fig. 3.3.16 for the copstrucqiog).-
- The putative RBS is located at the pol gene near the unique

p—

Xbe I restriciton enzyme site (Fig. 3.3.1). Thus, purified"

e

pBRPbL-6f was digested with Xba I to linearize the plasmid.m
then dephosphérylated ét the 5' end with calf intestinal )
alkaline phosphatase agd the DNA was isolated from an agaroée
gel as described in Methods. The purified DNA was labeled at
5' end with [f-32P]IATP and ﬁolynucleotide kinase and the
labeled DNA was digested with Eco RI to generate one end
labeled DNA fragments. The labeled DNA fragments (1.1 kb

and 6.3 kb) Qere isolated from the agarose gel, then the
purified DNA fragments were analyzed by using the Maxam

‘and Gilbert chemical procedure énd tﬁé sequences deduced

as described in Methods. A representative sequencing gel’
and the nucleotide sequence at the region of the putative

RBS present in the pol gene are shown in Figure 3.3.9.

The sequence representing fhe hypothetical RBS is located
upstream from the Xba i site which the two ATG codons are
located dowﬁstream from the Xba I site. The sequences
determined were identical with the PR-C sequences reported
previously (Schwartz et al., 1583). Thus, these results
indicate that both strains bf RSV contain the same hypothe-
‘tical RBS, and the pol-related proteins P65 may be initiated

from the same site in pATV-8, pSAL-102 and pSAL—lOZDLp°1—2.
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Figure 3.3.9 ‘Nucleotide éequence of the putative initiation site

in the pol gene.
A sequencing gel (A) and the nucleotide sequence (B) over the region
of the putative initiation site at the pol gene are displayed. The
sequénce was derived by 5'-labeling at the Xba I site and sequencing
at both direction by the Maxam and Gilbert chemical procedure as des—
cribed in.Materials and Methods. The sequence representing the hypo—
thetical RBS is located upstream fron the Xba I site and contains the
follouing features: a variable degree of homology and number of Shinew
Dalgarno sequences (I to ¥); a heptanucleotide (V), éorresponding to
. the R-RU-U-U-R-R sequence (R = purine nucleotide) which is present
in many bacterial and phage RNAs. The two ATG codons are located down-
stream from the Xba I site, and shown above the codons are the two
methionine residues 295 and 297 of reverse transcriptase molecule.
The sequence of Prague A strein determined in this study is identical
to the published sequence (Schwartz et al., 1983) of Prague C strain
of RSV. The overlined'sequences were determined in this study.
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endogenous RNase H activity (see Table VI).
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Table II. DNA polymerase activities of E. coli harboring
different recombinant plasmids.

Time of incubation (min)

© 0 15 30 60

Cell lysates from :

E. coli harboring Radiocactivity (cpm/A280 unit)
pBR322 10,000 28,000 18,000 13,500
pATV-8 18,000 443,000 753,000 915,000
pSAL-102 11,000 722,000 909,000 983,000
pSAL-102DLP°1_2 190,000 64,000 4,000 91,000
RSV* ' 10,000 207,000 443,000 684,000

E. coli cell lysates (50 pl) prepared as described under
Materials and Methods were incubated with 50 pl of the 2%
reaction buffer at 37°C for various lengths of time as indi- .
cated. The reactions were stopped by addition of cold 100 plv
of 0.1 M sodium pyrophosphate, 20 pl of 0.25 % BSA, and 4 ml
of cold 5 T TCA. The mixtures were filtered through glass
fiber filter paper, washed with 5 Z TCA, ethanol:ether (1:1,
v/v), and finally with ether. The filters were dried and
counted in a Beckman scintillagsion counter. The values are
&verage of 2 to 5 separate e riments. * Rous sarcoma virus
Prague B étrain was used for the~assay. It was unable to assay
with the exogenous template (oligo dT:poly rA) due to high
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DNA Poljmerase Activiﬁy in E. coli Harboring

Recombinant Plasmids Containing RSV Proviral DNA

Polymerase activity presént inp lysagés of E. coli
containingithe reconmbinant plasmids vas determined by incor-
poration of [3H] TTP into DNA (Garapin et al., 1970).

As shown in Table I, cells harboring reéombinant plasmids
containing different strains of RSV provirgl DNAs (pATV-8

and pSAL-102) showed polymerase activity 30-fold higher

than the activity present in cells containing pBR322.

The plasmid PATV-8 has RSV proviral DNA permuted at the

pol gene (Fig. 3.3.2), however, the pblyﬁerase activity
present in cells containing this plasmid was comparable

to that observed in E. coli harboring pSAL-102. The poly-
merase activity present in E, coli harboring pSAL—lOZDLp°1-2-
vas also tested. Tﬁis derivative of pSAL~102 lacks the 126 bp
Hind I fragment at the S5' end of the pol gene (Figs. 3.3.1
and 3.3.6). The internal ATG codons with putative RBS

are located further downstream from these Hind IO sites.

As shown: in Table II the polymerase activity present in

E. coli harboring pSaL-102pLP°%l_» was reduced by about
10~fold, but the residual activity was still about 7-fold
higher than that present in cells containing pBR322. The
reduced activity could be due to synthesis of an altered
pol-related proteins or it could be dﬁq to a2 reduced amount

of the translatable pol-transcripts. From the results
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Table IV, Effect of ribonuclease on the DNA polymerase activity

of E. coli cell lysates containing different RSV
recombinant plasmids. ..

Cell lysates from

E. co0li harboring Conditions cpm/A280 % inhibition
pATV-8 Preincubated with 819,000

no addition
PATV-8 Preincubated with 63,000 92

100 pg/ml RNase A
PSAL-102 Preincubated with 389,000

no addition : .
pSAL-102 Preincubated with 69,000 82

100 pg/ml RNase A

Cell lysates were incubated at 22°C for 30 mwin with or without
RNase A, then 2X reactiggbuffer was added to the chilled reaction
mixture and incubated at 37°C for 60 min. After incubation, the
samples were precipitated and counted as described in Table II.
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described in Figures.3.3 S and 3.3, 8- it seems likely that
the reduned’ectivity is due to reduced amount of the pol-
.related proteins rather than due to synthesis of altered
pol-related proteins. The deleted Hind I fragment may,
therefore. contain major transcriptional control elepents,
and the LTR Sequence accounts for the residual sctivimy
(see below). The protein p65, specifically refognized
by snti-reverse trsnscriptase .antiserum, could also possess
the observed enzymatic activity.~

Reverse Transcriptase Activity in E. coli Harboring

RSV Recombinant Plasmids

In order to show that the polymerase actlvzty present
in cells harboring RSV recomblnant plasmids corresponds
to reverse transcrlptase activity (Baltimore, 1970; Temin
and Mizutani, 1870), the effeet of Rﬁase on tﬁe template
Present in the E. €oli lysates on the Polymerase activity
was defermined.: As shown in Taﬁle IV, pretreatment of
the extracts with RNase A reduced the incorppration of
[ H] TTP by 80 to 90Z.
=
_ The nature of “the reaction product was also determined
by nuclease dlgestlon (Baltlmore, 1970 Temin and Mizutani,

1970). The product was completely hydrolyzed by DNase

but was digested only to extent of 25% by RNase A (Table V).

-

-



Iable V. Characterization of the polyme
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et

rase products.

200 .

Z undigested

Acid-insoluble

Lysates Treatment radiocactivity product
PATV-8 Untreated -- 164,615 (100)
PATV-8 - - 100 ug/ml DNase 1,369 70.8
PATV-8 100 ug/ml RRase A = .135,380 82 .
PSAL-102 Untreated o 161,079 - (100)
PSAL-102 100 pg/ml DNase ' 2,320 1.
PSAL-102 - 100 ug/ml RNase A 123,097 76 .
psa::.-mzm}"’lz Untreated 46,114 (100)
pSA‘L—lOZDLPolz 100 ug/ml DNase 856 1.9
PSAL-102DLP°"2 100 ug/ml RNese A 35,207 76
RSV - -- Untreated. : 118,903 (100) -
RSV 100 pg/ml DNase 31,287 26
RSV 100 ug/ml RNase A 111,401 9%

E. coli cell lysates were incubated at
containing 0.1 M Tris-HC1 (pH 8.1),
dGTP, 2% 2-mercaptoethanocl,
A 200 pl reaction mixture

was 4

0.5 ml aliquots were incubated

enzymes.

with 5% TCA, ethanol:ether

Table mc‘

The samples were chil

’
\4

0.01 M MgCl1., 10

iluted to 1.6 ml wif
for 1.5 hours at 37

C with the i

37°C for 1 houy in the buffer
M dATP, dg}i;?.
0.1X Triton X-100, &nd 1 pCi/ml of [°H] TTP. -

10 mM Mgc:Lg and
d

icated

led, precipitated with 5Z TCA, washed

and ether, then countéd as described in
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Table VI. RNase H activity of E. coli harboring differ-
ent recombinant plasmids.

Cell lysates from Acid-soluble radioactivitj
E. coli harboring (cpm/A,q, unit of cell lysate)

pBR322 - ¥ 201,000

pATV-8 , 218,000

pSAL-102 . 266,000

pBRPOL-62 203,000

RSV" | 116,000

Blank , _ 9,700

Reaction mixture (50 Bl) containing 20 mM Tris-HC1,

pH 8.0, 10 mM H3C12, 6 mM DTT 2 pg-BSA, 18.8 pmol of
poly (dT), 16.9 pmol of [ H] poly (rA), and 10 pl of

E. coli cell lysates were incubated for 30 min at 37°C.
Reactions were stopped by the addition of 0.1 ml of cold
0.1. M sodium pyrophosphate, 0.4 mg of BSA, and 0.25 ml

of 10Z TCA. The reaction Rixtures were centrifuged in
Eppendorf, and the Supernatant were collected and counted
in 10 ml of Aquasol scintillation fluid. * Rous sarcoma-
virus Pragueé C strain was used for the assay.

-
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RNase H Activity in E. coli Harboring RSV Recombinant

Plasmids

Ribpnuglease H activity is also present in the
reverse transcriptases found in KNA tumor viruses -(Grandgenett
et al.; 1972). E. coli Dﬁk-polymerase I contains a S!
to 3' RNase H activity (Baltimore and Smoler, 19?2T‘Schekman
et al., 1972) and E. coli RNase H is an endonucleasg SLeis
et al., 1973). 1Im order to see if the synthesized pol-
related prdfeins in E. coli have RNase H activiéy the cell
lysates were assayed for the enzymatic aétivity. The cell
lysates were ﬁ}epared and assayed for RNase H activity
as described in Materials and Methods. As shown in Table
VI, no significant differences in RNase H activity present
in cells ha:bor;ng RSV recombinant plasmids and.inlcells
harboring pBR322 were observed.

The rates of degradation of [3H] poly (rA):poly(dT)
by RNase H activity present in E. coli harboring pPBR322
and in cells harboring pATV-8 are shown in Figure 3.3.10.

The rates of degradation were ;imilar in both the cases.

Thus, ghe pol-related pfoteins lacking NHz—tefminal-sqquence

synthesized in E. coli may not péssess any RNase H acti;ity. ’
if,Thelactivity present in E, coli harborihg RSV recombinaht

plasmids may represent the endogenous activiﬁy present

in E. coli.



Figure 3.3.10 Rate of degradation of [3H] pol
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Figure 3,3.11 Agarose gel electrophoresis of the PSAL-102 derivative
. mutants deleted at the Kpn I site of the pol gene,

The plasmid pSAL-102 was digested with Kpn I at the unique site

pPresent at the 3' end of the pol gene. The resulting four base

3! overhang'was removed by treatment with E. coli DNA polymerase I

(Klenow fragment) and the molecule was religated with T4 DNA ligase.

The resulting reaction mixture was transformed into E. coli (HB101)

.and 12 transformants were analyzed for the plasmids. Lape a, ANDNA

fragments molecular weight marker; lanes b to m, the plasmids from

the transformants digested with Kpn I. A1l the plasmids, “except in

lanes k snd m, contain the 13.8 kb linealized DNA corresponding to

the intact pSAL~102. The plasmids in lanes k and o were resistant

to Kpn I digestion (pSAL—IOZDLp°1—9 and pSAL—lOZDLPOI-ll)
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Construction of pSAL-102 Derivative mutants Defective

at 3' End of The pol Gene

- —_
In order to test whether thel3' end region of the -

Pol gene is essential for the polymerase activity, mutants |

defective.ét thé 3" end of the pol gene were constructed

from pSAL-102. The plasmid pSAL-102 was digested with

Kﬁn I at the unigque site present at the 3' end of the pol

gene. The resulting four base 3"overhagg was removed

by treatment with E. coli DNA polymerage\i‘(KlenoQ fragment)

andlthe'moleéﬁle was religated with T4 ligase. The reaction

mixture was used to transform into E. coli and plated on

"ampicillin containing'Luria plates. Colonies prdduceq‘

were screened for plasmids resistant to Kpn I digestion.

As shown in Figure 3.3.11, two out of 12 colonie§ contained
fhe mutated plasmids (lanes k and m). These two pSAL-102
derivatives were resistant to Kpn I digestion (pSAL—IOZDLp°149
and -11). They were furthér analjzed to detect any extensive

deletion which might occurred during the manipulation.

' As shown in Figure 3.3.12, digestion of pSAL-102pLPOL_1;

with Eco RI resulted in four fragments as with pSAL-~102
(lanes. e and g). These results indicate that apparen;ly
no extensive deletion has occurred in pSAL-lOZDLp°1—11
except possible four base deletigpat the'Kpn I site. 1In
contrast, pSAL-lOZDLpOl—Q contained apparently large dele-

tion of about 2.6 kb at the LTR and adjacent sequences



Figure 3.3.12 Restriction enzyme analyses of the pSAL-102 derivative

3

Kbp

23.67
9.46
6.66

4.26

2.30
1.96

mutants deleted at the Kpn I site of the pol gene.

The transformants containing Kpn I-resistant plasmids were grown,
plasmids isolated, analyzed by digestion with Eco RI and the DNA
fragments electrophoresed on a 0.8% agarose gel. Lane a, ) DNA

molecular weight marker; lanes b to d, the unt

t
PSAL-102DLP°L_9, and psaL-1020LPoL11, respecc:§§1
Eco RI digested pSAL-102, pSAL-102DLP°1-9, and psaL-1020LPOlp7,

respectively.

p—_————

ed pSAL-102,.
y: lanes e to g,
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Table VII. DNa Polymerase activities of E. coli harboring pSAL-102
derivative mutants.

Cell 'lysates from Acid;-insoluble radioactivity
E. coli harboring - (cpm/A280 unit)

pSAL-102 : 702,800
pSAL-102DL.PO_g . ' 51,000
pSAL-102DLP0L_j; | 48,000
pBsPol | 15,000

E. coli cell Iysates (50 nl) were incubated with 50 11 of the
2X reaction buffer at 37°¢ for 60 min and the reaction products
were determined as described in Table II.
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(éag and src) in‘addition to the four bases atAthe Kpn I
site. These two colonies were tested for the polymerase
activity. As shown in Table VE, the activities were reduced
drastically in both cases. ' The 4 base deletion at the

Kpn I ‘site may cause pretermination of the pol coding sequences
and may have resulted in the synthe31s of a truncated product
missing about 60 carboxy-terminal amino acids. Similarly,

no polymerase activity was detected in E. coli harboring

pBSp°1 (see Figure 3. 3.6), which .contains the entire pol

gene except 187 base pairs from 3°' end of the.pol gene

(Table VHJ. These results suggest that- the carboxy terminal
region of the Teverse trenscriptaSe moleculg‘is not dispeﬂsable

for the polymerase activity.
A

Cloning The Polymerase Gene Into The Expression

Vector pERIO3

The expression vector PER103 contains a promoter-
oﬁerator Sequence derived from the trp operen of Serratia.
marcescens {Miozzari and Yanofsky, 1978). Efficient trans-~
latlon of the transcripts was achieved (Dworkin-Rastl et al,
1983) by incorporation into these expression Plasmids the
potent synthetic RBS deseribed by Jay et al. (1981). The
presence of a unique Hind IT site following the RBS makes
these Plasmids suitable asg general cloning and expression

vectors.
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Figure 3.3.13B Restriction enzyme analyses .of PERAPOL.

The transformants were analyzed for the presence of the recombi-
nant plasmids. Plasmids from each clone were digested with

Bgl II, Sal I or Xba I. The numbers in each lane correspond to
the clone number. The last lanes of each gel contain the mole-
cular weight marker fragments (Hind III fragments of PATV-8).

UN corresponds to the undigested plasmids.

-
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- In order to show that the pol—related.proteins wére_
synthesiZed‘irom the putative initiation site, I cldned
the pﬁtative polymerase coding sequence'just downstream
from the promote;-RBSlsite (Fig. 3.3.134). The ATG initiator
codon is now positioned at the optimalldistance'frsm the -~
synthetic RBS as reported Eéfjay et al. (1981) aﬁd Dworkin-

Rastl et al. (1983). The resulted recombinant plasmids

"should express the pol .gene in inducible manner. The recom-

binant plasmids were analyzed by restriction enzymes (Fig.
3.3.13B). Out of ten clones analyzed, six clones were
shown to contain the recohbinant'plasmids (pERAPOL-1, 2,

4, 6, 8, 10). Clomes 1, 2, 3, 4, 6 and. 8 were shown to

. contain the recombinant plasmids which could be cleaved

with Bgl II (the unique site present in the pol gene) and
Sal I. Clones 1, 2, 4, 6, 8 and 10 were shown to contain
the recombinant plasﬁids_with intact Xba 'I site which was
regenerated after the blunt-end ligation., The digested

“—

DNA gave the expected 7.1 kb linearized plasmid.

Induction of The DNA Polvmerase Activity in E.

coli Containing pERAPOL
v

Cultures.of overnight grown E. coli containing
PERAPOL were diluted . 1:100 in M9 medium supplemented
with 0.2% glucose, 20 pg/ml of 19 amino acids except tryp-

tophaﬁ and 100 pg/ml ampicillin and grown until an #600 = 0.1
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Figure 3.3.13A Cloning of the polymerase gene into the expression
© vector pER1(O3. '

PSAL-102 was first digested with Xba I and treated with poly-
merase I (Klenow fragment) as described +n legend to Figure 3.3.6.
After phenol extraction and ethanol precipitation, the DNA was digested
with Sal I and the resulted 2.7 kb fragment was isolated from a 0.8%
agarose gel. Similarly, pER103 was first digested with Hind II and
treated with polymerase I (Klenow fragment). The treated DNA was
digested with Sal I and the larger fragment was isolated from the gel.

- The purified DNA fragments were then ligated and transformed into HB101

as described in Methods. The resulted transformants were analyzed

by restriction analysis (Fig. 3.3.13B) and several positive clones

(PERAPOL) were obtasined. As noted on the figure, pERAPOL retained

two unique restriction sites (Xba I and Sal I).; The shaded box repre—

sents the trp promoter: the closed box represents the RBS; and the -
open box represents-the pol and env genes,



ERaars PETE Wl il amlas ¢ a by

ey

)

AY

PERLO3 pol
Oy ‘Sall
: Eind ITT
‘ ~
- ~ = TAAGGAGGTTTAAGCTT TCTAGACATGAAAATG -
© RBS :
1) Hind III 1) Xba
2) Pol I (Klenow) 2) Pol
3) Sal I - 3) Sal
- = ~ TAAGGAGGTTTAAGCT CTAGACATGAAAATG -
T4 Ligase
Xba I
---------- TAAGGAGGTTTAAGCTCTAGACATGAAAATG — -

" RBS

I (Klenow)

- = TAA -~ = =

— TAA - - — -

212



pLY

150y ¢ LW

™ .

~ 1004 A J - L
. 3 : -
s - \

=4

Q ~

o -

P _ )

g | |

(] -

]

e i .

50 - | 4;

?A—’mm

2. 4 8 8
pERAPOL

[

o L
| i
pemoa§"
X
N

hY

Figure 3.3. 14 Hlstograﬁ of~¢he polymerase activity
induced in E. coli .harboring pERAPOL. \\

E. coli cell lysates were prepared and assayed for the

“

'pblymerase activity as described in the text. The shaded

bars indicateé the background activities present before
induction and the open bars indicate the activ1ties pre—
sent after derepression of trp promoter. )
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. was-reached. '3§-Indole'acrylic acid (20'pg/m1) was then added’

to derepress trp promoter (hallewell_gnd Emtage, 1980),

and the cultures were grown a further 1.5 hours.  Cells

" were ﬁelleted, lysed and assayed for the polymerase activity

a2s described in Table ID. As shown in Figure 3.3, 14, the
DNA polymerase activzty was inducible in E. coli harboring
PERAPOL. These results indicate that pol-related proteins

posse531ng enzymatlc actlvity may be 1n1t1ated from either

of the two ATG codons corresponding to methlonlne residues

)

295. and 297 of the reverse transcriptase molecule.

Analyses of The pol-Related Proteins Frem E. eoli'

‘Harboring pERAPQOL

The presence of polerelaeediproteins in E. gglii

harboring pERAPOL was determined by immunoprecipitation
and SDS—PAGE. The cells.were<grewn and induced for 1.5
hours as described above, then labeled with [358] methionine
(8 pCi/ml) for 30 min. The cell lysates were 1mmunoprec1p1—
tated with anti- -synthetic pol-peptide antiserum (Grandgenett
et al,, 83), then analyzed on a 10% SDS- polyacrylamlde

: (Fig. SS 3.15). A protein with molecular weight of
abouf 65,000 (p65). was detected by the antiserum in celle'
harboring ﬂERAPOL (lanes 3 ahd 4). In contrast, no such

protein was detected in cells, harborlng PER103 (lane 2).

Therefore, the protein p65 recognized by anti-synthetic
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Figure 3.3.15 Autoradiogram of SDS-PAGE of pol-related
"proteins synthesized in E. coli harboring
pERAEOL. '

Cells containing the plasmids were labeled and analyzed
by immunoprecipitation as described in Materials and
Methods. The precipitated proteins were run on a 10%
poljacrylémide gel‘according to Laemmli. Lane 1 corres-
ponds to molecuiar'weight marker; lane 2, E. coli harbo-
- ring pER103; lanes 3 and 4, E. coli harbéring PER4APOL-2
and pERAPOL—G{.respectiveiy. ' '

l"
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Table VII. DNA polymerase activities of E. coli harbor-
ing pol-specific recombinant plasmids.

—

—

e

 ,/ Cell lysates from

“E. coli harboring . Radioactivity (cpm/A,qo unit)
None _ h | 13,800
pBR322 ‘ - 10,500
pSAL-102 . ’ o '~ 702,800

- pBRPOL-62 . 702,600
pBRPOLDL-2 . - 11,400

E. coli cell lysates (50 pl) were incubated with S50 pl of
the 2X reaction buffer at 37°C for 60 min and the reaction
products were counted as described in Table II.
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‘pol-peptide antiserum is initiated from the me%tionine
residues in positions 295 or 297 of the revers transcriptase

molecule and possess the enzymatlc activity' observed

Identificstion of Putative Promoters For The

pol-Transcripts

As descrzaed'above, the polymerase activity present
in E, ggli‘hsrboring pSAL—lOZDLp°1—2 was about 102 of.the
activity present in cells harboring pSAL-102 (Table II).
The reduced activity could be due to a reduced amount pf
the translatable pol~-transcripts. The deieted Hind IOI
'frsgment may also contain major transcriptional control
elements. In order to test this possibility I subcloned
‘the cloned prov1r31 DNA fragment consisting of complete pol
gene with portion of flanking gag and env genes into pBR322 f
(Fig. 3.3.16). The'resultant recombinant Plasmid pBRPOL-62
contains only the putative promoter located in the small
Hind I fragment. I also subcloned the Eco RI and Sal I
d:gested fragment from pSAL- 102pLPol ~2 as a control (F1g.
3.3.16). The resultant recombinant plasmid pBRPOLDL-2 contains
ehe same sequences present in pBRPOL-62 except that the
126 bp Hind Il fragment has been deleted. As shown in
Table VIOI, the polymerase act1v1ty present in cells harboring
PBRPOL-62 was comparable to the actlvltf;present in cells

harboring pSAL-102. 1In contrast, the extracts from cells



Mo

219 | ' -

Figure 3.3.16 Cloning of the p&l specific fragment into
. pBR322. '

Eco RI and.Sal I double digested fragments of pSAL-102

(step 1), pBR322 (step 2), or pSAL-lOZDLPQl—z‘(step 3) were

isclated from the agarose gel, Appropriate'fragments were

ligated ang transformed into HB1O1 cells. The resulted

colonies on Luria plates containing amp;cillin were tested

for tetracycline sensitivity on duplicate Plates, and the

AmpRTcs Phenotype colonies were analyzed for the ;ecombinant
pPlasmids. Hhanes a and b correspond to the nolecular weight
markers, the Hind IO digested fragments of rUC9 and pATV-8,
respectively. Lape ¢, Hind: I diggst&d PBRPOL-62 which
linearize the plasmid to give a 7.45 kp fragment; Lane d, _
molecular weight marker, the Hind I and Sal I double digested
pATVfS;_lane e, molecular weight marker, the Eco RI and Sal I
double digeéted-pSAL—lOZ; lane f, Eco RI and Sa1l I double
digested pBRPOL-62. Lanes g and h, Kpn I and Hpa I double-~
diggsted PBRPOL-62 and pPSAL~102, respectively. Symbols:

line, pBR322; open bar, RSV Proviral DNA; E, Eco ‘RI; Hi, Hind o1,
S, Sal I; A indicates the specifit deletion at the pol gene

as described in Figure 3.3?6.
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TIG 2=4 TTT 69 ATTIGTTATAATG 4=Z. CAT  Model Promoter®

———

IT6 *§—TI'I' 8 GGCGG'II{-.%E‘A%T = cat Model Promoter? «

16 - 7IT :

ATT.GGTATAATG —3— CAT  Model Promoter®

4

16 -3 et —&— crereeTasceTT 4 acc Neomycin Resistant®

Gene
Hind II :
TT6 -2 6eT —2— FACCTTGITCCTITTCeEE000T pol Gene®
TTGACat lﬁpkﬂz cat Consensus Sequencef
—-35 REGION ~10 REGION- RNA
) START

-

Figure 3.3.17 Comparison of the apparent promoter Seduence in the

pol gene with model premoter sequences and consensus
sequence.

In consensus sequence, the highly conserved bases (>75%: 9S.D.) are
underlined. The conserved bases (>50%; SS.D.) are capital letters,
The weakly conserved bases (>40%: 3S.D.) are lower case letters.

The superscripts denote literature references as follows: a, Rosen-
berg and Court (1979); b, Scherer et al. (1978); c, Siebenlist et al.
(1980); d, Rothstein and Reznikoff (1981); e, Schwartz et al. (1983);
£, McClure (1985). :



e - 222
.p"- e -

harbor1n3 pBRPOLDL-2 did oot show any increase over the back- -
ground value of extracts from cells containing pBR322.

These results suggest that part or all of the major contri-
buting promoter sequence for the pol- trenscrlpts 1n E. coll

is present in the. 126 bp Hind IO fragment at the 5' region

‘of the pol gene.

~

Nucleotide Sequence of The Putatlve Promoter in

[

The pol Gene

L

Froo the DNA eequeoce (Fig; 3.3.1), it was evident
that there is a putatlve promoter sequence present at the
Hind IO 31te near the 5' end of the pol gene. A comparlson
of. the sequences around the Hlnd I site with known prokeryot1c
promoter sequences (Scherer et al., 1978; Rosenberg and
‘Court; 1979; Siebénlist'et 51., 1980; McClure, 1985) showed
the presence of conserved.sequencee similar to a Pribnow
box (Fig.)3.3.17). A highly conserved TTG sequences in
a regicdn about 35 rucieotides upstream from the mRNA start
point wa§ also observed in the LTR sequence of RSV (Mitsialis

et al., 1981). This was just upstream from the first Hind IO

site at the 5' region of the pol gene (Fig. 3.3.17).
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Analysis of Viral RNA Transcripts

"
-

The above evidence suggests that the initiation
of viral RNA transcription may occur npear the 5' end of
the pol gene. To examine this possibility_I.used the SL
nuclease protection technique of Berk and Sharp (1978),
as modified by Weaver and Weissmann (1979), to map the
5' ends of the viral transcripts synthesized in- E.~£gli

harboring pBRPOL-62 o; pBRPOLDL-2. Total RNA was isolated

and hybridized with a 5' end labeled restriction fragment

-that overlaps the pPutative initiaiton site (Fig. 3.3.18).

The RNA-DXNA hybrids were digested with S1 nuclesse, and the
protected probe fragments were sized on a 4 2 polyacrylamlde-
gel (Fig. 3. 3 19) . .A new fragment was generated after S]-
digestion of the hybrid of RNA from E. coli harboring §BRPOL—
62 and the DNA probe (lane 8). The size of the protected
fragment was estimeted to be about 630 bp., This size corres-
ponded well to the eéxpected fragment estimated from the puta-
tive promoter sequence in the pol gene of RSY (Fig. 3.3.17).
In contrast, no such fragment was generated from the hybrids
of RNA from E. coli harboring pBRPOLDL~2 and the DNA probe
(lane 2). 1In both cases, some of the probe remained undiges-
ted (lanes 1 and 2). I, therefore, concluded that within

the constraints of the SI nuclease assay, the site of trads—
cription initiation apﬁears to be lecated at the‘putatfve

site detected from the nucleotide sequences (Fig. 3.3.17).

—-
[-3
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Figqfe'3.3.18 Structures of the 32P—lab€1ed probe and

the putative pol-transcripts from E. coli
and RSV-infected cells,

(A) The probe labeled at Xba I—site was prepared as des~
cribed in Hethodg. (B) The putative pol- —-transcripts ini-
tiate from a site between the two Hind II sites as sugge-—
sted from the nucleotide sequence of RSV (Schwartz et al.,
1983). The protected fragment from S1 nuclease digestlon'
would be about 630 bp in length. (C) Two splicing sccep-

tor sites (SAl and SA2) for the transcripts for reverse-

transcriptase precursor Pr180888-pol are shown (Schwartz

et al., 1983). Hybridization of the putative spliced
mRNA and the probe results in formation of single stranded
DNA loops at the spliced site. After S1 nuclease_ﬁlges-.._
tion, two protected fragments with sizes of 927 bp and
897 bp would be generated.

~'.
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Figure 3.3.19 'Nuclease-Sl~ﬁE;§;1ng of the pbl—transcripts. -

" Lane 1, RNA from E. coli harboring pBRPOL-62; lage 2, RNA

from E. coli harbofing PBRPOLDL-2;: 1lanpe 3, RNA from RSV;
lane 4, the DNA' probe; lanpe 5, molecular weight.markers.
pBR322 linearized with Sal Y was purified from an agarose-
gel and cut with Teq I and labeled with [@-32p; CTP and

polymerase I (Klenow fragment). ° .

4
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Table IX. Inhibition of- DNA polymerase activity of
' pBRPOL— 2 by monospecific antibody to a8 symn-
thetic peptide of the avian retrovirus pp32
and the'§8 DNA polymerase subunit (anti-
‘Isynthetic pol-peptide antiserum).

_ Radioactivity.
Samﬁles . Treatment (count/min)
pBRPOL-62 None ' 17,100
PBRPOL-62 * Normal rabbit serum ' 15,900
pBRPOL-62 Anti-synthetic pol-peptide antiserum 4,600
pBRPOL-62 - Anti-p27 (gag) antiserum - 15,600
pBRPOLDL-2 None — 4,600

E. coli cell lysates (5 pl) were incubated at 22°C for
1 hr with the respective antisera in presence of 1 oM
PMSF and 1 mg/ml of Trypsin inhibitor. then assayed for
Vthe‘ﬁolymerase activity as described in .Table II.

7
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_f_Inhibitidn of DNA Polymerase Activity by the -

Monospecific Antiserum

- .- -

Lfeaies qf E. ggii containing pBRPOL-62 were preperedu
“as described in Methods, and the ljsetes were incubated

at 22 C for 1 hour in the presence of dlfferent antlsera.
The antlsera treated 1ysates were then assayed. for the :,‘
polymerase act1v1ty. ‘As shown in Table IX,.treatmentlof
‘the. cell lysates w1th anti—syetﬁetic'pol—peptide an;iserum.
'significantly reduced the-poiymeraee activity to the bacﬁ;
grouhd'ectivity present in cells ceﬁtaining pBRfOLDL—2.,‘
In contrast, treatment of the cell lysates with elther
'normal rabbit -serum or anti-p27 (gag proteln) antiserum

did not reduce the polymerase activity.. These resulte
further indicate that the polyeerase activity present in

E. coli harboring the pol—recomblnant plasmlds is due to

the synthesis of pol- -related éﬁiypeptldes.

i Trenefection of Wild-Type and Mutant Proviral DNAs

into Chick Embrvo Fibroblast Cells

E. gg;i containing pSAL—lOZDLpol—z'was-shown to

have DNA polymerase activity (Table TI) due to synthesis

of the p65 pflieins (Figs. 3.3.5 and 3.3.8) that mey initiate
from the internal eethionine'(Fig. 3.3.9). pSA%-IOZDLpOl-ll

is a deletion mutant at 3'-end of the pol gene (Figs. 3.3.11
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"and 3.3. 12), such that the DNA polymerase activity in E. c011
containing pSAL—lovap°l-11 was, not significantly higher
than §ackground‘(Tab1e-Vﬂj. _Similarly, the pol#merase.
activity presenf in E. coli harboiing ﬁBSpol,was absent-
(Table VIO), whlch may also be due to a deletlon at the
3'-end of the pol gene (Fig. 3.3.6). These results indlcate
that 5' portion, bbt‘not'3f, of thé‘pol gene is dispensable
for the poljﬁerasé activity. |
| It‘was,atherefore, decided to test ﬁhis hyﬁothesis
 in viv§ in.chiéken'cells._ It was ent1c1pated~that there
would be synthe51s of the fused gag-— pol precursor polypeptides
in cells transfected by the mutated viral DNAs. In pSAL-
102DLp°1-2, the.deietion in the 5'~end of the pol gene
was arranged in such a‘way fhat thé readigé frame was‘unaltered
in the pol gene and synthesis of a 175,000 daltons fused
gég*péf'pblyproteins was expected (42 amino acids deietion
‘a; the aminoterminal region of the polymerase molecule).
In_pSAL—102DLp°1;11, the Kpn I site near the 3'-end of
the‘poi gene was mutated so that the synthesis of a truncated
polyprotein (Mr = 173,50Q) was anticipated.

All plasmids were digested with Sal I to remove .
the pBR322 sequence, and the viral DNAs were purified from
the agarose.gel. The v1ral DNAs were treated with T4 ~DN&~
11335& just before transfection into 2° CEF cellg. Prlmary

CEF cells were trypsinized and plated on 60 mm plates (5 X

105 cells per plﬁte) and fhe ligéted DNAs were transfected
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into the CEF cells when the plates were: about 50Z confluent.
' Calcium phosphate precipitated DNAs (Graham and Van'der Eb,
1973) ‘were added to- plates and adsorbed for 30 min, then
fed with high glucose Dulbecco (HGD) medium supplemented
‘with’ 23 chick serum and 1% FBS. After 12 hours, the ‘medium
was replaced with HGD supplemented with 5% FBS, 22 chlck A
serum, and 12 .DMSO. Next day, cells werersubCultured into -
10 cm plates, then followiag day the cells were diluted
to l:4;
Transformed cells were detected at 3'5 days posttrans-

fection from the cells transfected wlth the wild- -type DNA
At 4.5 days posttransfectlon,'the cells were completely
transformed. No transformation was detected in cells trans-
fected with the-mutant DNAs. The- lack of transformatibn
in chicken cells is consistent with a requirement for repli-
cation in the transfectlon of chlcken cells suggested by
Cooper and Okenqulst (1978). At 5.5 days posttransfection,
cells were diluted to 1:2. |

© At 6.5 days posttransfection, there vas a sign
of transformation in cells transfected with the viral-DNA - =
from pSAL-lOZDLp°1 2. This indicates that replication
of the_transfected DNA may have occurred, and the gag—-pol
fused protein (Prl?Sgag;pOI) may have been synthesized
and processed to the functional reverse transcriptase,
in spite of the deletion at the amino-terminal region of
the molecule.

/-‘\

i}



_ | | : . 232

Analyses of The Viral Proteins From Transfected CEF

At S% d%ys poSttransfection, cells were labeled with
[358].methionine (180 pCi/plate) for 16 hours and viruses

were purified from the media and analyzed by SDS-PAGE.

-Intracellular viral proteins were labeled for 1 hour wlth

[ S] methionine (225 pCi/plate). Cells were lised and !
immuhoﬁ;ectﬁitated with anti-RSV antiserum (Fig. 3.3.20).
As expected, the synthesis of Pr1go838-pPol

observed in the cells transfected with wild-type DNA (lane d),

and slightly 1ower moleCular weight proteins were detected

- from the cells transfected with the mutant DNAs (lanes

e and f). 1In the labeled wild type v1rus, all of the gag

~ Pproteins were presernt (lane g). No such protelns were

‘detected in the media from the mutant DNA transfected cells

(lanes h and i). The intracellular viral proteins present
in gells transfected with the mutant DNAs might be synthesized
by ﬁhe transc;ipts from the unintegrated donor DNAs, since
significgnt amounts of unintegrated viral DNAs may persist

for several weeks after infection (Fritsch-and Temin, 1977;

Guntaka et al., 1976; Varmus and Shank, 1976).

The intracellular viral broteins present in transfected
cells were further anaiyzed by immunoprecipi;ation with
a8 monospecific antiserum (anti-p27 antiserum) and analyzedi
on a8 7.5% SDS~polyacrylamide gel. As shown in Figure 3.3,21,

the synthesis of gag precursdrs (Pr76888, Pr66828 ang ?r60388)
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Figure 3.3.20 Polyacrylamide gel ‘analyses of the viral proteins from
transfected chick embryo £ibroblast cells.

Cells transfected with the viral DNAs were labeled for 1 hour with
‘[SSS] methionine and the labeled' cells uere lysed' and 1mmunoprec1pl—
tated with anti-RSV antiserum. The 1mmune—prec1p1tates were analyzed
on a 12,5% polyacrylamide‘gel. Lanes a and d, viral INAs from - pSAL~
© 102; lanes b end e, viral DNAs from pSAL-102DLP°'-2; lanes ¢ and £,
v1ral DNAs from pSAL-lOZDLpOl-ll. Lanes a to ¢ correSpond to the
| prec1p1tates wlth normal rabbit serum;-lanes d to f correspond to
the prec1p1tates with anti-RSV antiserum. Lanes g to i, viruses
released from cells transfected w1th the viral DNAs from pSAL—102
pSAL—lOZDLpOl—Z and pSAL-lO?.DLp -11, respectivelys
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Figure 3.3.21 Polyacrylamide gel analyses of the intra-
cellular viral proteins from transfected
chick embryo fibroblast cells.

Celis transfected with the viral DNAs were labeled for

1 br with [358] methionine and the lébeled cells were
lysed and immunopreéipitated with anti-p27 antiserum.

The immune4precipitates were anaiyzed on a 7.5% polyacryl-
amide gel. Lanes a and d, viral DNAs from pSAL-102; lénes
b and.e, viral~DNAs from pSAL—lOZDLPOI—Z; lanes ¢ and £,
viral\BNAs from pSAL—lQ2DLp°1—11. Lanes 'a to ¢ correspond -
to the precipitates with normal rabbit serum; lanes d to
f correspond to the precipitates with anti-p27 antiserum.
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' was demonstrated with:the anti—gag antioerum;’ Furthermore,

--aa shown_ebove, the synthesis of Pr180828-pol was observed

in the cells transfected with the viral DNA from pSAL 102
(lane d), and slightly lower molecular weight proteins

were detected from the cells transfected with the deletion:,
mutant DNAs (Ianes e and-f)

As menticned above, cells tranofected with the

viral DNA from pSAL-lOZDLpOl 2 had exhibited a partial

transformed phenotype after about 6 days, but i was unable
to detect eny virai proteins in.the medium., It may mean
-that the mutant vzrus could persist by a low level of viral
spread and could not be detected by ‘the present method

It is possible that the transformation‘is a result of the
spread of low levels of the virus without inteération.'
Celis infected with a mutant of Spleen necrosis virus that
is unable to integrate by virtue of a deletion of the site
for integration do in fact support the spread of low levels

~

of the virus (Panganiban and Temin, 1983).
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“Recently. a 1arge»ahcunt_of information-has accumu—
lated on the structure and functlon of the retrovirus rever-
se transc:zptase. In the present studles, the-mechanlsmf
of ﬁynthe51s and proce331ng of reverse transcrlptase has
heen studied. The mutant LA83 described in this work not
only—offzted an excellent method to study these two impor-
tant aspects of reverse transcrlptase biogenesis Hht also
allowed study of the 1nterrelet10nsh1p between the precur-

sor polyprotein cleavage and virion assembly.

In this discussion, I hope to correlate the obser=

£
-

vations reported ln this thesis with observations of‘other
Iinvestigatdrs and disccss‘$ow these findings are related :
tc tﬁe structure, function’and mechanism of synthesis and
processing of reverse transcriptase and virion assembly

and maturation.

4.1 Impaired Cleavage of the Joint gag~pol Poly-

protein Precursor and Virion Assembly in a

. Temperature-Sensitive Mutant of Rous Sarcoma

Virus

The studies reported here provide biochemical

238



la3g

evidence that reverse-transcriptase precursor PrlSOsaS-pOI

'present in cells infected with the replication-defective -

”conditionel lethal mntant LA83 is,

ot cleaved at the nonper-_

missive temperature. Although temprraty e—sensitive mutants
of HuLV defective in the cleavage of reverse transcriptase
Precursor have ‘been described (Witte and Baltimore, 1978),
.in the avian retrovirus system no such mutants have yet been
reported It is believed that in the. .case of RSV the mature
reverse transcriptase is 3enerated by cleavage of the

' Pr180888 pol, at least in part by the viral protein pl5
(Moelling et al., 1980; Vogt et al. 1979; von der Helm, 1977).

In the MulV system the two mutants ts?& and ts3 at the non-

permissive temperature fail to cleave Pr180888~ pol and are

elso enzymatically inective. Cleavage of the Pr1808238~ pol

o occurs and reverse-transcriptase activity sppears in the

released virions after the temperature has been shifted down
1to_the.permissive level (Witte and‘Baltimore, 1978). .The

experimental deta that Prigo828-pol is accumulated at the
nonpermissive temperature in LAS3—infected cell and is
cleaved into reverse transcriptase ?h released virions after
shiftdown of the temperature (Figs., 3.1.28, 3.1.29) provide
strong evidence for the idea that in the RSV system
?rlSOgas-POI'is the precursor to mature reverse transcrip-

tase, e : =

Morphological examination of cells infected with
. t
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LA83 at the, nonpermiasive temperature showed that the

' maturation of virus particles is blocked at the budding

stage and - gotnshift to the~permissive temperature overcame
the blockege)end resulted in the releese of viruses (Fig.
3;1.2). Temperature shiftdown experiments also showed
that previously synthesized Pr180888~ pol can be cleaved
into reverse transcriptese in.the released virioms (Figs.

3.1, 28 3.1.29). Taken together these data suggest that

a relationship may exist between the processing of" Pr180gag pol

. and the maturation of RNA tumor virus. Prevzous studies

showed thet_both in tHe case of mammalian tumor viruses

\(Jamjoom et al,, 1977' Lu etlal., 1979; Stephenson et al.

1975; van de Ven et al., 1978; Vogt et al., 1975; Yeger

et el.,

1978) and avian tumor viruses (Hunter et al., 1976;
Rohzgchneider et el.. 1976) maturation of the virus particles
wes arregted when the Processing of the gag precursors

was defe tite. In the case MuLV mutants, ts3 (Moloney)

and ts2& (Rauscher), the maturation defects could be related

.to the defective processing of both Pr65828 zh4 prigp828-pol

polypeptides (Witte and Baltimore, 1978). Since the Pr65898

polypeptide had Been shown to affect the maturation of virus ¢

'-particles, the primary defect in the case of ts3 and‘tsﬁé

-could be in the processing of the gag precursor. The process-

ing of Pr658 g could also affect the cleavage of. Pr180898-pol

in the case of tsg3 and ts24., In contrast, my findings showed
. t
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that the’ processing of Pr180gag pol vas independest of the
processing of Pr7682 8 ‘ Furthernore, my results suggested
that viral maturation and cleavage of Pr180888 pol might
be interrelhteﬂ., The precise nature‘of the relationship
between polyprotein processing and virus assembly is yet

to be clearly understood. ,

~
-

It has been proposed that the assembly of retroviruses

involves processing of polypeptide pPrecursors in association

~with the membrane at the budding. site (Bolognesi et al,

1978). Results of electron microscopic studies with ts
mutants of MuLV strongly support this notion (Lu et al.

. 1979; Yeger et al., 1978). The fact that at the nonpermissive
temperature reduced quantities of virion-like particles
lacking reverse transcriptase are released suggests that

at the restrictive temperature Pilaogaé“P°1 syathesized.

in LA83-infected cells may not be correctlonrganized in

the budding structure for clearage consequently affecting
virus assembly and maturation. Shiftdown of temperature
allows Pr1go828-pel molecules to rearrange correctly on

the budding forms resulting in processing of the precursor
into the reverse transcriptase subunits and‘release of |
virus. The inability to detect any Pr180828-pol in NI-LAS83
suggests that at the restrictive teamperature PrlBOgag—p°1 ]
-1s not localized at the budding site or alternatively unclea—

ved Pr1g0888- pol is not able to be incorporated into the

released particles even thoughk it is present at the budding

Df
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The viral pretein els.Has been implicated in tﬁe
processing of both Pr76838 and Pr180Sag pol (Moelling,
1975 Yogt et al1.,’ 1979- von der Helm. 1677). The prope:
prooessing of Pr76gag st 41 c (Figs. 3.1, 26 3.1.27 and
Table I) therefore, would seem to rule ‘out. any defect in
plS and the p12-p15 junction (the initial cleavage site’
by a host protease- Vogt et al., 1975) 4in LA83. It is
possible, therefore, thet the defect*in processing of PEN
Pr180828- pol in LAS&ﬁfeside in a polypeptlee sequence in-
volved in the cleavage of fused .gag-pol preteid but not

in‘gag protein which may be cleaved by pIS and/or by cellular

protease(s) In the case of the ts mutaet LA3342 the defect

y .
in virus maturation was suggested to be due to a defective

core protein (Friis et al., 1976; Hunter et al., 1976;.
Rohrsehneider et al.,.1976), indeed new intereediate cleavage
products of 1"r76.gag were noted at the nonpermissive tempera-
ture (Rohrschneider et al., 1976).

The cleavage of Pr768%8 and gPr92env at the nonper-
missive temperature in LA83- 1nfected cells (Figs. 3.1.25,

3.1.26 and Table II) as well es the presence of gag poly-

‘protein cleevege products and the glycoproteins, gp85 and

gp37 in the virions,'suggest that the gag and env gene
mef not be affected in LA83. Tﬁia_is corroborated by the

biological experiments which show that at the nonpermigsive

‘temperature LAS3 can complement the gag ts mutant LA3342

I

Y



and an env deletion mutant - the Brian high titer strain‘
of RSV [RSV( )] (Ghosh 1984).- The possibility that post-
translational modifications such as, phosphorylation may
~also be defective in LA8B3 was ruled ocut by the proper s;n-
thesis of viral phosphoproteins in infected cells at the
nonpermissive temperature and by their presence in NI-LAB3
(Figs. 3.1.9 and 3.1.20). |
To understand the events involved in cleavage of
Pr180888 pol- and maturastion of virus. the determination
of the intracellular localization of Pr180828-Pol molecules
in LA83-infected cells at permissive and nonpermissive
temperatures would be useful answer. The quantitative
analyses of PrlSOgaS_pOI molecules in the cellular fractions
would probably show the importance of membrane localization
of Pr180888 pol molecules in the Process of virus buddlng
and maturation. It may be possible -to demonstrate whether
the defect in tsLA83 is due to inefficient transportation

of the precursor to the Plasma membrane or due to Prossible

conformational change.of the molecule,

4.2 The Mechanism of Processing of The Joint

Rag-pol Polyprotein Precursor

v
rl

It appears that-unlike the cleavage of PrTSSag, which

is processed just before or during virus budding and produce
. 1 -

\
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333 intermedlates and mature gaé protelns in the ipfected
cells (Figs. 3. 1 12, 3.1.14, 3.1. 17, 3.1. 20, 3.1.24, 3. 1. 26),
Pr180888 pol is processed Just after -or at least durlng ‘the
budding of virus, sznce mature subunlts of reverse trans«~
criptase were‘not observed\in infected cells, but only
observed in released virus (Figs. 3.i13,-3.1.4, 3.1.29).
It is believed that in the case of RSV, mature
¢ reverse transcriptase is'generateH‘by cle?vage of-Pr1808aS—p°l,
at 1east in part by the viral coded protease pl5. Host
prote:n(s) seems 1mportant in- processzng of the precursor
Pr768 g, One line of evidence that favors a2 cellular enzyme
arises from a flndlng that avian tumor v1ruses, whose repli—-
cation is unrestrlcted in avian cells, appear to be blocked p
prior to precursor cleavage in avian virus transformed
hamster cells (Eisenman et al., 1975). The initial cleavage
of pl5 is thought to occur via a host-mediated process

(Eisenman and Vogt, 1978). It is interesting, therefore,

to find ou¥ whether the crude extracts of uninfected chick

cells could ¢ pl5 from isolated Pr18o828-pol .. ..
pProcessed to its mature products.

Temperature shiftdown experiments showed that pre—
v1ously synthesized Prigp828~ pol cegﬁbe cleaved into reverse-
transcriptase in the released virions (Figs. 3.1.28 and

3.1.29). These results provide strong evidence to the
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idea that im RSV system Pr180828- pol is thé actual p;gdursor:
that is cleaved into mature reverse transcr1ptase. I,
therefore, used Pr180828- pol molecules accumulated in LA83-
infected cells at thernonpermissive temperature as a sﬁbsﬁrate
for in vitro pfoéé§sing. An initial attempt to cleave ?rlBO
with crude extracts of uninfected chick cells w;s‘unsucceSS-
ful.  Thus the in vitro cleavage of'PrISOSag-p°1 molecules
was carrled out with detergent—dlsrupted RSV as a source
of pl5 protease. As shown in Figure 3.1.7 and indicated -
. in Section 3.2, the PrlBOgas_p°1‘moleculgs were shown to
ﬂe cleaved with pl5 and.a n;mbér of‘putgtive infermediateé
Qere identified. It thus,réeems that the putative host
protease(s) involved in cleavage of Pr76828 may not be
1nvolved in the proce351ng of Pr1go828-pol molecules, and
the pl5s protease generated f‘rom‘Pr768 & may be used fpr
the proéessing of Pr1go888-pol |
Immunoprecipi;ation experiments have revealed ﬁossible
intermediates in Pr1go838-pol processing. <JThese are 130,000-
and 150,000-daltons intracellular proteins (Pr13ogag-pol and
PrlSOgag_p°1). Pr1308387POLl . i ains antigenic determinants
of Teveérse transcriptase and the gag protein pls (Flg. 3.2. 1)
. Pr150gag pol contains all of the gag proteins (Flgs. 3.1.17
and 3.2.2), but not the complete\sequence of reverse trans-
NN

criptase, in which some of the tryptic- peptldes of reverse-~

transcriptase were missing in Pr150838-pPol (Fig. 3.2.2).
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From the in vitro cleavage_énalyses (Figs. 3.2.3 and 3.2.4),
it is apparept-that precursqr-prgducé rélqtionship coﬁld be .
demonstfated betweennPrLSOSQS_pdl énd.Pr130888’pq1, althougﬂ |
"a direct precyrsor—prodﬁct reiétionship coul& net be demons-
_trated between Pr180838-PoL 454 PrlSOgas-pdl;- It is tempting
to speculate that the cleavage event that releases the *
c.éubuni: and pp32 from the P subunit may also produge
Pr1508287P%L fronm pr1808287P°l (Fig. 3.2,5). Pr1508287PO1
'may only serve for'the produétion of « subunit. This alter-
native cleavage pr;cessiqg may be important in thé regulation
of the amounts of“réverse transcriptase.subunité in the
virion. It is also temptiﬂg to speculate that PrlSOgag_po1
is the uItimate‘précurso; for ﬁhe & subunit and tﬁe interme-
diate PrISOS&S"lm'1 may bé used for the proﬁuctibn of B
subunit. Interesiingly, the amounisrof P:lSOSag-p°1 and.
'13'1'1308'5‘18-1"'01 present in the cells wére approximately equi-
molar (Fig. 3.2.3} lanes 5 and 10). The fate of the amino-
terminal gag segmenﬁ (Pr70) of prigo828-pol is unknown,
however, this ﬁrotein may also.serve'for the produétion
of the mature gag protein p27 (Figs. 3.2.3 and 3.2.4).
Cleavage of PrlSdgag_pOl and removal of the gag
portion from PriSang_p°1 and PrlBOgag_po1 apparently
occurs within the infected cells, rather than in viral

particles, since newly budded virions contain neither of

these proteins (Figs. 3.1.6 and 3.1.29). In the virions,

i

Ve
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only the mature reverse transcriptase subunits have been
- detected (Figs. 3.1. 3, 3.1.4, 3.1. 29), but they were not
detected in 1nfected cells (Flgs. 3 1:12, 3.1.£5; 3.1.17,
3.1.24, 3.1.26, 3 1.28).

The possible bzosynthetlc schemes for the genera-
tion of reverse_transcrlptase are shown in Figure 3.2.5.
Sequence analyses of x-and B subpnits indicated that the
two subunits have common éﬁihoterminal sequences (Copeland
et al., 1980)., It is not known- whether these two subunlts
are syﬂihes1zed from common precursor.molecules or if two
different precursors exist for-each subunits. In 13352
cleavage analyses showed that the & subunit can be derlved
from a 8 subunlt by the pl5 protein (Moelling et al., 1§80)
A 32,000 dalton protein PP32 (Schiff and Grandgenett, 1978)
found‘in avian retrovirus cores has the unique carboxyter-
minal sequence of 8 subunit (Cgpeland et al., 1980) Thus,
it was suggested that # subunit is the precursor for « -
subunit and pp32. The identification of Pris50828~ pol euggests
an alternative route for the synthesis of & subunit (see
Figure 3.2.5). It is not known how the synthesis of the
respective subunitsAis controlled to produce optimum amounts
of each subunits. It is tempting to speculate that the
ultimate'regulatory event in synthesis of reverse transcrip- )

tase subunits is at the initial cleavage of Pr1803a8_p°1.

The molecules cleaved at the gag polypeptide region (route 1
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in Figure 3.2.5)-312 destined fof the Synthesis of B subunits
thfough‘the'ihtermédiate Pr130888fp°1, and the molecules
cleaved at the pol polypeptide region (route Z_in Figure
3.2.5)'are destined fo£ the synthesis of & subunits through
the inférqgﬁiate PrlSOgag-p°1.‘ Since pp32 was shown to be:
present in the Viriﬁﬁ, it is possible that the pp32 produced
in the 2fitia1 cleavage of PrlSOSag_po1 in route 2 is incor-
porated into virus particles, while Pr150828~Pol ;. quickly
processed to &‘subuni;s which ire incorporated into the
virion. lThe initial cleavage %m the pol'polypeptide region
may render the moletules accessible to the protease and

\thus allow the cleavage at the gag-pol junction to release

o subunits. Intact Pr1g0838-Pol molecules may not be access— ﬁé.
ible to the protea#e at the ggg—ﬁol jgnction sequence due

to conformational hindrance  but gfter removal of the 7
carboxy-portion of the polymerase the molgculeé are now

open for the prbtease to be cleaved at the_juncnioﬁ sequence.
In route 1, the initial cleavage at the gag-polypeptide
region may occur as in the Pr76gag'processing (Fig. 1.4).

The cleavage intermediates 1”:'].30833—1301 may now be processed
to B éubunits by removing thé‘aminoterminal gag portion.

It has been reported that the half-life of Pr139888-Pol

is shorter than the half-life of PrlSOgaQFPOI (Eisenman

et al., 1980a). The results of kihetics of synthesis
and turnover of these two proteins suggest that

only a fraéqion of Prigp8238-pol may be rapidly converted to
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.Pr1303ag—pol_ An alternative possibility is that Pr130gag pol
might be 2 primary translational product. If 80, one would
_predict the . existence of a spliced. mRNA in analogy with

the spliced nRNAs detected for the 8ag, env, and src‘gene

products (Section 1). Such mRNA has not been identified

-yet, although its detection would be expected to be difficult
because of its low amount and presumed similarity in sise

to 39S genomic RNA. According to the in vitro cleavage
experiments (Figs. 3.i53 and 3.2.4), one would favour the -
idea that.‘.Pr130338-p°1 is the intermediate molecule in

the production of § subunit of reverse transcriptsse molecule.
One can not rule out, however, the possibility that ﬁ subunit
is released directly from Pr1g80828-Pol by cleavsge at the

‘gag-pol Jjunction sequence.

-

4.3 Rous Sarcoma Virus Reverse Transcriptase Gene

Contains Promoter and Ribosomal Binding Sequencs

Needed For Its Expression

lThe results described in Section 3.3.show that
& putative proksryotic promoter sequence is present in
the 5' region of the pol gene which can promote the transcrip-
tion of reverse transcriptase gene in E. coli. The trans-
cripts synthesized contain an internal initistion signal which
.the pnokaryote translation machinery recognizes, and can thus

t

synthesize a pol-related polypeptide with molecular welght of
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‘65,000 that initiates from the methionine residue in position

Pl

295 or 297 of the reverse transcriptase molecule. These‘
conclusioné were based. on the éﬁservatﬁoﬂs that polymerase-
activity present in E. coli harboring. the RSV recombinant
plasmids lﬁckingkthe‘putative.promoter sequence in the 5'-

regiomof—the pol gene was significﬁntly lower than the .

activity present in E. coli‘harboring wild-type RSV recom-

-, . L
binant plasmids. The pol-related protein p65 was also

synthesized .in* E, coli harboring pATV-8 and polymerase=~

activity was present in these cells even though the pol gene

was interrupted near the '5' end. These results indicate that

the synthesis of the pol-related protein contaiﬁing polymerase-

activity was directed by pol gene lacking 5" region upstream

from the first Hind II site (permuted site in the poel gene .

with pBR322 sequence in pATV-8; see Figure 3.3.2). Since

" the p65 protein synthesized in E. coli harboring pATV-8

had the samelantigenicity. and electrophoretic mobility
to those synthesized by E. coli containing the plasmids
pSAL-102 and pSAL-102DLp°1—2, it is suggested that p65
protein contains the observed polymerase'activityz

The synthesis of‘p65 protein in E. coli harboring
PERAPOL strongly support the idea that the protein was
initiated at the expected site in the internal methionine
residues 295 or 297 of the reverse transcriptase molecules.
The inducible activity present in E. coli containiag pERAPOL

further support the idea that p65 is responsible for the
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activities. Thus, the amino—terminal one third of the

reverae transcriptaae moI@bule may be diapensable for the

polynerase activity,

In contrast to the polymerase activity. no signifi-

cant differences in RNase H activity Present in E. coli

: harboring RSY recombinant plasmids and in E, coli harboring

PBR322 were observed (Table ). The P65 protein may not
have RNase H activity, and the amino-terminal one‘third

of :sé rTeverse transcriptase molecuie may coatain this
eszymatic activity. A polypeptlde fragment with molecular-

welight of 24 000 having only RNase H activ1ty could be

'&solated by partial chymotryptiC\digestion of the & moiety

(Lai and Verma, 1978). Anti-peptide sera dlrected against
different regions .of % subunit have been tested to determine
thecorigin of the P24 protein (Grandgenett et al., 1985).
The results suggested that the RNase H activity site is
located in the anino-terminus of & subunit, consistent

with the arrangement found in MuLV pol (Levin et al, 1984)
The results described in Section 3.3 also suggest ‘that

the p24 polypeptide zay be generated from the amino-terminal
of the reverse transcriptase molecules. Direct evidence

may be obtained by testing the enzymatic activity of the

P65 protein after purification fram‘the'g. coli cell lysates.

The possibility that p6S5S is lacki;g_RNase H activity raises

8 great interest for its usefulness 8s a tool in molecular

t

biology.

\
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A great number of DNA sequences of E. c011 promoter
'has been accumulated (Hawley and HcClure, 1983) wlth a
recognitlon of homologies between promoter reglons (Prlbnow,
1 1975; Schaller et al., 1975), and a so—called consensus
Sequence was later formulated (Rosenberg and Court, 1979;
' Siebenlist et al., 1980). As dlscussed by McClure {1985},
the surprising finding.was that the consensus sequence
based only on a compilation of many dlverse Promoters appears

to be maximal in promoter strength Analyses of many promoteri

mutations have showed that alteratlons that decrease homology
.to the consensus sequence were down mutatlons and mutatzons
that increase homology to. the consensus were up promoter muta- °
tions. It has been.recognized that the sequences of bona-
fide promoters ip E. c011 do not always contain striking homo-
logies, to the_consensus sequence. The current consensus sequ-
ence is shown in Figure~3.3;17} In each region, tnere are
tnree bases that are highly conserved: the TTG at -35 and

the TA---T near -10. . It has been demonstrated that the semi-
synthetic promoter, in which the -35 and —16 nexamers are
Precisely homologbus to the consensuys sequence, was nearly
maximal in activity (Amann et al., 1983; DeBoer et al., 1983
Rossi et al., 1983- Brosius et‘al.. 1985). These results
support the notion that the consensus promoter is llkely to

be nearly max1ma1 in activity. As discussed by McClure (1985),

the’fagzgrhat no wild-type E. coli promoter has been found

that completely matches the consensus promoter even in® the
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- hignly conserved hexamer regions;suggests;that pronoter

function is'ordinarily optinized in vivo‘snd not-nsximized.
In the pol gene, the presence of conserved sequences in.
—10 hexamers is consistent with there being a Pribnow box

(Pribnow, 1975). This highly conserued_TTG at'—35 is alse

4]

- . —
-present just upstream from the first Bind/ﬂI site at the

75";egion of the pol gene (Fig. 3.3. .1). The -10 hexamers

in the pol: gene do not completely mstch the consensus promo—
ter, however, the pol” sequence hss two of the three most
highly conserved bases in the =10 region. As discussed
by HcClure,4the proposition that "consensus—is-best" for

promoter function is supported by the fact thst all known

- E. coli promoters have at least two of the three most highly

conserved bases in the -10 region. The results described
in Section 3.3 suggested that the promoter like sequences
are responsible for the expression of the pol gene, since
the deletion of the -10 region resulted in redyétion of
synthesis of the pol-related proteins snd-the”polymersse—
activity was lowered to the back-ground value observed
in E. coli containing pBR322.

It is generally assumed that eukaryotic genes cloned
into bscterial systems can not be expressed unless they
are placed downstream from a bacterial promoter and contain
a bacterial ribosome binding site at the 5'.end of the
initiator. ATG codon (Guarente et al,, 1980; Villa-Komsroff

et al., 1978). Results presented in this thesis, however,

N
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'_adjagent to a méthioniﬁe codoﬁ. It may be possibleito maxi-~

ﬁize the synthesis of p65.and the enzymatic actititya by'using
A4 stronger promoter like the semisynthetic proﬁoté} as dis—y;

cussed'ébove. It may also be'ﬁossible to synthesize & more |

activity evepn though the NH2 and COOH termipji of the protein

pProduct only a8pproximate the correct té&midi of the authentic

‘proteih. Construction of a fused gene containing a deletion

at the 3' terminus resulted in an increase in the level of
the reverse transcriptase activity and yieided a high level

of production of a stable protein (Roth et al,, 1985), ' It is

' therefore Possible that the 5! regibn of the ﬁol gene of RSV

may also be important ip Production of the polymerase with

high activity, Thus, it would be interesting to construct
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" gene. This fused protein may exhibit both polymerase and . -

‘ RNese H activities ss ‘in the case of the murine reverse

trsnscriptsse expressed in E. 52;; (Tanese et al., 1985'

Roth et al., 1985)' It is also interesting to construct’

a. plasmid that ezpresses only RNase H activity. Itfgﬁs been .
suggested that NHz—terminus of the avian reverse transcrip-
tase is responsible for the RNase H sctivlty (Grandgenett

et al,, 1985) and a polypeptide fragment (Mr = 24,000) having

‘only RNase H activity could be isolated by partial chymotryp—

tic digest:.on of the o« moiety (Lai and Verma, 1978),. Further-'
more, the p65 protein encoded from 3' two-third of the pol-
|ene appsrentiy lacks RNase H activity. It is notewprthy that
the 5' one~third oigthe pol gene would express a protein with"
a modecnlsr weight.of 27,000._ Therefore, it may be possible

to synthesize a8 fusion.protein containing&?n‘E. coli gene

product and the 5' one-third portion of the pol gene product

with RNase H activity only.

I believe that the expression.of the aviad reverSe—

transcr;ptase'in”5acterisl cells will Lgad to mseveral import-
4 - -~ . . >

snt projects. Firstly; it may be possible to obtain largeo

.qusntzties of the p55ified enzyme that will allow extensive
i
'chsracterlzation of the enzyme. Secondly, mutations can be

- .
readily’ }ntroduced into the’ cloned gene,'as has been done in
-, -, L

this study. and large’ numbers of bacteriel cultures can be

.screeqed for _the presence of rare variants exhibiting desir—' L ;/ 5
" able changes in the activity._ Thirdly, tempenatu;e—sensitive

N . : N . P - - ) X
. . . . s 20
. ot -~ - L - T
. ) . ' .
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mutations can'aisoebe generated. and the effects of . the muta—
tions can be analyzed after transfer o£ the altered DNA back
into the viral 3enome and recovery of virus.- Analysis of such
mutants may result in e better understanding of the role of
the ectivities of the enzyme in the viral 1ife cycle and the

interactions of the protein with. the other viral gene products,

-

"W

Biologicaf Activity of The Virél;DNA Inserts ) _

- The hioiogicai activity of the RSV‘DNA-contained uith—
in the recombinant plasmids pSAL- 102 pSAL-lOZDLpo —2, and
pSAL 102DLp°1-11 was tested in the following manner, Recom-
binant plasmid DNAs were subjected to Sal T digestion and fra-
ctionated by sgarose gel electrophoresis, and the~genome leng~
th (9.5 kb) viral DNAs were recovered. Genome length DNAs
‘obtained from each plasmid wé;e Tigated with T4 DNA ligase,
and the products vere used to transfect secondary cultures
of chick embryo fibroblast cells.* Viral DNA from pSAL-102
was biologicallj‘active. Transfection of chicken cells with
viral DNA\Jesulted into transformation' of the cells within
4 to 5 days. Virus harvested from the culture media” con- -
tained all the gag structural proteins. Viral DNA from
either-pSAL-iOZDLpol—Z‘or =11 was unable to induce trans>
formation of chicken cedls. The lack of tramsformation in
.chick cells is bonsistent vith a requirement for replica—
tion in the transfection of chick cells by RSV DKa. Trans—

fection of chicken embryo fibrgplast cells by RSV DNA proceeds

e g
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by transcription of donor DNa, formation of extracellular
progeny virus, and secondary vlrus 1nfect10n of sensitive

cells (COOper and Okenquist, 1978). Cells transfected

,v1th either pSAL-102DLP? 1-2 or -11 virai DNA and maintaiheé

in culture for 6 days did not make any detectable amount

of virus particles. The defectiveness of pSAL—lOZDLp°1-2

-

and -11 viral DNAs is b6§51b1y due to the deletion in the

pol gene. | ‘ -

-

Cells transfected with pSAL-102, pSAL-102DLP%1_7 of
-11 v1ral DN4A synthe51zed all three precursor polypeptldes
at 5.5 days posttransfectiqn (Fig. 3.3.20).‘ In the case of
mutant viral DNA transfected cells,-these polypeptides may
be synthesized by the respective transcripts whichlwere

transcribed from donor DNAs. In“pSAL 102 v1ral DNA trans—

fected cells, the transcr1pts may be synthesized malnly from

- the .stably integrated DNA, since the cells were completely

transformed at this stage.
A gag-pol fused polyprotein with molecular weight

of 175,000 (Prl?SgangOI) was shown to be synthesized in
. .

‘the mutant virus DNA (pSAL-lOZDLPOI—Z) transfected cells.

The apparent size of the protein indicates that the deletion
at the pol gene is - "such ' that the pol coding seguence
was not interruptede at rhe deleted site, but continued to
the authentic stop codon at the end of the pol gene. Some
of the cells transfected with -the mutént DNA and m;intéined

in culture for 6.5 days were transformed, indicating that
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the;e'célis contain stabiy’integratéd‘:iygl DNA. It is
.tempting to speculate that the integration of viral DNA
may have occurred as a consequence of the prqﬁuctgon of o
functional reverse trénscriptase molecules. In spite of
the deletlon at the: amlno-termlnal reglon of the molecules,
the prote:n may be still functional though much less effi-
ciently. Alternatively, the precursor protein Pr17sgag-pol
may be much more stable than PrlSOgagfp01 and only a very
small fraction of the molecules may be processed to functional
reverse transcriptase. As e;pected, the virus production from
pSAL—lOZDLp°1—2 viral DNA transfected cells was not high
enough to be detected. It is possible that the transformation
of the celis is a8 result of the spread of a low level of the
virus without integration. Cells infected with a mutant of
spleen necrosis virus that is unablg to integrate by virtue
of deletion of the site for iﬁkegratioﬁ do in fact.suﬁport
the spread of low levels of the virus (Panganlban and Temin,
1683). F;rther analyses of clonal purified cells from the
transformed cells would be helpful to obtain conclusive
answers, |

The inébility to detect any transformation and infec-
tious virions ﬁgpn transfection by pSAL;IOBDLp°1-11“viral DNA
suggest that tﬁe 3' region of the pol gene.is also required
for the production of:functional reverse transcriptase. These

studies suggest that the pp32 DNA bindin§ protein or the pp32

moiety of the 3 subunit, or both, are réquired in the life
.
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cycle of avian retroviruses. The endonuclease pp32 is belie-

ved to be involved in inteé;ation of the synthesized pFovi§31
DNA. pp32 was shown to bind to specific sequences on avian
retrovirus LTR DNA including the circle junction.in in vitro
studies (Misra et al.; 1982' Knaus et al., 1984). The circu-
lar viral molecule contalnlng two LTRs in tandem is the pre-
suned precursor molecule to the 1ntegrated provirus (Panganiban

and Temln, 1983, 1984). The endonuclease PP32 was shown to

'nlck supercoiled DNA contalnlng LTR circle Junctlon sequences

(Grandgenett and Vora, 1985). Recently, vlrus mutants posse-—
ssing deletlon in the PP32 region have démonstrated that this
region encodes functlon(s) essentlal for replication of the
virus (Hlppenmeyer and Grandgenett, 198&) Two separate

point mutations generated near the amlno-terhinus of pp32
resulted in decreased viral replication and cell transformation
due to reduced synthe51s of the viral RNA from the 1ntegrated
provirus (Hippenmeyer and Grandgenett, 1985) It appears that
transcrlptlon is affected F§/;;errant integration.

L]



SUMMARY AND CONCLUSIONS

The biogenesis of Teverse transcrlptase was exemined
by b10chem1cal characterization of a cond1t10nal lethal
mutant of Rous sarcoma virus. The experimental data that
Pr18o828-pol eccumulated at“the nonpermissive teeperature'
in LA83-infected cell and is cleaved into reverse transcrlp—
tase in released virions after shiftdown of the temperature
pProvides strong evidence for the idea that in the RSV system
Pr180888 pol is the precursor to mature reverse transcrlptase.
Morphological examznatlon of cells infected with LAS3 at
the nonpermissive temperature showed that the maturation
of virus particles is blocked atr the budding stage and
downshift to the permissive temperature overcame the block-
age and resulted imthe release of viruses, Temperature'
shiftdown experiments also showed that previously synthes:zed
Prigo828-pol can be cleaved into reverse transcriptase . %%
in the released v;riens. Furthermore, the Processing of
Pr180888-Pol~_ o independent of the processing of Pr76828.
Taken together these data suggest that a relationship may
exlst between the processing of Pr1808%28~ pol an@ the matura-
tion of RNA tumor virus. The fact that at the nonpermissive

femperature reduced quantities of virion~like particles

dacking reverse transcriptase are released suggests that

\ ' *260

P
?

S



261

at the restrict;ve.temperature PrlBOgaS-pOIfsynthesized

in LAB3-infected ¢ells may not be cor:ectly organized in

the budding strncture for cleavage consequently affecting

virus assembly and maturetion. Shiftdown'of temperature

allows Pr180sag pol molecules to rearrange correctly on

the budding forms resulting in processzng of the precursor-

into the reverse transcriptase subunits and release of

virus. The inability to detect any PrlSOSag-pOIIin NI-LAS3

suggests that at the restrlctlve temperature PrlSO888 pol

is not localized at the budding site or uncleaved Pr180Sag pol

is not able to be incorporated into the released’ partlcles

even though it is preseat at the budding 51te. The proper

processing of Pr76%28 at the nonpermissive temperature

thus, would seem to rule out any defect in pl5 (the viral

protease that has been implicated in the processing of -

gag-related proteins) and the pl2-plS junction (the initial

cleavage site by a host protease) in LA83. . It is possibie;

therefore, that the ‘defect in processing of PrlSOgag_p?l‘

in LA83 reside in a polypeptide sequence involved in the

cleavage of fused gag;pol protein but not in gag protein

which nay be cleaved by pl5S snd/or by cellular protease(s).
The mechanlsm of synthe51s of Treverse transcriptase

was 1n;estlgated.‘ In yitro cleavage of Prlsogag pol mole-

cules with crude extracts of uninfected chick.cells was

unsuccessful. Thus, the in vitro cleavage of prigo8ag-pol
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molecules was carried out wlth“ﬂetergent-disrupted RSV as =a
source of pi5 protease. The Pr180828-Pol molecules were
shown to be cleaved with pl5 and a number”of putative inter-
mediates were identified. It thus, seems that the putative
host protease(s) involved in cleavage of Pr76898 may not

be involved on the Pr1g80828- pol molecules, and the pl5
Protease generated,froﬁ P;-768ag may be used for the process- -

ing of PrlSOgag_pOI. Immunoprecipitation experiments have

‘Tevealed p0831b1e intermediates that may be involved in

synthesis of the mature reverse transcriptase complex.
These are 130,000f and 150.000—daltoﬁs intracellular proteins .

. _ / i
(Pr130887PO1 4n4 prys50828-Poly ... gag-pol contains '

antigenic determinants of reverse transcriptase agg/thqx\‘

gag protein pl5. Pri508238-Pol contains all of the ggﬁ“
protein§,~but not the complete sequence of reverse transcrip-
tase, since some of the tryptic-peptides of reverse transcrip-
tase we m1531ng in Pri150828- p°1. From the in vitro cleavage
analySes| it is apparent that precursor—productarelatiohship
could be Memonstrated between Pr1go828-pol and Pr13ogag—pol’
although a direct precursbr-product'relationship coﬁld not

be demonstrated between Prigo828-pol , 4 PrlSOgag_pOI, The

cleavage event that releases the « subunit and pp32 from

‘the ﬂ subunit may also produce Pr150888-Pol . Pr1g0o828-pol

Pr150828-pol may only serve for the production of K subunit.

This .alternative cleavage mechanism may be important

in the regulation of the amounts of reverse transcrip-

-
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tase subunits in the virion. The intermediate Pr130888 pol
may serve for the production of 5 subunit. The amounts of_
PrlSO888 p°1.and Pr130888 pol present in the celis were
approximately equimolar. Cleavagé of PrlSOgangOI-and
Temoval of the gag ﬁortion from PrlSOgaS;pOl and Pr130888-pol
'may occur within the infected cells, raﬁher thaﬂ in vif@l
particles. In the virions, only the mature reverse trans-
criptase subunits have been detected. Mature.reverse trans-
c¢riptase subunits were not detected. in infected cells.

Thé functionallaSpects of reverse transcripﬁase'
was investigafed by recdmbinant DNA methods. Expression
of the reverse transcrlptase gene of RSV and the functional
role of the enzyme on viral repllcatlon were examined.
A putative'prokaryotic promoter sequence is present in
the 5' region of the pol éene which can promote the trans-
cription of reverse transcriptase gene in E. coli. The
transcripts synthesized contain an'intérnal ihitiation
signal which the pz:oicaryote translation machi’-y recoﬁgniz.es,
and can thus synthesize a rgverse trahscriptase—rélated
polypeptide wit&fmoleCular weigh£ of 65,000 that initiates
from the methlon;;e re51dues in position 295 or 297 of
‘the reverse transcriptase molecule. The Polymerase activity
present in E. coli harboring the RSV recombinant plasmids

lacking the putative promoter sequence in the 5' region of

- . .
the pol gene was significantly lower than the activity pre-

sent in E. coli harboring wild~type RSV recombinant plasmids.
: B
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A recoﬁfinant plasﬁid conceiningie tré promoter and a portion
of pol gene was able to express the reverSe.granscrietese-"
releced'protein.p65 with-the enzyme activity. These results
suggested that the aﬁino-terminal one third of the reierse-
transcriptase molecule may be dlspensable for the polymerase
'act1v1ty. The p65 protein may not have RNase H act1v1ty,

and the amlno—terminal one third of the reverse transcriptase
molecule may. contain this enzymatic activity. These results

b
demonstrate that an eukaryotlc gene could be expressed

.
e

in E. coli by u51ng sequences present wlthln’the eukaryotlc

gene, which can serve as bacterial promoter endﬁrlbdgymal—
binding sites adjacent to a methlonlne codon.
Transfectzon of chicken cells with wlld type viral
—~ DNA resulted in the transformatlon of the cells within 4
to Q days. Virus harvested from the culture media contained.
all the gag structurai proteins. Cells transfected wlth
viral DNA deleted\at either 5' or 3' region of the pol
gene did not meke an} detectable amount of virus particles,
however, all three precursor polypeptides were present
inlthe cells, These polypeptides may be sénthesized by ..
the respective transcripts which were transcribed from
donor DNAs. Some of the cells transfected with t 5'-
"deleted mutant DNA and maintaiged in culture fdr a longer
period of time were transformed, indicating that these

cells contain stably integrated viral DNA. The integretioh

of viral DNA mayehave occurred as a consequence of the

..\ ' )

e
.
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> production of functional reverse transcriptase molecules.

il

]

In spiteboflthe.deletiﬁn at the'aminb-terminal region of’
the mb;éculeg, thé protein may be still functional though
much less efficiéntly. The inabdility to detect any trans-
formation and infectious virions upon transfection by the
3t deleted mutant DNA suggest that:;hé 3} rggion'of:the
pol‘gene is also required for the production ;f functional
reverse transcriptase. These studies suggest that the
pp3é DNA binding protein, whichwis encoded from the 3'-
end region of the pol gene, or the carboxy terminal of -
thé ﬁ subunit, or both, are'feduiréd in the life cycle

-

of avian retroviruses.

by
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