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ABSTRACT

The polypeptides specified by the transforming region of the
Adenovirus 5 (Ad 5) genome have been studied by immunopretipitating

antigens (using the double antibody and protein A-Sepharose methods)

"from cells transformed by Ad 5 and from cells infected with Ad 5 wild

type (wt) or host range mutants. Three different antisera were used:

P ant1serum specific for early viral products (Russel et al, 1967) and

<I

two hamstér tumor antisera. With both the double antibody and protein

‘ A~Sepharose methods, all three ant1sera immunopreC1p1tated a 58,000

. dalton polypeptidé from wt- 1nfected K cells, while P antiserum precipi- -

tated additional polypeptides of molecular weight #2,000, 67,000 and
44,000. When the double antibody method was used, P antiserum and the

hamster tumor antisera also 1mmuhoprec1p1tated a 10,500 dalton protein

"‘ which was not observed with the prote1n A-Sepharose method. The Ad 5

hr mutants fall into two compkamentat1on groups des1gnated I and II, both
of which exh1b1t defective"transformat1on activity (Harrison et a], 1977,

“Graham et al, 1979). In group Iemutant infected cells, little 10,500

, dalton protein was observed relative to thatlfound with wt infected cells,

whereas very 1itt1e or no 58,006 dalton polypeptide was immunoprecipitated
from cells infected,with mutante ;Fbm complementation group II. Since a
, =98, 000 ‘dalton antigen was also found in a number of Ad 5 transformed cell
linesiibut was not detected in the cells infected with transformation

<~ b *

iti .

%



Tee T Bkt g%

S i

PR TN

o

Qefective group II mutants, it was concluded that the 58,000 dalton
protgin may be involved in the induction and/or Ma{ntenance of transfor—
mation.

Collett a;d Erikson (1978f have reported that the transformation
gene product of Rous sarcoma virus is associated with protein kinase
activity. Studies were undertaken to determine whether similar activity
was also associated with the tumor antigen§ of Ad 5. The products
immunoprecipitated from wt Ad 5 infected cells using tumor antisera were
found to catalyse the transfer of *2p from (y-*2P) ATP into protein.
Veryllitt1é of this activity was observed with extracts from mock infected
cells or when non-immune sera were used. ~The Ad 5 hr mutants were found
to induce Tess protein kinase activity than wt virus. Evidence is pre-
sented suggesting that this activity is associated with early viral
functions. Protein kinase activity was also detected'in immunoprecipitates

from Ad 5-transfarmed rat cells.
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INTRODUCTION
Adenovirus '

The name Adenovirus (Enders g;_ng 1956) denotes a aroup of
DNA viruses which have been iéo]ated from a larage variety of mammalian
and avian species. Presently, more than 86 different adenovirus sero-
types: have been isolated, of which the majority show a close structural
relationship (Ginsberg, 1979). In humans, most adenoviruses are found
associated with respiratory infections, but some multiply in the intes-
tinal tract (Fenner et al, 1974).. Of the 33 human adenovirus sero-
types presently known, the closely related types 2 and 5 are the best
characterized. Unless otherwise stated, information presented in this
introduction pertains to these two serotypes.

)

Structure and Composition of the Virion _f)
The virions of adenoviruses have a highly characteristic ico-
sahedral shape about 70 nm in diameter (reviewed by Philipson and/Lind-.-
berg, 1974; Pﬁilipson et al, 1975). The virus lacks a lipid membrane
and is composed of an inner DHA-protein core survounded by a proteig.
capsid. The capsid is cbmposed of three major structural proteins %r- \
.ranged into 252 capsomeres, 240 of which have 6 neighbours and are called

hexons, while the remaining 12 have 5 néighbours &65/;;;\;?ferred to as

N
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pentons {(Ginsberg et al, 1966). The virally coded capsid polypeptides
can be removed by treating virions with acetone or formamide léaving a

DNA-protein core (Valentine and Pereira, 1965). Of the three core pro-

teins, two are virally coded arginine rich polypeptides (Russel et al,
1971; Lave?, i970; Lewis et al, 1975). The third core protein is found

covalently associated with the 5' ends of the virion nucieic acid

(Robinson and Be]le{;‘1974;"Rekosh et al, 1977) and might be coded by a

ol

cellular gene (Green et al, 19793. The viral polypeptides and their

most likely positions in the virion are shown in figure 1.

-

Polypeptide S05-gel Structural Unat

€D — Hexon
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- Fiber

e~ Core protwn

g ~— Hexon-assocrated proten
£ —— Core protein (AAP)

W __ . Heon assocrated proten(?)
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x7 - groups of mine hexons
XI-XU

g

Figure 1. A model of the location of different proteins in the

Ad 2 virion (from Philipson et al, 1975).

Adenovirus DNA is a Yinear duplex moﬁecu]e with a molecular

weight of about 23 x 10° daltons, sufficient to code for about 30 to

40 average ?*(EE/proteins (Green et al, 1967; Philipson et al, 1975).



Digestion of the virion DNA with exonuc]egse 111 followed by annealing,
does not generate circular molecules, indicatina that viral DNA lacks
terminal redundancies (Green g;_gl; 19€7). Instead, each strand of the
viral DNA contains inverted terminal repetitions allowing denatured

DNA strands to self-anneal into circular sing1e—st;anded molecules

(Garon et al, 1972; WO1f56n and Dressler, 1972). The length of the Ad

5 terminal repeat is 103 base pairs (Steenberg et al, 1977) while that
of Ad 2 is 102 base pairs (Arrand and Roberts, cited by%Winnacker, 1978).
It is widely believed that these inverted terminal repgtitions are in-

volved in the Fep]ication of Adenovirus DNA but at present thé¢ir actual

function is unknown.
Virus~Cell Interactions

Adenovirus infection of a susceptible host leads to either of
two cellular responses. If the host cell is permissive, infection pro-
ceeds through the viral replicative, or lytic, cycle resulting in cell
death and release of progeny virus. Du}ing infection of non-permissive
or semi-permissive hosts, some stage of viral rep1ication is blocked
and few, if any, new virions are released. . Instead, a very swa]] per-

centage of such infected cells may become vira}ly transformed.
A. Productive infection

Lytic infection of human cells by adenovirus proceeds by an

ordered expression of viral genes, Classically, two distinct phases
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of gene expression have been described. The early phase is defined as
including those events prior to viral DNA replication, During this
phase, the viral genes required for cell transformation 9pd viral DNA
replication are expressed. The onset of the late phase begins with
synthesis of viral DNA and structural polypeptides and proceeds until
cell lysis.

During the early phase of infection, the virus absorbs to re-
ceptors on the p]asﬁa membrane of thé host ée1], enters into the cell
and is rapidly uncoated (Philipson et al, 1968; Lonberg-Holm and Philip-
son, 1969). The DNA enters the nucleus and within 1 to 2 hours after l
infection virus-specified RNA is found in infected cells. Most viral
mRNA is transcribed by the host RNA polymerase II (Price and Penman,
1972) and transported after post-transcriptional modifications to the’
cytoplasm. These modifications include spficing of the mRNA and capping
of its 5' end, as well as polyadenylation of the 3' end of the messen-
ger RNA (Berk and Sharp, 1978; Philipson et al, 19715 Lindberg and Persson,
1972; Hashimoto and Green, 1976; Gelinas and Roberts, 1977). Early mRNA
sequences found in the cytoplasm are transcribed from both strands of
the viral DNA and are complementary to about 30% of the viral genome
. (Petterson et al, 1976; Wold et al, 1977). Specific DNA fragments of the
adenovirus genome produced by digestion with various restriction endo-
nucleases have been used as-probes for detailed trang&ription mapping
(e.g. Petterson et al, 19}6; Flint et al, 1975; Berk and Sharp, 1977, 1978;
Galos et al, 1979). In addition, electronmicroscopy studies using the
"R Toop technigue" hayg provided high resolution maps of the early viral

genes (Chow et al, 1977). These investigations have defined the early



mRNA as mapping at five non-contiguous regions of the viral genome,

referred to as early gene blocks (see figure 2).
L
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A map of the Ad 2 genome (from Flint, 1977). Solid

indicate early viral gene products; open areas show late pro-

Blocks 1 and 3 are located in the r strand between map units 1

and 76 to 86 respectively.

The 1 strand early gene blocks 2 and

f%und between map units 62 to 68 and 92 to 89 respectively. Galos

(1979) have identified an additional 1 strand early cene sequence

between 11 and 23 map units.

The viral DMNA strands have been de-

signated as r or 1 to indicate the direction of transcription:  the

strand transcribed from teft to right is called the r strand, whereas
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{ts complement, the 1 strand, is transcribed from right to left.

The data presently a 7]ab}e suggest that early af‘ce;.infee—w e
tion, two'families of mRNA are transcribed from early region 1. One
group of mRNA's is specified by the viral DNA sequences between 1.5 to
4¢4‘map units (region ElAj whereas the second family appears to be
coded from the viral ONA éequences between 4.5 and 11.1 map units (re-
~gion E1B) (van-der Eb et.al, 1979; Spector et al, 1978, 19}9;‘Chow et al,
1977; Berk and Sharp, 1977; 1978). In good-agreement with this arrange-
ment of early regizn 1, Wilson et al (1979) have jdentified two indepen-
dent early 1ranscriptionai ﬁro&oters Tocated on the viral DNA at about map
positions 1.5 and 5.0. A third transcriptional promoter is apparently
functional only at Tate times and specifies the late viral structural
protein designated IX (Spectpr et al, 1978, 1979; Petterson and Mathews,
1977): The pattern of mRNA's specified by early regions 2, 3 and 4
appears to be less complex than that found with early region 1. Each
of these early gene blocks contains a single transcriptional promoter
and encodes a.SingHe family of mRNA's (Evans et al, 1977; Berk and Sharp,
1977, 1978; Chow et al, 1977). '

A number of workers have detected Ad 2 or Ad § induced early
ﬁroteihs uéing SDS-polyacrylamide gel electrophoresis to compare in vivo
labelled extracts‘of~mbck aﬁd infected cells (Harter'ggﬁgl. 1976; Saborio
and Oberg, 1976; Neuwald et al, 1977; Chin and Maizel, 1976; Harter and
\ Lewis, 1978). Sjnce host protein synthesis is not shut off early in
infectian, a variety of methods have been used to facilitate detection
of early proteins against the high background of host protein synthesis.

Harter et al (1976), pretreated infected cells with cyclohexamide, while



Chinnadurai*g}_ﬁl (1§77) labelled cells in hypertonic medium. Both these
treatments enhance the synthesis of early adenovirué proteins relative to host -
protein synthesis. Saborio and Oberg (1976) used antisera directed a-
gainst Ad 5 infected cells to selectively immunoprecipitate -early viral
proteins from extracts of infected cells. In general, these studies show
that a relatively large number of proteins are induced early after adeno-
virus infection. For example, Saborio and Oberg (1976) aétected 14 ad-
ditional polypeptides in extracts of Ad 2 infected Hela cells which were
not found in the mock infected extracts. While there is presently no
precise consensus regarding the exact molecular weights, most of these
studies report finding a major polypeptide of about 72,000 daltons, sever-
al proteins between 38,000 and 50,000 daltons, two proteins of approx-
imately 25,000 and 21,000 daltons and a number of proteins between 10,000
and 19,000 daltons. '

‘ Early viral polypeptides have also been identified using cell-
‘free protein synthesizing systems. Using RNA extracted from cells early
after infection, Saborio and Oberg synthesized in vitro 15 early viral-
induced polypeptides, ranging in molecular weight from 10,500 to 72,000.
Lupker et al (1977), have translaied viral coded proteins in vitro
using as template early viral mRNA selected by hybridization to restric-
tion endonuclease fragments of the Ad 5 genome. Lupker and co-workers
found the leftmost 11% of the viral genome {early gene block 1) to code
for a 14,000 dalton protein and four related polypeptides of molecular
weight 38,000 to 51,000. RNA selected by a viral DNA fragment containing
early gene block 1I (map units 62 to 68) coded for a 72,000 dalton poly-

peptide, whereas the rightmost 26% of the viral genome was found to encode
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an early 12,000 dalton protein. In more detailed studies, Lewis et
al (1976) and Harter and Lewis (1978) found early gene block I to code
for a 15,000 dalton profein and several re1ate9,pnoteins of 40,000 to
50,000 daltons, early gene Elock 2 to encade a ?2,000 daltoﬁ protein,
the viral DNA sequences bétween maa units 76 aqg 86 (early region 3)
to-code for a 14,000 dalton protein and early région 4 (92 to 98 map
units) to encode three proteins of molecular weight 11,000, 19,000 and
21,000. Using similar methods, Halbert et al (1979) concluded that
region E1 encoded 6 po]ypeptﬁdes of molecular weight 55,000, 52,000,
47,000, 41,000, 35,000 and 15,000. The early translation map obtained
by Lewis and co-workers is shown in figure 2.

Of the early virus-induced polypeptides described above, only
the 72,000 dalton protein has been well characterized. This viral coded
polypeptide is a phosphoppbtein and unlike some other early proteins
is synthesized in re]atiigiy large amounts both early and late after
infection (Lewis et al, 1976; Levinson et al, 1977; Heuwald et al, 1997).
In addition, the 72,000 da]tdﬁ protein binds specifically to single-
stranded DNA (van der Vliet and Levine, 1973; van der Vliet et al,

1975). The function of the 72,000 dalton protein has been investigated
using an Ad 5 temperature-sensitive mutant; H5ts125, which contains a
lesion in the structural gene coding for this polypeptide. At the non- -
permissive temperature, the ‘72,000 dalton protein synthesized in Hbts-

125 infected C;Ils fails to bind to viral DNA {van der Vliet ggﬁgl,.1975).
Témperature—shifQ‘experiments with H5ts125 suggest that the single-stran-

ded DNA binding protein is required for initiation of viral DNA synthesis



/

(van der Viiet, 1977). The function of other early viral gene products .
is presently unknown.

During the late phase of productive infection, viral DNALsyn-
thesis begins and addjtiona] transcriptional units are expressed. Mes-
senger RNA isolated late in <infection contains sequences complementary
to almost all of the viral genéme (Tibbitts et al, 1974), including
the five early gene blocks. However, transcription of some genes en-
coding early mRNA sequences is "shut off" at late times, suggesting that
RNA's from these genes pers}st in the cell late after infection (Chin-
naderai et al, 1976). The viral DNA sequences expressed as mRNA only
late after infection are shown in figure 2. At least 22 virus-specific
polypeptides have been detected in cells late after infection (Anderson
et al, 1973). The viral proteins synthesizéd during this phase of:infec-
tion are largely str@}tural, destined for assembly in the nucleus into
virion particles. Translation in vitro of mRNA selected by hybridiza-
tion to viral DNA restriction enconuclease fragments has allowed direct
mapping of most late proteins (Lewis et al, 1975) and js also shown in

figure 2.

Adenovirus transformation

Human adenoviruses have been placed in.four groups, A, B, C ahd
D, according to their ability to induce sumors Qhen injected into new-
born rodents and serological activity (Green et al, "1970; McAllister et
al, 1969).  Viruses of group A are highly oncogenic whereas group B

adenoviruses are weakly oncogenic; those of groups C and D are non-ongo-

-
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genic. Subgroup D viruses are distinguished by the fact that they fail
;té induce a~ tumor antigen common to all other groups (McAllister, 1969).
. While only members of two“adgnovirus subgroups possess on;ogenic
potential, members of all human adenovirus subgroups can transform rodent
O cells in vitro (McBride and Weiner, 1964; McAflister et al,1969, Green et al,
\\J970); In general, adenoviruses transform cells that are non-permissive
B &or semi-permissive) for viral replication. For example, the group C
~ adenovirus 2«65& 5 do not efficiently transform hamster cells which are
permissive hosts for both these serotypes (Lewis €t al, 1974; Williams,
1973). Similarly, adenovirus 12 (a member of the oncogenic group A
ageﬁovirhses) effieiently transforms hamster cells which>ére non-per-
missive for replication of Ad 12 (Strohl et al, 1967). It should be

noted however, that cells permissive for adenoviruses can be trans-

formeg~For example, Graham et al (1974, 1977) transformed human embry-

onic Rdney cells by "transfection with DNA fragments obtained from Ad

5 and Williams et .al (1973, 1974) has transformed hamster cells usinQ
A, ‘ : )
tempeyature-sensitive mutants of Ad 5. *

Several lines of evidence jndicate that only a small portion of
éhe viral genome is iqvoTved in the iﬁ?uction and“maintenance of trans-
\{// forﬁation. Using restriction endpnuc]ease fragments of the Ad 5 genome
to transfprm primary rat kidney ce]is, Graham et al (19743 found the
DNA fragment comprising tﬁe Teftmost 8.0% of the viral genome (Hin D
III G fragment) sufficient to initiate and maintain transformation.
Further, Gallimore et al (1974), and Flint et al, (1976) have character-
. ized the viral bNA in a number of adenovirus 2 and 5 transformed rodent

cell 1ines, finding that only the DNA sequences corresponding to the .
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leftmost 10 to 12% of the viral genome were common to a11,transfor@ed

cell lines examined. '~ In agreement with these findings, Flint et al
\ !
(1975, 1976) have examined the transcription of viral DNA in the same
{ .

\t>sé}ﬁes‘of Ad 2 and Ad 5 transformed cell lines.” Viral mRNA’correspon-

#“ding to the ]éftmost 12% 'of the viral genome was expressed ip all trans-

formed rodent cell lines analysed. These observations havel been ex-
tended by'Berk et al (1979) who found both Ad 5 infected and “transformed
cells to express the same family of mRNA's from region E1. Hence, of the
five regions of the viral genome expressed early during lytic infection,
only the 18fﬁm05t region (early region 1) contains- the DNA sequences
specifying tﬁg viral transformation functions.

Identification of the viral polypeptides encoded by the trans-
forming region of viral genome has been the subject of)a number of
studies. As mentioned above, Lupker et al (1978), Lewis et al (1976)

and Harter and Lewis (1978) have shown by cell-free translation that

/—\\i;;zz\\jpe left 11% of the viral genome encodeg‘severa] polypeptides of about

38,000 to 51,000 daltons and a smaller polypeptide d%\hpproximate
mqlecu]ar weight 15,000. Immunoprecipitation of labelled proteins has
also beer useq to identify the proteins specified by early gene block 1.
Gilead et al (1976) used antiserum produced agaiﬁst tumors of an Ad 2-
transformed cell 15ne (F17) to immunoprecipitate extracts of Hela cells
early after infection. Since the F17 transformed rat ée]1 Tine contains
only the leftmost 14% of the viral genome (Gallimore et al, 1974), the
F17 antiserum should be spécific for only those viral polypeptides en-
coded by the transforming region of the viral DNA. This antiserum wa§

found to bind two early adenovirus-induced polypeptides of 53,000 and

. )
[ . A
’
v
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15,000 daltons. In similar studies, Levinson and Levine (1977a, b)
" and Ross g;_gl_(197é) used antitumor sera generated against hamster
. tumors induced by Ad-transformed 14b cells to immunoprecipitate a
58,000 dalton protein frogiﬁf‘s infected and‘transformed cells. Ihe
14b hamster ce11‘1ine expresses only the viral mRNA corresponding to
the DNA sequences»iying within the leftmost 11% of the viral genome
(Flint et al, 1976). In more recent studies, Wold and Green (1979)
used a variety of antisera to immunoprecipitate proteins from adenovirus
2~infected cells. Antisera directed against cell lines expressing all

of early gene block 1 immunoprecipitatéd several polypeptides ofgwle=

cular weight 53,000, 28,000, 18,000, 15,000, 14,500 and 12,000.

Analysis of polypeptides induced early after Adenovirus 5

infection.

Two central objectives underlie much of the research in the
field of tumor virology. These goals are firstly, to identify the viral
proteins involved in initiation and maintenance of transformation, and
ysecond1y, to determine the mechanisms by which such polypeptides induce
transformation. The work presented in this thesis has been directed

towards both these objectives.

A. Identification of Ad 5 transformation proteins.

N

To facilitate identification of the polypeptides specified by

the.transforming region of the Ad 5 genome, host range (hr) mutants of



13

!

Ad 5 were used. [pesé mutants were isolated on the basis of their
ability to replicate in the Ad 5-transformed human embryonic cell line
293 but not in Hela or KB cells (Harrison et al, 1977). The 293 cell
line, developed by Graham et al (1977), contains and expresées as mRNA
the viral DNA sequences contained within early gene block 1 (Graham
g}‘gl,'1977; Aiello et al, 1979). In addition, these transformed human
embryonic kidney cells express adenovirus tumor antigen as detected by
indirect immunofluorescence. (Graham et al, 1977, 1978). Since the 293
cells contain and express the Teftmost region of the viral genome, it
was expected that the host range mutants would be defective in those
functions specified by the viral transformation genes.

The nine host range mutants isolated to date fall into two ~
complementation groups, designated I and II, both distinct from comple-
mentation groups defined by the temperature sensitive mutants of Ad 5
(Harrison et al, 1977). Recombinational analysis indicates that the
group I lesions map within the viral DNA sequences between 0 and 4.5 map
units.(région E1A) and that the group Il mutants map in the region con-
taining the viral DNA sequences between 6.1 and 9.0 map units (Frost and
w1111am§, 1978; Galos and Williams, personal communication). Group I
mutants are defective in viral DNA replication and fail to transform
rat embryo brain cells but will abnqrma]]y transform baby rat kidney cells.
15 contrast,. the group Il mutants synthesize viral DNA but do not trans-
form rat cells (Lassam et _al, 1978; Graham et al, 1978). Interestingly,
human embryonic kidney cells as well as 293 cells fully complement the

group 11 defect (Harrison et al, 1977). ~
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' Ihe problem of identifying adenovirus transformation proteins
was approached by comparing those polypeptides synthesized early after
infection with wild type Ad 5, which is transformation competent, to
those induced by the transformation defective hr mutants. The demon-

stration of differences between the proteins induced early after infec-

‘tion with wild type and hr mutants would help to define those polypep-

tides involved in the viral transformation process. In addition, iden-
tification of such virally induced proteins in cells transformed by Ad
5 would provide fuwther evidence for the association between specific
viral polypeptides and the induction and maintenance of transformation.
Since the hr mutants were used throughout this study, adequate
characterization of these mutants was a prerequisite. The synthesis
of late viral proteins was examined in both hr.mutant and wt infected

cells to detect host range defects during the late phase of infection,

B. Function of the Ad 5 transformation proteins.
S——— ‘

The mechanism by which adenovirus transformation proteins induce
and maintain transformation is presently unknown, however, it is poss%b?e
that these proteins function like the transformation proteins encoded by
other tumor Qiruses. With Rous sarcoma virus transformation requires the
expression of the src gene. As_ghown by Collett and Erikson (1978) the
po]ypepti&e specifijed by the src éene is associated with protein kinase
activity. Protein kinases are enzymes found in all eukaryotic cells which

catalyse the phosphorylation of some acceptor amino acids. This reaction
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is of particular importance since phosphorylation regulates the
activity of many mammalian enzymes (Greengard, 1978). A well known
exahp]e is that of phosphorylase kinase. This enzyme, when itself
act{vated by phosphorylation, catalyses the transfer of phosphate
from ATP to phosphorylase B, an enzyme which catalyses the cleavage
of glycogen to glucose 1 phosphate. In addition to enzymatic modifi-
cation, the biological activity of a variety of other cellular pr&teins
is also affected by phosphorylation. These polypeptides include his-
tones and ribosomal and membrane proteins (Rubin and Rosen, 1975).
Since many cellular actiVities are regulated by phosphorylation the
finding that a viral transformation protein is associated with protein
kinase activity is of significance: Viral transformation could result
from changes in the pattern of cellular phosphorylation induced by
virus associated protein kinase activity. The work presented here
suggests that, like Rous sarcoma virus, products encoded by the trans-
formation region of the Ad 5 genome may also be associated with protein

kinase activity.

/



MATERIALS AND METHODS

I. Cells .

A. Cell lines

The human KB cells used for propagation and assay of adeno-

. virus 5 (Ad 5) were originally obtained from Dr. A. Rainbow. A
number of Ad 5 transformed cells were also used in this, study. Rat
cell Tines 637-C3 and 822-C2 were transformed by infection with wild
type (wt) Ad 5 while 424-C1 was derived from baby rat kidney cells
transfected with sheared Ad 5 DNA. The 424-C1 T1ine has been shown
by Visser et al (1979), to contain DNA corresponding to the entire
viral genome whereas the 637-C3 line contains 25-30% of the leftmost
end of the viral DNA (Martha Ruben, personal communication). The
‘ 12-C8, 889-C1 and 889-C3 rat cell linesjwere transformed with a
&Qra] restriction endonuclease fragment representing the left 8.0%
of the Ad 5 genome (Graham et al, 1974). Rat cell lines 637-1 and
637-4 were transformed by Ad 5 group I host range mutants,_ﬁg_B and
hr 1 respectively (Graham et al, 1978). The 14b cell line was ob-
tained by infecting hamster embryo cells at the restrictive tempera-
ture with the ts 14 mutant of Ad 5 (Williams et al, 1974). This
hamster: cell Tine contains 40% of the left end of the Ad 5 molecule
and expresses only the mRNA corresponding to the sequences from the
leftmost 10% of the viral genome (Flint et al, 1976). The transformed

human 293 cell line was derived from human embryonic kidney cells

16
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transfected with sheared Ad 5 DNA using the calcium techniqueJ(Graham
et al, 1974, 1977). These cells contain and transcribe the left 10-12%
of the Ad 5 genome (Graham et al, 1977; Aiello et al, 1979). The 14b
cells were kindly provided by Dr. J.F. Williams; other Ad 5 transform-
ed cell lines were obtained from Dr. F. Graham. Information on the Ad 5

transformed cell lines used in this study is summarized in Table 1.

\
4
4

B. Cell Cu]tu>§

\
1.) KB and Hela cells. Monolayer cultures of human KB and Hela cells —°
were grown in a modified minimal essential medium (aMEM, Flow Laborator-
ies), supplemented with 5% horse serum or 10% fetal calf serum (GIBCO),
50 units/ml mycostatin (E.R. Squibb), 1.21 mg/ml penicillin G and 100 ug/ml
streptomycin (GIBCO). Cell monolayers Qere subcultured by trypsinization:
cells were dislodged from the glass substrate using 1 ml of 1 x trypsin-
EDTA4$olution (GIBCO) and the resulting qg]] suspension was seeded with
fresh media into sterile 32 oz screw-cap glass bottles. The cells were
~grown in an atmosphere of 5% CO, and 95% air at 37°C.

Suspension cultures of KB cells required for virus purification
and mRNA isolation were maintained at 37°C in suspension medium (Jok-
1ik's modified suspension medium, GIBCO) supplemented with 5% horse
~serum. The cell density of the cultures was kept between 2.5 and 5 x
10° cells per ml by regular dilution witn prewarmed suspension medium.

The cells were kept in suspension with a magnetic stirring bar.

)
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2). Adenovirus Transformed Cells. Adenovirus transformed cells
were:maintained as monolayers on 150 mm plastic petri dishes (LUX).
Cells were grown in suspension medium supplemented with 10% fetal calf
serum (GIBCO). Transformed rodent cells were subcultured by trypsin-
jzation. The adenovirus transformed human cell line 293 was subcul-
tured using an isotonic buffer containing EDTA (0.5 mM EDTA, 136 mM
NaCl, 2.5 mM KC1, 8 mM NapHPO4, 1.5 mM KH2PO4, 1 mM glucose). ,

3). Primary Cultures. Primary cultures of baby rat kidney cells
were obtained from 7 day old Wistar ratsl The rats were anaesthetized
using ether, killed and their kidneys removed. The kidneys were then
minced using scissors in a small volume of phosphate buffered saline
(PBS; 136 mM NaCl, 2.5 mM KC1, 8mM Na,HPO,, 1.5 mM KH,POy,). The sus-
pension of kidney fragments was diluted with additional prewarmed PBS
and placed in a small capped vessel containing a magnetic stirring bar.

. Trypsin-EDTA was added and the suspension agjtéted for 20 minutes at
37°C. Undigested tissue fragments were then allowed to.settle briefly
and the supernatant containing disaggregated cells was decanted into
sterile tubes. The cells were collected by centrifugation in an IEC
centrifuge for 10 minutes at 1,000 x g. The resulting cell pe]iet was -
resuspended in suspension medium supplemented with 10% fetal calf serum
and antibiotics and inoculated “into 150 mm petri dishes. Secondary
cultures were obtained by treatment with trypsin—ED]A. Both primary

and secondary cultures were maintained in suspension medium supplemented
as described above. Human embryonjc kidney cells, kind]y supplied by Dr.

F. Graham, were maintained like the secondary baby rat kidﬁey cells,
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I1. Virus

A. Virus Strains

The wild type strain of Adenovirus 5 (Ad 5) and the Ad 5 host
range mutants used in these studies were provided by Dr. F. Graham. The
isolation and properties of the Ad 5 host range (hr) mutants have been
described in the introduction. Information on the Ad 5 hr mutants is

also summarized in-Table 2.
B. Viral Infection

1). Suspension Cultures. Suspension cultures were used for the pre-
paration of Ad 5 wild tyﬁe virus. KB cells growing in suspension (about
3 litres) were collected by a 10 minute centrifugation at 500 x g in an
IEC centrifuge at 20°C. One hq]f of the suspension medjum was saved to
be used later as conditioned mediun; The cell pellet was resuspended

in fresh Joklik's MEM at a concenfration of 1 - 2 x 107 cells per ml, and
the cells were infected by addition of purified adenovirus at a multi-
plicity aofcinfection 2MOI) of 5 plaque forming units (PFU) per cell. The
infected cultures were then agitated at 37°C for 96 minutes. After ab-
sorpfion the cells were diluted to their original volume, using 50% con- -

ditioned medium and 50% fresh Joklik's MEM supplemented with 5% horse

serum and the 37°C incubation continued.

2). Monolayer Cultures. In most experiments about 1 - 2 x 107 KB

cells grown to confluency in 32 oz glass bottles were used. The monolayer



growth medium was removed and the cells were washed 'once with fresh
Joklik's MEM. The cell monolayer was then inoculated with 0.5 ml of
virus appropriately diluted in Joklik's MEM or PBS. Thirty minutes
after infection, 30 m! of aMEM supp]eménted with 5% horse serum was

added per bottle,
C. Purification of Wild Type Virus

Wild type adenovirus 5 was purified by the method of Green and

Pina (1953)- Adenovirus 5-infected suspension cultures of KB cells
were harvesged 48 hours post-infection by centrifugation in an IEC cen-
trifuge at 500 x g for 10 minutes. The resulting supernatants were de-
canted and t%e cell pellet suspended in 50 ml of 100 mM Tris buffer

(pH 8.1). The suspensionCWas then frozen at -70°C until convenient

to continue the preparation. After thawing in a 37°C water bath, the
suspension Qas sonicated (Bisonic III, setting 30) in 7.0 m! aliquots
for three 10 second bursts. An equal volume of Freon 113 (Matheson)
was then added and this material was homogenized for 1.0 .minute in a
Sorval omnimixer (setting 7.5). The homogenate was then centrifuged in
an IEC centrifuge for 2 minutes at 1,000 x g. The virus containing
supernatant was removed and placed in a cold 250 ml gréduated cylinder
and the remaining Freon phase re-extracted twice with 20 .ml of 100 mM
Tris (pH 8.1) as described above. The supernatants were poo]ed,{hgyred
into a buret and slowly dripped into Beckman 1" x 3-1/2" ultracentri-
fuge tubes containing 7.0 m1 of CsCl Tris buffer 1 (100 mM Tris, pH 8.1,

e .
1.43 gm/m1 CsC1). This material was then centrifuged in a Beckman type

ey
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SW-27 rotor at 50,000 x g for 90 minutes. After centrifugation, the
supernatant was removed by aspiration, leaving the opalescent virus
band on top of the CsCl cushion. This viral material was collected
using a pipette, adjusted to a density of 1.34 gm/ml using crystalline
CsC1 and centrifuged in a Beckman type 65 rotor at 70,000 x g for 20
hours. Aféer centrifugation the virus band was collected, resuspended
in CsC1-Tris buffer 2 (100 mM Tris, pH 8.1, 1.34 gm/ml CsC1) and again
centrifuged for 20 hours at 70,000 x g. The virus band was collected
and the concentration of virus was estimated by measuring the absorbance
at 260 nm. An absorbance of 1.0 at 260 nm is approximately 3,5 x 10!
particles per ml (Mak, 1971). The purified virus was diluted to about
:;53° pfu/ml with an appropriate volume of Tris-buffered saline (136 mM

\NaCT, 5 mM KC1, 1.5 mM Na;HPO., 12 mM glucose, 50 mM Tris, pH 7.5,

* 30% glycerol) and stored at -70°C. About 20 Ad 5 virus particles is

equivalent to 1 pfu (I. Mak, personal communication).

I11. Radiolabelling of Cells

At the appropriate time post infection, the growth medium was

21

removed from the infected KB or HelLa monolayers (about 1 - 2 x 107 cells)

and the cultures were washed twice with PBS. One ml of prewarmed mefhion-

ine-free medium containing 30 uCi of” **S-methionine (Amersham, specific
activity 350 - 1,400 CimmoV}) was added to each bottle and the cells
were incubated at 37°C. Every 30 minutes the bottles were gently rocked

to evenly distribute the labelled medium. After the required labelling

‘period, the cells were scraped from the glass surface with a rubber police-

-

. man, suspended in 10 ml of PBS, and centrifuged in an IEC centrifuge at
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1,000 x g for 10 minutes. Samples were then either prepared for immuno-
precipitation or- for subsequent analysis by polyacrylamide gel electro-
phoresis. In the latter case, the cell pellet was suspended in 100 ul
of sterile water, sgnicatéd, and 100 pl of TSM buffer (100 mM Tris, pH
7.3, 100 mM NaCl, 5 mM MgCl:) containigg 50 ug/ml of DNase was added.
After incubating for 30 minutes at 37°C the samples were solubilized by
addition of 200 pl of 2 x electrophoresis sample buffer (1.25 M Tris,
pH 6.8, 20% glycerol, 0.002% brompheno] blue, 4% 2-mercaptoethanol,
4% SDS).

Iv. Immunoprecipitation

Ed

To detect **S-methionine labelled antigens synthesized in vivo,
three different antisera were employed. Two antitumor sera were pbtained
from hamsters bearing tumors induced by either 14b or 297-C43 cells. The
14b cell line has been described above. The 297-C43 line was derived by
transformation of hamster kidney cells with sheared Ad 5 DNA (Graham et al,
1974) and contains the viral DNA sequences from 0 to 23 and 32 to 52 map
units (Visser et al, 1979). The antitumor sera obtained by pooling sera
collected from 10 to 20 hamsters were kindly provided by Dr. F. Graham.

The P antiserum, kindly supplied by Dr. W. Russell, was prepared in rabbits
against Ad 5 infected RK 13 rabbit cells and is directed against early Ad
5 proteins (Russell et _al, 1967). In addition, non-immune hamster and rab-
bit sera obtained from normg] animals were used as controls.

Extracts from about 1 - 2 x 107 infected KB cells 6r about 10% Ad
5 transformed cells were immunoprecipitated using the above sera. Two

immunoprecipitation methods were employed:
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1) Double antibody Jdechnique: labelled cells were washed twice by
centrifugation with PBS and to the final cell pellet one.ml of ice coid
precipitation buffer (20 mM Tris pH 7.5, 1.0% NP40 1.0% sodium deoxy-
cholate, 150 mM NaCl, 0.2% SDS) was added. The samples were then stored
at -70°C until convenient to continue the preparation. After thawing in
a 37°C water bath, the suspension was frozen and thawed twice, sonicated
three times-for 15 seconds (Biosonik IlI, setting 30) at 4°C and then
centrifuged at 26,000 x g for 20 minutes in a Sorvall centrifuge at 5°C.
The supernatant, used as the antigen source, was placed in a 1.5 ml A
Brinkmaﬁ centrifuge tube’'and incubated with one of the antisera described
‘anve for 12 hours at 4°C. An IgG directed against the first IgG (goat
anti-rabbit or rabbit anti~hams£er from Cappel Laboratories, Cochranville,
Pa.) was adged at equivalence and incubated for a further 12 hours-at 4°C.
(Equivalence was crudely determined b& reacting a constant amount of the
first antibody with varying concentrations of second antibody. The propor-
tion of second antibody to first antibody which gave rise to the largest
visible immbnoprecipitate\was taken as equivalence). The precipitat; was
sedimented at 2,000 x g in an IEC centrifuge for 20 minutes at 4°C and
washed twice with cold precipitation buffer. The antigen-antibody pellet
was then dissolved in 30 pl of 0.1 M NaOH, precipitated with 1.0 m1 of
cold 10% trichloroacetic acid, washed with ethanol_ and solubilized in 2 x
electrophoresis sample buffer. '

2) Protein A-Sepharose technique: using 3 method si;ilar to that
of Schaffhausen et al, (1978) labelled cells were washed twice with cold
PBS, riﬁsed with cold buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl,
1 mM CaCl,, 0.5 mM MgCl,, and 10% giycerol (v/v) and then lysed in the
same buffer containing 1% NP40 (v/v) (NP40 lysing buffer}, After in-
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cubating the cells at 4°C for 20 minutes, nuclei were removed by ceniri- <
fugation at 10,000 x g for 20 minutes at 4°C in a Sorvall centrifuge.. The
supernatant was then centrffuged again at -10,000 x g for 20 minutes. The
resultant supernatant was placed in a 1.5 ml Brinkman centrifuge tube and
combined with 10 p1 of appropriate antiserum and 250 ul of equilibrated

protein A—gepharose CL-4B (Pharmacia) diluted 1 to 10 with NP40 lysing

‘buffer. After incubating for between 2 and 6 hours in the cold with con-

V. Protein Kinase Assay B
’ s B

stant mixing, the Sepharose beads with bound antibody were pelleted by

- centrifugation at 30 x g for 1.0 minute at 4°C in an IEC centrifuge, washed

3 times with ice cold 100 mM Tris (pH 8.0) containing 200 mM LiCl and 0.1%
2-mercaptoethanol, and fina11& suspended in 100 pl of 2 x e]ectroéhoresis
sample buffer.

In some experiments using the protein A-Sepharose technique, nuclei
were also analysed. Fo]]owing.fracpionatibn of the nuclei and,cytoblasm,
200 pl of ice cold double antibody 1y§is buffer was added to the nuclear
pellet. The samples were then frozen, thawéd; sonicated and finally cen-
trifuged at 26,000 x g for 20 minutes in a Sorvall centrifuge at 4°C. The
supernatant was removed, made up ta 1.0 ml with NP40 lysing buffef, com-
bined with antibody and protein A—Sépharose and”incubated and washed as

described above.

-

- >

S

A. Immunoprecipitation for Protein Kinase Aséﬁy
tl R '

-

In general, about 1 - 2 x 107 KB cells or 10° adenovirus trans-

formed cells were used for each protein kinase assay. Adenovirus 5

\



‘components used in the assay.
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infected KB cells were harvested 9 or 12 hours post infection. Imunopre-
cipitates were obtained with‘nnmm] hamster or 14b ant%gerum using the
protein A-Sepharose technique. The protocol used was identical to that
described aQove for the detection of labelled viral antigens from infected
cells except for the fo]]owing modifications. The pH of the NP40 lysis
and wash buffer was changed from 8 to 7 since the pH optimum for the protein
kinase activiiy was found to be 7.0 (see Results). ' In addition, after
the final, LiCl wash, the beads were washed twice with cold 1mM Tris (pH
7.0) containing 150 mM NaCl, and.processed as described in the following

section.
B. Assay for Protein Kinase Activity

In most experiments, the washed protein A-Sepharose beads with
bound immune comp]ex were assayed for protein kinase activity in a final
volume of 50 p] containing 40 mM MES and 50 g;:JgC]z Usually 75 ug of
arginine-rich histone (Sigma) which had been boiled for 10 minutes just
prior to use was also presenti In some experiments cyclic AMP or cyclic
GMP was also added at various ’oncentrationé. Prior to incubation, all

Wire held on ice. The reaction mixture was

preincubated\for 2 minutes at 30°C, (y-32P) ATP (New England Nuclear)

. and un]abe]]e&\ATP was added to a final concentration of 7.5 yM and a

specific actiy?;y of 250 Ci/nmole, and the samples were incubated at 30°C

for from 30 SSCQEEE“PO 10 minutes., The reaction was terminated by the

addition of an equal volume of 2 x electrophoresis sample buffer and the \\‘L\//"/ﬁ
samples were boiled for several minutes. Aliqudts of the boiled samples .

(usually 10 1) were removed for measurement of radioactivity and for SDS-

PAGE.

S
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C. Measurement of 32P Incorporation in Immunoprecipitates

The reactions Were centrifuged for 5 minutgs at 1,000 x g to pellet
the protein A-Sepharose beads. Two 10 ul aliquots of reaction super-
natant were‘removed from éach sample and combined with 400 ug of bovine
serum albumin and 5 ml of ice-cold 5% trich1oroaéetic acid (TCA). After
lhhour on ice, samples were centrifuged for 10 minutes at 400 x g at 4°C.
The peliets were dissolved in 0.2 m]l of 1.0 N NaOH and combined with 5 ml
5% TCA. The precipitate was collected by centrifugation, solubilized in
NaOH and subsequeﬁtly precipitated with TCA. The final precipitates were
coi]e;ted by filtration through glass fibre filters’'and the filters washed
with 20 ml of 5% TCA and 10 mi of 95% ethanol. After air-drying the
filters, the amount of radiocactivity présent was determined by liquid
scintillation coﬁnting. Counts from duplicate samples generally differed

by less than 12%. Phosphate incorporation in fmoles (10 !% moles) was

calculated from the amount of radioactivity present.

VI. SDS-Polyacrylamide Gel Electrophoresis

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using the discontinuous buffer system described by Laemmli (1970). The slab

gel apparatus used is similar in design to that shown by Studier (1973).

‘Gels were formed as slabs 1.0 mm thick andA150 or 180 mm long. The running

gel contained either 15 or 18% acrylamide, the stacking gel 4.5% acrylamide
and the ratio of acrylamide to bisacrylamide was_30:0.19. Samples were
prepared for electrophoresis by boiling in 2 X'sample buffer. Electro-

bhoresis was. generally for 16 hours.at 70 volts.

.
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After electrophoresis the slab gels were stained, destained and in
most experiments using 3°S-methionine a fluorographic technique was employed
to increase the sensitivity of autoradiography (Bonner and Laskey, 1974).
Kodak X-ray film (PR/R-Z, X-Omat) was used for autoradiography.

In some experiments the radioactivity present in specific protein
bands in the gel was quantified by excising the band from thé gel and
placing it in a scintillation vial containing 0.3 ml of H,0,. After incu-
bation overnight at 37°C, 10 ml of anif]uor (New England Nuclear) was ~
added to the digested gel fragment{ and the radioactivity present determined
by 1iquid scintillation counting. A second method made use of the Joyce
Lobel MKIII CS double beam recording microdensitometer. The appropriate
bands in the gel autoradiograph were scanned and the relative radioactivity

estimated from the peak areas.

A, Y
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RESULTS

I. Late Viral Protein Synthesis: Virus-specific polypeptides

synthesized in Hela cells."late after infection with wild type

" and host range mutant adenovirus. =

To gain an understanding of the viral gene functions‘affected by
the host range (hr) lesions the synthesis of late viral structural po]y:
peptides was first investigated. Hela cells were infected with adenovirus
5 (Ad 5) wild type (wt), group I mutant hr 3 or group II mutant hr 6 at a
multiplicity of 5 plaque forming units (PFU) per cell, and labelled for 1
hour with 3%S-methionine at 24, 36 and 48 hours post infection. Cellular
extracts were then prepared and analysed on SDS-polyacrylamide slab gels
(Figure 3). In extracts from wt infected cells, -a number of late viraf
polypeptides are observed, eg. hexon, III, V, VI, and VII, which clearly co~
migrate with the polypeptides from purified *3S-methionine labelled Ad 5
virus particles. With the group II mutant‘h[‘ﬁ, some late viral product§
are seen, though in reduced amounts relative to wild type. In group I
mutant hr 3 -infected cells, synthgsﬁ; of late virus specified polypeptides
appears 1;rge1y blocked s{nce even 48 hours post infection no viral struc~
tural proteins can be discerned.

Synthesis of two of the late viral proteins seen in figure 3 was
quantified (see figure 4). The bands corresponding to hexon and to protein
VII and its précursor pVII were excised from the gel, and théir radio-

‘.agtivities*determined as described in the Materials and Methods.L.Ih ex-

tracts from y;yiﬁfected cells, production\of hexon declined 36 hours after

29
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Figure 3. Autoradiograph of gei électrophoresis patterns of
355—6ethionine-]abe11ed extracts from infected HeLa cells. Confluent
-.cultures of Hela cells were infected at an moi of 5 pfu/ce]i with wt
or hr mutant adenovirus and Tabelled for 1 hour with 35S-methi‘;nine

at 24, 36 and 48 hours post iﬁfection. After labelling the cells were
harvested and ﬁrepared for electrophoresis as described in materials
and methods. M, extract of mock-infected cells; WT, extracts of wt-

" infected Hela cells; hr 6, extracts of hr 6-infected cells; and hr 3,
extracts o% hr 3-infected cells. In this and subsequent figures, V

represents a 3°S methionine labelled Ad 5 virus marker.
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Figure 4. Radioactive incorporation into polypeptides VII and

PYII and hexon. The amounts of radicactiye label ip these polypeptides
vere determined by Cutting the appropriate bands from the S0S-poly-

acrylamide gé] shown in figure 1 and soluﬁﬁlizinq them in hydrogen

Peroxide. Aquasoi (New England Nuclear) was then added to each sample -
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infection, whereas incorporation into PVII + VIf declined abruptly after
24 hours. With hr 6, synthesis of hexon continued to increase while pro-
duction of PVII + VII declined slightly durihg the course of the experiment.
In addition, synthesis of PVII + VII in hr 6 infected Hela cells was sig-

nificantly less than that seen in wt. The group I mutant hr 3 fnduced no

significant synthesis of these polypeptides.

Toa
II. Early Protein Synthesis
A. .Immunoprecipitation of proteins from adenovirus 5 wild type and host

range mutant infected KB cells using the douhle antibody technique.

‘ Since the hr lesions map within early region I, it was possible that
in infecting non-permissive cells they might be defective in the production
of certain early polypeptides. Preliminary studies indicatgd that_eér]y after
infection few viral-specific polypeptides coh]d be observed against the back-
ground of host protein synthesis. To detect early viral proteins relatively
free of contaminating cellular proteins immuné%recipitation was used. In
initial experiments, immpnoprecipitation was performed using the double anti-
body method with three different antisera, P antisera; a gift from Dr. W.C.
Russell, was generated jn rabbits and is directed against early Ad 5 proteins.
Two tumor.antisera'directed against the Ad 5 transformed hamster cell lines

14b and C43 were also used. The 14b antiserum is of particular interest,,

"since as described above, this antiserum should be specific for proteins

encoded by the transforming region of the Ad 5 genome. Results obtained with
1dL and C43 antisera were always identical and in later experiments only 14b
antiserum was used.

Details of the double ahtibody immunoprecipitation method have been
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described in theMaterials and Methods. Briefly, KB cells were infected

with wt or hr mutant adenovirus at a moi of 35 pfu/cell and labelled with
35S-methionine 7 to 9 hours after infection. A soluble cellular extract
was prepared, incubated with the appropriate antiserum, and the resulting
complex precipitated by the addition of a second antibody directed against_
the first. The 1abql1ed immunoprecipitate was then analysed by SDS-poly—
acrylamide gel electrophoresis (SDS-PAGE) and the radioactive proteins 1.
1den£ified by autoradiography.

Figure 5 shows an autoradiograph of 3°S-methionine labelled antigens
from mock and wt Ad 5 infected KB.cells immunoprecipitated with P, 14b or
C43 antiserum. A number of polypeptides are nonspecifically immunopre-
cipitated by all antisera from mock’infected cells, but additional pro-

teins with distinct mobilities are seen as major bands in extracts from

' productively infected cells. With the wt infected extracts P antiserum

binds predominantly a protein of 72,000 daltons and smaller amounts of
67,000 and 44,006\da1ton poiybeptides. Two other adenovirus-specific
antigens of 58,000 and 10,500 daltons were also immunoprecipitated. De-
tection of these last two profeins with P antiserum was variable (see
figuré 5b) and appearéd dependent on the batch of serum used. The 14b'
and C43 antisera both immunoprecipitated the 58,000 and 10,500 dalton pro-
teins from infected cell extracts. ‘
Radiolabelled polypeptides immunoprecipitated from cells infected
with the grouprl mutanf hr 3 or group II mutant hr 6 are shown in figure
5b. With both‘mutants, synthesis of the 72,000, 67,000 and 44,000 dalton
po]ypeptides‘is similar to that seen with wt. However, the 14b and C43
antisera which precipitate the 58,000 and 10,500 dalton p}oteinsﬁfrom wt

infected cells, bound only the 10,500 dalton protein from extracts of hr
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Figure 5. Imuunoprecipitation of 3°S-methionine Yabelled p&]y-
peptides from KB cells infected with Ad 5 wt or hr mutants by the
double antibody method. KB cé]]s Qerg infected at an moi of 35 pfu/
cell and labelled with *°S-methionine from 7 to 9 hours post infec-
t;on. Extracts were prépared and iﬁmunoprecipitated by the double
antibody technique as described in materials and methods. For each

cell extract, three different immunoglobulins were used in the first

step of immunoprecipitation as indicated, namely P = rabbit P anti-

serum; 14b = hamster 14b tumor antiserum; C43 = hamster C43 tumor anti-

serum. Material from approximately 2 x 10° cells was loaded into each

of the wells.

Figure 5a: Mock infected, or infected with wt Ad 5;
Figure 5b: Infected with group II mutant hr 6 or group I mutant
nr 3. .

{ S
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6 infected_KB cells, In contrast, the 58,000 dalton po1ypeptidé was
immunoprecipitated from group I mutant infected cell extracts but 1ittle ]
10,500 dalton protein was detecfed relative to that seen with g;‘s or
Wt

Figure 6 shows the results of analysis of proteins from.cells infec-
ted with additional hr mutants. Figure 6a compares immunoreactive pro-
teins induced by wt and three group IImutants._ Two of these mutants, hr
7 and hr 50, failed to induce any immunoreactive 58,000 dalton polypeptide.
Infection with hr 51 did result in the production'sf ihe 58,000 dalton |
protein but in amounts greatly reduced relative to that seen in wt
infectéd extracts. The amount of 10,500 daltoﬁ protejn'seen immunopre-
cipitated from group II mutant infected extracts is similar to that‘found
a%%er wt Ad 5 infection. Figure 6b shows results obtained with four dif-,
fereﬁt group I mutants. A1l produce-an immunoreactive 58,000 dalton pro-.
tein and three of the mutants show, the 10,500 dalton protein at levels much
Tower than those observed with wt or the group II mutants. More of the
10,500 datton protein was precipitated from hr 4 infectedece11 extracts
than from the other group I mutants. Much of the 10,500 dalton protein
produced in hr 4 infected cells may be due to leakiness, since J. Williams
\(personaI communication) has found this mutant to be less defective than
otﬁer host range mutants of this complementation group.

In several experiment§ the amount of immunoprecipitablé 10,500
daltoq protein in wild type and”group I mutant hr 3 infected cell extracts
was duantified by mi crodens i tometer scanning. The‘aﬁdunt of 10,500 dalton
protein observed after hr 3 infection was found to be consistently less

than 18% that of wild type.
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Fi?ure 6. . Autoradiograph of gel electrophoresis patterns of
355-methionine Jabe]]ed‘antigénsJ§mmunoprecipitated using the double

antibody method from KB cells infected with wt, aroup I or group II

(/“ mutants. Figure 6a shows results obtained using wt, hr 7, hr 50 and

ﬂg 51. Figure 6b shows resu]ts obtained using hr 1, 2, 4 and 5

Exper1menta] detéfﬁs and symbols are the same as in- quure 5.
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B. Immunoprecipitation of polypeptides from wild tyee'and host
range mutant infected KB cells using the protein A-Sepharose
method. - |
A second widely used method for immunoprecipitating 1abe11ed anti-

gens is tHe protein A-Sepharose method. To confirm the results obta1ned

with the double antibody method the experiments descr1bed above were
repeated and additional studies carried out using this second technique:

In these experiments KB cells were infected and labelled with *5S-methjo-

niee as desceibed abave for the double antibody technique. The cells were

then harvested, and fractionated into cytoplasmic end nuclear material.

In most experiments the cytoplasmic fraction was used as the antigen source

and 1ncubated with the appropriate antiserum. In place of the seeond anti-

body, protein A-Sepharose beads were used to bind the antigen- ant1body com-
plex. After washing the beads? the precipitates were analysed on poly-
acrylamide gels as before; " )
| Figure 7 compares results obtaineg usihg either the doup]e anti--
body or the protein A-Sepharose technique. With one significant excep-
tion, the results obtained with the two,proceduresuwere very similar. In
bath Easegz P antisera bound the 72,000,\67,000 and 44,000 dalton poly-
peptides and the 14b antiserum bound the 58,000 da]ton protein. However,
only w1th the double antibody techn1que was the 10,500 dalton po]ypept1de

immunoprecipitated by either serum. Fallure of the protein A-Sepharose

‘method to 1mmunoprec1p1tate the 10,500 dalton protein was not a consequence

of the extract used for 1mmunoprec1p1tat1on since this polypept1de was not
precipitated with this method from either cytoplasmic or nuclear extracts

(see figure.i4). The inabi]ity of the pfotein A-Sepharose method to immuno-

~
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Figure 7. Immunoprecipitation of labelled polypeptides from

‘infected KB cells using either the double antibody or protein A-

Sepharose technique. KB cells were mock infected (MOCK), or infec-
ted with Ad 5 wt (WT), group II mutant hr 6 (HR 6), or group I mutant
hr 3 (HR 3). The cells were infected at an moi of 35 pfu/cell and

Tabelled with *°S-methionine from 7 to 9 hours post infection. Double

antibody and protein A-Sepharose immunoprecipitations were as described

in materials and methods. R and H refer to immunoprecipitations using

. normal rabbit or normal hamster serum, respectively. Other symbols

are the same as in figure 5.
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precipitate the 10,500 dalton polypeptide is the major difference between §

this technique and the double antibody method. ,
Since thé 10,500 Ha1ton protein was not jmmunoprec{;itated'by* )

the protein A-Sepharose method, it is possible that this protein was

immunoprecipitated nen-specifically using the double gptibo&y method.

This is.also suggested by the fact that, as sthn in figure 7, the ]0,500

dalton protein was immunoprecipitated to a small extent by non-immune t

hamster serum but to a greater extent by non-immune rabbit serum. Further-

more, different batches of non-immune rabbit or hamster sera immunopre-

cipitated varying amounts of this polypeptide, a]thgugh in amounts less

than when immune sera was used (data not shown). In an effort to deter-

mine whether the'10,500 dalton protein was immunobrecipitated non-spe-

cifically, immunoprecipitates were prepared using the double antibody

method and washed with buffer containing concentrations of NaCl from 150

mM (the amount normally present in the wash buffer) tq 1.0M. The effect

of a high salt bﬁffer should be that of preferentially removing non-specifi-

cally bound material. Results from an 'experiment of this kind using P,

non-immqne rabbit and 14b sera are shown in figure 8. It is apparent

that even at the highest salt concentration used, no selebtiée reduction

of the 10,500 dalton protein relative to therther Ad 5 induced polypeptides ’

such as thed 58,000 and 72,000 da]éon polypeptides was observed. Hence

this data is inconclusive and does not indicate whether or not the 10,500

dalton protein is specifically bound by antiﬁodies in the 14b antiserum,.
Figures 9 and 10 show Tabelled aﬁtigens immunoprécipitated using

the protein A-Sepharose method from ce]Js‘ihfe;téd with hr mutan;é.

As befére, group 1I mutants failed to induce the synthesis of an immuno-

rea&%ﬁve 58,000 dalton protein (52_6: figure 9 and hr 50, figure

-

« o~

.
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Figuré 8. Immunoprecipitation of 1abe1‘1ed proteins from wt Ad 5
infected KB tells using the doub']e aniiBody method. Experimental e
dgtaﬂs arefas described in figure 5 except that the labelled ijmmuno-
precipitates were washed with buffer containing‘increasingly higher

salt concentrations: A, 0.125 M NaCl; B, 9.25 M NaCl; C, 0.5 M NaCl; .

D, 1.0 M/NaCl. The other symbols are the same as in figure 7.
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Figure 9. . Immunoprecipitation of labelled po]ypeptides from wt,
__977___ wt

hr 3 and hr 6 infected KB.cells using the protein A-Sepharose technique.

The expérimenta](detaiTs and symbols used are the same as in figure 7.
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Figure 10. Immunoprecipitation of labelled polypeptides from wt

or hr mutant infected KB cells using the protein A-Sepharose technique.
Hr 1 and hr 4, KB cells infected with group ‘I mutants; hr 50 and hr 51,
KB cells infécteq with group Il mutants. The experimenta% details and

symbols used are the same as in figure 7.
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10) or produced it at very low levels (hr 51, figure,10). The major
immunoreactive proteins detected in wild type infected cells, hame]y

the 72,000, 67,000 58,000 and 44,000 dalton protéins were also obser- ‘ - j
ved in cells infected with group I mutants. When extracts of wild type ﬂ
infected ce{ls were 1mmu60precipitated with non-iﬁmune hamster sérum,
no 58,000 d&lton prg}ein was ogserved but some of this protein was
detected with non-jpmune rabbit serum.

Synthesis ;§ the 58,000 dalton Bo1ypeptide in grgup I hr 3 mutant
and wild type infected cell extracts was quantified by microdensitomgfﬁy“
in a number of experiments. With the protein A-Sepharose method the
amount of this antigen immunoprecipitated from hr.3 infegfed cell ex-
tracts was about 20 to 65% that of wild type. Slightly higher valjues were
obtained when the double antibody technique was used.

In additioq to the major immunoreactive polypeptides discussed

¢ , :
above, two minor virus-specific polypeptides were frequently detected ‘in

immunoprecipitat;s usingtihe protein A-Sepharose technique. Firstly, a
po]ypeptiae of ﬁo]ecu]ar weight 25;000 galtons.was often observed in wild
type iﬁfected extracts immunoﬁrecipitated witﬁ 14b antiserum (visible in

" figures 9, 10, 15, 20 and 21). This polypeptide was ﬁot detected in im-
munoprecipitates from group I or group II host range mutant infected KB
cells nor was it bound by any non-jmmune serum. Secondly, a 15,000 déltqn‘
protein was often detected in immunoprecipitates from group II mutant
infeqﬁed extracts obtained using }4b antiserum. This protein, which fre-
quently migrated as a'doubiét,lis seen in figures 9, 10, 11 and 15. With
prolonged exposures some 15,000 dalton protein Qas also occasionally.

detected in extracts of ygfinfected cells though in amounts reduced rela-

tive to.that seen with group II mutant infections. o ‘

A it s Wy
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C. Time of appearance of the adenov1rus 1nduce alypeptides ‘

A1mmunoprec1p1tated by P, and 14b ant1sera ™

( To determine when the immundyeac}ive polypeptides described in
the previous sections'were‘s&nthesized, KB‘;ells infected with‘Ad 5 wild
type, hr 3 or‘thG were labelled with 3?S-meth}'om‘ne 3-878-13, 13-18 or
18-22 hours’ post infectidn. Cytoplasmic extracts were prepared'after the

labelling period and immunoprecipitated'with P;o? 14b antiserum by the

_protein A Sepharose method Figure 11 shows the immunoprecipitated poly-

peptldes separated by SDS- polyacry]am1de geT electrophoresis. The major

* Ad 5 specific ant1gens of mo1ecu]ar we1ght 72,000, é§§000 and 44,000 were

"first detected 3-8 hours post infection and were also synthesized late

(18-22 hours) after infection. The 58,000 dglton protein, while not immuno-
precipitated from'gﬁ,G infected cell extracts, was synthesized in wild type
and hr 3 infected ce]]s during all the labelling periods used. The minor

15,000 dalton protein is c]ear]y seen in extracts from group II mutant hr

6 infected cells, but 1ts synthesvs appears retarded relative to the major

immunbprecipitated polypeptides, with maximal production occuring 13-18

hours after 1nfect1on, A sma]l amount of this protein Was~also,immunopre-f
~—

’ c1p1tated from w11d type infected cell extracts. The 25,000 dalton poly--

peptide was detected on1y from wild type 1nfec§ed cells and its synthesis
d’;)1ned after ‘the first 1abe1]1ng perlod Non-1mmune hams ter serum did
not, react with any vzraltf vnduced prote1ns, but a small amount of the

58,000 da]ton prote1n was 1mmungprec1p1tated with non-immune rabb4;/serum

from w1}d type 1nfected cells }aPelled 8-13 hours after 1nfection. None

" of these proteqns ‘were detectei<jn mock 1nfeeted cells 1mmunoprec1p1tated
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-Figure 11. Time of appearance of tabelled polypeptides immunopre-
cipitated from wt, hr 3 and hr 6 infected KB cells using'the protein.
A-Sepharose method with P‘or‘14b-anti§erﬁm. Infected cells were labelled
with 358-hetﬁionine between. 3-8 (A),r8-13 (B), 13-18 (C) or 18;g2 (D)
hours after'infection., Figure 1la shows immunoprecipitates‘from wt
aﬁd group II mutant hr’6 infected ce11'extracts‘d Figure 11b shows im-
munéprécipitafes from groﬁp I mutant hr 3 infected cell extracts. The
wt infected cell extracts immunop%ééipitateé with ﬁon~immune gééa were,
labelled with ¥5S-methionine from 8-13 hours post i;fection. The symbols
"

»

used are the same as in figure 7. - . 3 . $
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These data- suggest that the major viral specific proteins de-.

tected by 1mmunoprecip1tat1on are early proteins since they were ob-

served by 3-8 hours after infection, a time period which precedes most

viral DNA rep]ication (Green §1L313‘1970). In agreement with these
results, the majdt immunoreactive proteins described‘here vere also de~‘
tected in infected KB cells treated with cytosine arabinoside to prevent
viral DNA synthesis (see figure 15).

Synthesis of the 72,000 and- 58,000 dalton proteins shown in

‘figure 11 was analysed by microdensitometry. Figure 12 compares the amount

4 of 3%s- labelled 72,000° da]ton prote1n 1mmunoprec1p1tated from extracts of

wt, hr 3 and hr 6 1nfected ce11s as a functton of time post infection.
With wild type, synthesis of the 72,000 da]ton protein rises abruptly
between 3-8 and 8-13 hours qbst infection. After 13-18 hours, its pro-

duction declines and by 18-22 hours incorporation'qf 3SS-methionine into

“the 72,000 dalton protein is reduced to the levels observed at the earliest

time interval. Synthesis of the 72,000 dalton antigen in cell extracts

infected with group II mutant, hr 6 parallels that seen with wild type

extracts but appears to be overproduced relative to wild type. Early after

infection, the group 'l mutant hr 3 induced less 72,000 dalton protein than ‘
either Wild type or hr 6 and only late 9in infection does’ the synthesis of

the.72,000 dalton protein tise to the levels observed.with wild type. Syﬁ-.
thesis of the 58,000 dalton protein in the wild type and hr 3 infected el

extracts is shown in figure 13, With wild type 1nfectlon synth851s of this pro-

o5

te n was maximal 8- 13 hours post 1nfect1on and declined thereafter In-
hr (3 infected cells, less of the 58,000 da/tonenrote1n was synthesized “

#hd maximal productwon was delayed, occuring 13-18 hours after infection.
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3 and hr 6 i nfected cells. The relative areas under densitometer scans
of appropriate ‘b"ands‘ in thé autoradiographs in figure 11 were used aka
measure of the incorporation of *5S.methionine into the 72,000 dalton
antigen. - WT (©—0); hr 3 (B-A); hr 6 (6-0), o |
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" Figure 12. Time pf appearance of the 72,000 dalton an@i gen in wt, hr .
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"Figure 13. Time of appearance of the 58,000 dalton antigen in wt
and hr 3 infected cells. The relative areas'ﬁnde‘r densitometer scans
pff épﬁropriate bands in the autoradi og?aphs in, f"igure 11 were used as
a meagure of t_;me 1'n;:or'porahti6n of. 355-methionine intd the 58,000 daitoﬁ
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D. . Immunoprec1p1tatwon of Adenovirus 5 infected KB cell extracts
pulse 1abe]1ed with 35S-methionine and chased with unlabelled

methionine.

Pulse-chase. exper1ments were des1gned and _executed in c011abor- i

haswn o A

“ation with D. Rowe. These studies were initiated in an effort to answer

two questions: do the major viral antigens, specifically the 58,000

dalton polypeptide, arise from proteolytic cleavage; and, what is the

“.cellular location of the early viral antigens?

N Suspension~cu1tﬁres of KB cells were infected at an moi of 50 pfu/
cell. The tells were Tabelled with *°S-methionine between 8 and 9 hours
post infectién and the label was then chased b} addina medium containing
e*cess unlabelled methionine and incubation was continued for a further 1,
3 or 5 hours. Finally, the radiolabelled cultures were fractioned into
nuclear and.cytoplasmic extracts both of which were 1mmunoprec1p1tated with
P or‘14b‘antwserum. Figure 14 shows an autoradiograph of the 1abe11ed '
palypeptides imqunoprecipitated by the protein A-Sepharose'methgd and sep-
arated on aﬁh Ds;polyacry1amide gel. In immunoprecipitates obtained with
14b serum, only the major 58,000 dalton polypeptide was observed.- This

prpigin appears to be localized predomiqant]y in the cytoplasm since only

" trace amounts of it were seen in inmunoprebipitates obtained from the

nuclear extracts. The electrophoretic mobility of the 58,000 dalton anti-
gen did not appear to vary even after a 5 hour chaée, so that if the 58,000

dalton protein undergoes posi-trans]atjona] modification, these modifi-

‘cations probably foccur within the first 1-2 hours after translation. The
P antiserum bound all of the four mdjor viralantigens. As with 14b anti-

o seruﬁ, the 58,000 dalton protein is nq; seen in any of the nuclear extracts.

Bt O
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Figure 14. Immunbprecipifation of labelled proteins from wt Ad 5
" infected KB cells using the protein A-Sgpparoéé'metﬁod. KB’ce11s:w9re
infected. at an moi of 50 pfu/cell, labelled wiﬁh 355—methioﬁine froﬁ
8 to 9 hours after infection and the Tabel was chased by adding excess
un]abg]]ed‘methion%ne for-0, 1, 3 or 5 hours. Cytoplasmic and nuclear
extracts were prepared and immunoprecipitated usihg P or 14b antiserum
as described in the materials and‘methods. 0, 1, 3 and 5 refer to the
iength (in hours) of,fhe chasé time. Otﬁer symbols gre as described

in figure 7.

50

ot o gy At XA




Vo s
RS S x4

RS

L ]

3
| 3

L . .,
.& . .
o PN

.

r
-
- , 5
-
. . .
B )
P
«
.
2 -
. 7
~
>
-
T
.
-~
Y
C s et
. . %
. .
.
.
,, e M o n b

B e A i S o

. ~ // h
N
. y -
“ ~ -
—
-
Sm
v .
% e s
. R e w
Al
1 % N
. <
- .
. /h o
. RN 7
\%\ Vonard Ny N\!«
\ Y N 1
- s 4
s 1 y
CNG
L e
~ <
1.



-

1

\ v
| | : | 51
The 72,000 and 67,000}da1ton‘proteins are found in both nuclear and cyto-

| .
plasmic extracts, wheqeas the 44,000 dalton protein was found prédominantly

in the cytoplasm.

E. The effect of multiplicity of infection on the production of
early viral spécific antigens.

In the immunopqecipitation experiments described above, a rela-
tively high moi of 35 pﬁu/ce]] was used. At this moi there is a tendency
-for the hr mutants, ahdiparticu1;r1y‘those of group II, to leak thfough
//féhe block resulting f?o% the hr lesion and proceed through the lytic cycle |

to produce comp]ete‘progeny virus (F. Graham, personal communication). -
Hence, some of the anti;¥ns detected at high ‘moi might be absent if low
moi's were used. To invesiig%te the effect of moi's on the synthesis of
early immunoreactive Ero eins, KB cells we#e infected with Ad 5 wild type,
hr 6 or hr 3 at moi's gf 1, 10 and 35 pfu/be]l}A1abei1ed with *%S-methio-
nine from 7 to 9 hours afFer infection and immunoprecipitated with P or
. 14b antiserum: | ‘

' Figure 15'shows aﬁ autoradiograph of the labelled polypeptides
sebarated by electrophoresis. Figures 16 and 17 show incorporation of 2°S-
methionfne into the 7?,000¥and 58,000 dalton proteins as determined:by
microdensitohetry. With w{1d type infected extracts, the %our major virus-

|
'

specific antigens (i.e. the 72,000, 67,000, 58,000 and 44,000 dalton pro- :
teins) were detected at allimoi's used. Synthesis of the 72,000 dalton pro-
tein-qu'mueh greatef at a moi of 10 pfu/cell than at 1 pfu/cell, but ’ ¢

higher input mu]tiblicify resulted in no,furﬁhgr.increase. In contrast,

T et e e

more of the 58,000 dalton protein was synthesized as the moi was increased.
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Fiqure 15. Iméunoprec1p1tat1on of labelled proteins from KB cells ‘:
infected at moi's of 1, 10 or 35 pfu/d%11 with Ad 5 wt, hr 3 or gr 6.

1, 10 and 35 refer to the multiplicity of infection used. The rema1n1n4
. symbotls and'experimental details are the same as in figure 7. Figure'/
15a shows 1mmunoprec1p1tates obtained from wt and hr 6 infected ce]l//
extracts. Figure 15b shows immungprecipitates from hr 3 infected 3e11
extracts. Also shown in figure 15b are 1mmunoprec1p1tates obtained

<

from hr 3 infected cells treated with cytosine arabinoside (Ara’ﬁ)
at a‘concehtration of éS ug/m} to block ONA synthesis. The ‘Jf

treated cultures were rinsed in Ara C containing medium prior to in-
fection énd maintained throughout the experiment in medium cbntaining
Ara C. Labelling and immunoprecipitation.was performed as described

" in figure 7.

/

< o s N W




1800

Relative

. Peak

Area

-~
N
e

53"

1600

¥
N
\G\
¢
]
[
1
1]
$
[
[4
]
{
[}

%

Multiplicity of ninlfection { pfucell)

Figure 16. Relat1ve synthesis of the 72 000 dalton- proteln in KB
cel]s infected at moi's of 1, 10 and 35 pfu/cell w1th Ad 5 wt, hr 6

.and hr 3. The relative areas under den51tometer scans of approprﬂate

bands in the autoradlographs in figure 15 were used as d measure of the
1ncorporat1on of 35S~meth10mne 1nto the 72, 000 dajton antigen. WT,
(D"Cl), hr 6, (O""O), h)" 3 (O ‘O) ”
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-Figure 17. Relative synthesis of the 58,000 dalton protein in KB

cells 1nfected at moi s 6f 1, 10 and 35 pfu/cell vnth Ad 5 wt and hr 3.
The relative areas under densvtometer scans of appropmate bands in the,
autoradwgraphs m figure 15 were used as a measure of the mcorporatmn
‘of “S,;methwn}nga into the 58,000 dalton antigen, WT {(O-K1)s hr 3,
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In hr 6 infected cells, more 72,000 dalton antigen was ﬁroduced than
after wild type infection. In addition, the amount of 72,000 dalton pro-
tein in immupoﬁreéipitates from hr 6 infected cells was approximately the
same at all moi's tested. ,The groub I mutant hr 3 induced the synthesis
of the 72,000, 67,000, 58,000 and'44,000 dalton .proteins at all three
moi's, used, although production was reduced relative to wiﬁd type. More
of both fﬁe 58,000 and 72,000 dalton proteins were produced as the moi

was increased.

Also ‘shown in figure 15 are the results, of an experiment in which

Ara C was.used to ﬁreyent DNA synthesis. The fact that the viral antigens

of molecular weight 72,000 and 58,000 were immuhoprecipitated from the Ara

C treated cultures indicates that these proteins are synthesized during the

early phase of 1ytic infection.
F. Polypeptides immunoprecjﬁﬁta%ed from Ad 5 traﬁsformed cells.

Since the hast range ‘mutants were selected on the basis of their
ab111ty to rep11cate efficiently in the Ad 5 transformed human ce]] 11ne
(293 ce]]s) and not 1n’HeLa or KB cells, it was of 1nterest to determine
what po]ypept1des could be- 1mmunoprec1p1tated from,;hese Ad 5 transformed
cells. Secondary cultures of normal human embrdyic kidney (HEK) ahd 293
cells were labelled for 6 hours‘w1th 355~meth10n1ne and _immunoprecipi- -

tated W1th P, 14b or (43 ant1serum by the double ant1body technique.

Figure 18 shows an auforadiograph of 1abe]1ed polypeptides immunoprecipi-

tated from HEK and 293 cells. Both €43 and 14b antisera, and to a lesser.

extent, P antiserdm;”immdnapreéipitated a protéin migrating.as a diffuse .

band of molecular weight 58,000 from 293'€e71 extracts. This polypeptiqé

A}
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Fiqure 18. Immunoprecipitation of }Hbe]léd polypeptides from human

ehbryonic kidney (HEK) and Ad 5 transformed human embrydnic kidney
cells (293) using the double antibody method. Cells were Tabelled

and immunopreqipitated as described in materials and methods. Symbol’s

-

are as described in figure 5.
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tated exclusively from the 293 cells.

57
was not detected in HEK cei]s, nor was ahy other protein immunoprecipi-

Figure 19 shows the labelled polypeptides immunoprecipitated -
from a number of additional Ad 5 transformed cell lines using the double
antibody method and 14b antiserum. Information on these‘ratAce]] lines

is summarized in Table 1. An additional experiment comparing immuno-

precipitates obtained from HEK and 293 cell extracts is also shown. Results

obtained from extracts of mock and wild type infected KB ¢ells and from

normal baby rat kidney cells aré included as controls.

Immunoprecipitates from all four Ad 5 transformed rat cell lines

exhibit a 58,000 dalton protein which comigrates with a polypeptide of

* identical molecular weight found in 293 cells and in wild type Ad 5 infec-

ted KB cells. This protein wasmet detected in the untransformed baby
rat k1dney or human embryon1c k1dney ce11s The 14b antiserum also. immuno--
prec1p1tated.a ‘nuhber of other po]ypeptxdes from transformed cells. Of
these, only the po]ypept1des‘of mo1ecu1ar we19ht 15,000 and 11,000 we:e ;
consistent]y’det&eted’{n differeht trahsformed cells and therefore\may.be .
virus-specific. -However, these.proteine were not immunoprecipitated from
Ad 5—tran§formed cells when the‘orote%n A-Sepharose method was used (see
be]ow). Hence, like the’10,500 dalton Qrotein found in infected ce]] =
emtracts; the significance of these Tow molecular weight.polybeptides
is unclear. | . ;o o

Labelled po]ypeotides mere a]so immunopreéipitated from Ad 5 trans-
formed ce]] Tines using the protein A~Sepharose technique, Figurélzo
shows 1mmunopre01p1tates obta1ned from the four adenov1rus transformed

b

rat cell 11nes descr1bed 1mmed1ate]y above and the 14b hamster cell line.
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Figure 19. Immunobrecipftation'of 1abe11éd polypeptides from Ad
Suinfected and transformed cells using the double antibody technique.
M, mock infected KB cells; WT, KB cells infected with wt Ad 5; HEK;
human embryonic kidney cells; 293, Ad 5 traﬁsformed HEK; BRK, baby rat
kidney cells; Ad 5 transformed rat cells, 424-C1, 822-C2, 512-(C8, and

637-C3. A1l immundprecipitations were per?ormed using 14b antiserymf

1»\t.

58

@ Ne e ww R A g ey - s Y

B e et %




=
O
Wy

Eaated

PR
)

)

s Le

PRy
v

bl e

o, e ‘ ;
. o .
L



59

§
Figure 20. ' Immunoprecipitation of‘1a5e11ed'po1ypeptides from in-

. fécted and Ad 5 transformed cells using the protein A—Sephaﬁose tech-
nique. WT, KB cells infected with wt Ad 5;.Ad 5 transformed rat cells,
822-C2, 424-C1, 637-C3 and 512-C8; 14b, Ad 5 transformed hamster cells.
Cell extracts were immunoprecipitéted with both non-immune hamster sera

(NI) and 14b antiserum (14b).
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Cytoplasmic extracts prepared from these cell lines were ihmunopre-

cipitated wifh eiﬁher‘non-immune hamster séré\br 14b antiserum. A 58,000

dalton polypeptide is c]ear]y(sgen in immunoprecipitates from all the
Ad 5 transformed rat cell Tines %sd from the Ad 5 transformed hamster

cell line, 14b. This protein is ndistingu{shableAfrom that detected in
wild type Ad 5 infected KB cells and is not detected in th é}fop]asmic
extracts immunoprecipitated with non-immune hamster sera. No other’ po]y-
peptldes specific.to the 14b 1mmunoRrecip1tates were detected. In addition,
nuclear extracts were also routinely\prepared from Ad 5 transformed cells

“and 1mmunoprec1pdtated with 14b ant1serum using the protein. A~Sepharose

. Method. In-some experiments the 53,000 dalton antigen was abserved in

these extracts (data not shown).

Extracts of group I mutant téangformed cells were also’prepared
to determine whether any viral specific\po1ypeptides could be immuno-
precipitated from these cells. Figure 21 compares polypeptides from an
Ad 5 wild type transformant (822-C2) to those from two cell Tines, 637-1

" and 637-4, transformed by group I mutants hy 3 and hr 1, respectively.
p e ar p

\

The 58,000 dalton protein is clearly seen in both mutant transformed cell

A¥nes. . d .

" The aboye data shows that a polypeptide df 58,000 daltons could
be detected in all ‘Ad 5 transforied ce]] lines tesféd Howeyer, it must

be po1nted out that in two of these cell 1ines, 51&5C8 an&.293, this brotein .

was not detected consistently. With 293 cells, ﬁhxs protein was ubserved
in 3 out of 1Q experiments and in the case of the 512 C8 cell Ilne on]y 3
out of more than 20 trials were positive. The 512-C8 rat cell line was

wltransformed with a viral DNA fragment rebreseﬁiing the left 8.0%‘of the Ad
N ¢ Q‘ ' »
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Fiéure 21. Immunoprecipitation of iabé]]ed polypeptides from in-
fected cells and frém cells transformed by wt or hr mutant virus using‘
the protein A-Sephatose technique.(.KB cells infected with wt Ad 5
(WT); Rat cells transformed with wt Ad 5 (822-C2) or with group I
mutants hr 3 (637-&) or hr 1 (637-4). Cytoplasmic extracts were im-

munoprecipitated with both non-immune hamster ' (NI) and 14b antiserum

(18b).
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genome (Graham et al, 1974). Three otheg.xat lines transformed by the ’
same DNA fragment{have each been tested 2 or 3 times with negative results
(data not shown)i At presenf, the reason for the variabf1ity in these
results is unknown since in all other cell lines examined the 58,000

dalton proteiﬁ was rep?oduceab]y observed. It should be noted that D.

Rowe (personal commqnication) using 14b antiserum, has reproduceably immuno
precipitated a polypeptide of ident%cal‘molecular weight from the 293

cells.

III. Protein Kinase Activity Associated with Adenovirus 5 Tumor Antigens

A.‘ Immunoprecipitation of protein kinase activity associated with
Adenavirus 5 tumor antigens from productively 1nfectgd KB cells.
The results presented in previous sections were directed towards

fdentifying the polypeptides involved in the Ad 5 transformation process.t

Until recently, very little was known concerning the mechanism of action of

" such proteins. However, Collett and Erikson in 1978 showed that the trans-

formation-specific gene product (src) of Rous sarcﬁma virus (RSV) is‘.
associateé with protein kingse activity. Using antisera diyected against
RSV-coded polypeptides, it Qas‘found that phosphorylation of the antibody
occured when immunoprecipitates cqgtaining the src gene product were in-

. @ . v >
cubated with (y-32P) ATP. .The §tudig§ of Collett and Erikson prompted me

/

to determine whether a similar activity was associated with the transforming™

L LI

proteins of Adenovirus 5. <o hol

' To assay for such protein kinase activity the following method
' ‘e

was used. KB cells infected with gi_dr hriAd 5 were harvested 9 hours post

Coa

'/ .

~

P
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infection and a cytoplasmic extract was prepared and incubated with 14b
antisera. Mock infected cultures and infected cell extracts treated

with non-immune hamster serum were included as controls, Immune complexes
isolated using protein A-Sepharose method were incubated with (Y;SZP)

ATP as described in Materials and Methods and the resulting izP-fgbe11ed

products were analyzed by SDS-po]yacry]émide gel electrophoresis. An

autoradiograph obtained from sugg an experiment is shown in figure 22.,
Nitﬁ wild type adenovirus 5 infected cell extracts and 14b.antiserﬁm, a
majer 32P-labelled polypeptide was observed which comigrated with the
heavy chain of the antibody. ,Severai minor labelled bands of higher mol-
gcular weight were also observed but no incorporation into the light
chain of tﬁe antibody was detected. Little incorporation was observed
using extracts from wild type infected cells immunoprecipitated with non-
immune hamsfer serum or with extracts from mock infected cells immunoprg~
cipitated with 14b antiserun. With the host range mutants hr 6 and hr 50
of group II and hr 1 and hr 3 of group I incorporation of 32P into the
heavy chain o% the‘antibody was less than that observed with wild type
Adenovirus 5. Different batches of non-immune hamster sera showed similar

Tow levels of actiyity (data not shown). These results demonstrate that

14b antiserum will immunoprecipitate protein kinase activity from extracts

of Ad 5 infected cells.

To determine if an exogenous protein would act as a substrats
for this Ad 5-associated protein kinase activity, arginine-rich histones
were added to the jmmunoprecipitates prior to addition of (y-32P) ATP.

Figure 23 shows that arginine-rich histones, particularly histone H3, were

. X

W
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Figure 22. In vitro bhospﬁory]ation of immunoprecipitates from

&

Ad 5 and mock infected KB cells. Confluent KB cells were infected

with Ad 5 wt, aroup II mutants hr 6 and hr 50 and group I mutants hr

1 and hr 3. Cytoblasmic extrgcts were prepared 9 Hours after infec-

_ tion and treated with 14b or non-immune hamster serum. Immunopre- ) B
cipitates were incubated for 10 minutes with (v ®2P) ATP as described
in materials and methods and analysed by SDS-PAGE. Mock infected cells
. . 4

treated with }4b (a) or non-immune (b) serum. Wild type Ad 5 infected

cells treated with 14b {(c) or non-immune (d) serum. Cells infected
\

with Ad 5 group Il host range mutants hr 6 (e) and hr 50 (f) treated

'with 14b antiserum. Cells infected with Ad 5-group I host range mutants

hr 1 (g) and hr 3 (h) treated with 14b antiserum. Coomassie blue

stained gel of wild type infected cells treated with 14b antiserum (i).
s
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Figure 23, In vitro phosphoryfation of immunoprecipitates from

Ad 5 and mock infected KB cells. Ad 5 infected or mock infgcted KB
cells were harvested at 12 hours post infection and cytoplasmic ex-
tracts were prepared and treated with 14b or non-immune serum. Im-
munoprecipitates were incubated for 10 minutes with ATP (v 32P) as
described in materials and methods, in the presence or absence of 75
ug of boiled arginine-rich histone and analyzed by SDS-PAGE. Ad 5
infected extracts with 14b antiserum, incubated in the absence (A)
or presence (B) 6f histone. Ad 5 infected extracts with ron-immune
serum, incubated in the absence (C) or presence (D) of histone.
Mock-infected extracts with 14b serum; incubated in the absence (E)
and presence (F) of histone. Histone alone with no cell extract or

antiserum (G).
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phosphorylated by extracts from Ad 5-{ﬁfected cells immunoprecipitated
with 14b antiserum. Incorporation of 32p into the heavy chain of the
antibody occurred to a similar extent in the presence or absence of
histone. Caonsiderably Tess histone phosphorylation was observed in the
case of immunoprecipitates from mock infected cells or from infected

cell extracts incubated with non-immune hamster sera. In addition, pre-
ferential phosphorylation of histone H3 was not observed in these con-
trols. When the histone preparation a]bne‘was incubated with (y->2P) ATP,
little incorporation was observed. Since addition of histone proV?deg\\Jj
a convenient and sensitive measure” of the protein kinase activity it was

/
routinely used in subsequent experiments.

B. Immunoprecipitation of protein kinase activity using 14b and

heterologous antisera.

The phosphotransferase activity found in immunoprecipitates from
Ad 5 infected cell extracts using 14bh antiserum could be the result of
host protein kinases nonspecifica]]y/%rapped in the antigen-antibody com-
plex. To examine this possibility, 1 pug or 1 ng of purified human IgG
‘was reacted with sheep anti-human IgG antiserum in the presence pf cyto-
plasmic extracts from mock and wild type infected KB cells. These immune

complexes, and others from mock and Ad 5 infected cell extracts treated
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Figure 24, In vitro phosphorylation in the presence of heterologous

immunoprecipitates.  To ce11.extracts prepared from mock and Ad 5 in-
fected cells harvested 12 hours post infect%on, were added eijther 1

ng or 1 pg of human IgG followed by sheep anti-human IgG serum. The
immunoprecipitates were bound to protein A-Sepharose beads and assayed
for kinase activity in the presence of boiled histone. Histone alone
(A); mock infected with 14b serum (B); Ad 5 infected with 14b (C) or
non-immune (D)‘@ﬁitﬁ. Mock infected with 1 ug human IgG, and anti-
IaG serum (E). Ad 5 infected with 1 ug (F) or 1 ng (G) human IgG

and anti-IgG serum.
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with non-immune hqmster or 14b serum, were isolated, incubated with

(v *2P) ATP and analyzed by gel e]ectrophoresis. Figure 24 shows that
when human 1gG and sheep antihuman IgG antiserum were used, little 3?pP
incorporation was observed relative to that seen with iTmunoprecipitates
from infected KB cell extracts treated with 14b antiserum. This low
level of phosphorylation activity was observed using either 1 ug or 1 na
of human IgG. In addition, following imﬁunoprecipitation of human IgG,
no phosphorylation of the heavy chain of the antibody was observed and
the small amount of *2P incorporation seen was evenly distributed among
all histone types. The Ad 5 tumor antigen related protein kinase phos-
phorylated tﬁé heavy chain of the antibody and again demonstrated a pre-
ference for histone H3. Similar results were obtained in parallel
experiments using bovine serum albumen (BSA) and rabbit anti-BSA (data
not shown). Taken togeﬁher, these data suggest, but do not prove, that
the Ad 5 related protein kinase activit} results from a virally induced

enzyme and not from non-specific entrapment of a host protein kinase.

C. . Characterization of the Adenovirus 5 tupor antiaen-related

protein kinase,

" A number of properties of the,Ad 5 tumor antigen-related protein
kinase were characterized. Protein kinase assays were carried out as
described in the legends tg figures 25 to 31, using histones as a sub-

* strate and the amount of *2P incorporated into TCA insoluble material

-

was determined as described in the matgrials and methods. Samples were

7 also analyzed by SDS-polyacrylamide qel electrophoresis td confirm results
' ' ~—
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Fiqure 25. Rate of in vitro phosphoryllat-ion in imnu‘noprecipitates from

KB cells infected with wt Ad 5. Immuynoprecipitates were prepared using

14b antiserum and incubated for the periods indicated with (y-*2P) ATP

and histone. The amount of 2%p incorporation into TCA precipitable

material was determined as described in materials and methods. The number

of f moles of phosphate incorporated was calculated from the radioactivity

present. Ad 5 infected cell extracts prepared 12 hours post infection and

immunoprecipitated with 14b antiserum, (©—O); mock infected cells and 14b

antiseryuk( 0 ); histone incubated alone with (7—32'P) ATP in the absence

of immunoprecipitate (0).
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Figure 26. Effect of Mg3+ concentration on the immunoreactive protein

kinase activity. Immunoprecipitates prepared using 14b antiserum and
extracts of ﬂg Ad 5 infected KB cells harbested 12 hours post infectjon
were incubated for 1 minute with (y-3%P) ATP and different concentrations
of MgCl,. The number of fmoles of phosphate incorporated was calculated
as described in figure 25. The amount of phosphate incorporation ob-
tained using histone alone has beéﬁ sub;racted. Ad 5 infected cell
extracts immunoprecipitated with 14b antiserum (O~—Q); mock infected cells
and 14b antiserum ([1); Ad 5 1nfectéd cell extracts immunoprecipitated

with non-immune hamster serum (0).
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Figure 27. Effect of pH on the immunoreactive protein kinase activity.
Immunoprecipitates from wt Ad 5 .infected KB cells prepared using 14b .

antiserum were incubated for 1 min with (y-*?P) ATP at pH 5, 6, 6.5, 7,
7.5 and 8. The number of fmoles of phosphate incorporated was calculated
J as described in figure 25. The amount of phosphate incorporation obtained
using histone alone has been suftracted. Ad 5 infected cell extracts pre~

pared 12 hours post infection and immunoprecipitated'with lib antiserum

(©—-0); mock infected cells immunoprecipitated with 14b antiserum ([J).
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Figure 28. Effect of amount of immunoprecipitate on the immuno-

reactive protein kinase aciivif&. Immunoprecipitates were prepared
using 14b antiserum and extracts from 1 x 108 Ad\ 5 infected cells har-
vested 1é hours post'infection. The immunoprec¢ipitates were combined
and then divided into aliguots representing material from 0.5, 1, 2
and 4 x 107 cells. The aliquots were then ipcubated for 1 min with
(y-32P) ATP. The number ofnfmoles was determined as described in

figure 25. The amount of phosphate ipcorperation obtained using his-

tone alone has been subtracted.
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Figure 29. " The effect éf histone concentration on the immunoreact{ve
protein kinase activity. Imhundprecipitates prepared using 14b anﬁi§grum
4/ and extracts of wt Ad § infected KB cells harvested 12 hours post in-
fection were incubated for 1 min with (y-32P) ATP and different concen-
tratiéﬁs Qf-histoﬁp. Jhe number of fmoles of phosphate incorporated};i
was calculated as described in figure 25. The amount of phosphate in-
corporation obtained using h1§tone alone has been subtracted. Ad 5
infected cell extracts immunoprecipitatéd with 14b antiserum (O-Q);

H

mock infécted cells and 14b antiserum (O); Ad 5 infected cells and non--

-

. immune hamster serum (Q).
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obtained usipg TCA precipitation (data not shown) and the‘resh1ting auto-
radiogziﬁhs corresponded well with phe direct measurements of *?P incor-
poration. ’ ‘

The rate of the protein kinase reaction was monitored by incu-

bating immunoprecipitates with (y *?P) ATP at 30°C for varyina periods of

time. As shown in figure 25, incorporation of *?P was linear for 2 minutes

and declined thereafter. Al1 subsequent éxperiéents involving character-
ization of the protein kinase activity were performed with an incubation
time of 2 minute$ or less (i.e. when the reaction rate was Tinear).

+ The effect of magnesium ion concentration on thelimmunoprecipi‘
table protein kinase activity is shown in figure 26. Maximal incorpora-
tion of *2P was observed at.-a concentration of 40 mM MgCl,.

;he effect of pH on the rate of phosphory]afion.is shown in
figure 27. The pH optimum was relatively broad with maximal activity
occurriné between pH 7.0 - 7.5. Similar values were obtained when Tris
buffer was substituted for MES buffer (data not shown).

Figure 28 shows phospho£ransferase activity usino varyina amounts
of immunoprecipitate. Incorporation of *?P was directly pfgggrtiona1 to
the amount of immunoprecipitate present in the reaction.

As shown in fiqure 29, inco}poration of **P*into added histone

was maximal with 75 pg of histone. Higher quamtities of histone added

to the reaction resulted in reduced activity.

To determine if immunoprecipitaﬁ]e protein kinase activity was
dependent upon cyclic nucleotides, immunoprecipitates.were incubated with
(y %*P) ATP and histone in the presence of varying concentrations of

cyclic AMP or qyg]ic GMP. As a control, purified cyclic AMP-dependent

*a
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beef heart protein kinase was assayed under similar conditions. Figure
30 shows that in the presence of 10™° or 107° M cyclic AMP, the beef heart
protein kinase was stimulated more than 3-fold. With immunoprecipitates

from Ad 5 infected extracts, little stimulation was observed ‘with either

cyclic nucleotide The results presE*—ha‘here show the highest level of

/

stimulation observed in a,number of exper1ments, so that it aﬁbeans un-
Tikely the 1mmunoprec1p1tab1e protein kinase is cyclic nucleotide depen--
dent. The small amount of stimulation observed may be due to the presence
of low levels of contaminating host enzymes in the immunoprecipitate.
Figure 31 shows the effect of antibody dilution. 4 The 14b anti-
serum was diluted iefggter and immunoprecipitations were carried out using
a constant amount o?/;nfected cytoplasmic extract. No significant change
in 3?p inconporation was seeﬁ with the antiserum diluted as much as 1:4,
but at highe} dilutions protein kinase activity decreased. Hence, with
undiluted aﬁtiserum, immunoprecipitation of protein. kinase activity was

occurring under conditions of antibody excess.

«

-

D. Time of appearance of the tumor antigen related protein kinase

activity during productive infection. .

To determine when durinq the productive cycle of Ad 5 infection
protein kinase activity appeared, cytaplasmic.extracts from Ad 5 infected
KB cells were prepared at various times after infeetion, immunoprecipi-
tated with 14b antiserum and incubated with (y *2P) ATP for 1 minute. As
seen in figure 32, the 1mmunoreact1ve protein, k1nase activity was first

detected between 6-8 hours post infection. The reaction rate increased
)
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Figure 30. The éffect of cyclic nucleotides on the immunoreactive
protein kinase activity. Immunoprecipitates prepared using 14b
antiserum and extracts of wt Ad 5 infected KB cells harvested/lZ hours
post infection were incubated for 2 min with (¥-32P) ATP in the absence
‘or presence of varying concentrations of cyclic AMP (O—O) or cyclic
GMP (O-1). Purified cyclic AMP-dependent beef heart protein kinase
assayed in the\ same fashion in the absence or presence of cyclic AMP
(O--0). The data has ‘Peen’pr'esented as the ratio of 32P_ incorporated

in the presence vs. the>absence of cyclic nucleotides. The amount of

32p incorporatig‘n obtained using histone alone has been subtracted.
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Figure 31. Effect of antiserum concentration on the immunoreactjve

e W

protein kinase activity. The 14p antiserum was diluted in water as

shown and immunoprecipitates were carried out using a constant amount
s

of cell extract from Ad 5 infected KB cells harvested 12 hours post
infection. Incubation with (y-32P) ATP was for 1 min. The number of
fmoles of phosphate incorporated was c:hculated as described in figure
25. The amount of phosphate incorporation obtained using histone alone

has been subtracted.
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after infection, using 14b antiserum.

activity during the course of infection.

immunoprecipitated with non-immune serum.

Yol o N

Appearance of Ad 5~tumor antigen-related protein kinase
Protein kinase actiy%ty was
assayed in immunoprecipitates obtained from cells at various times

The number of fﬁo]es of phosphate

incorporated was calculated as described in figure 25.. Evidence (pro-

~

Ara C treated cultures was obtained by analytical ultracentrifugation.
. R ~

Some cultures were treated with cytosine arabinoside (Ara €) (5 or 20

ug/ml). (©—Q) Ad 5 infected untreated ce]]s: Ad 5 infected cells

treated with Ara C at 5 (V) or 20 (A) ug/ml. (0) Ad 5 infected cells
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vided by Dr. F. Graham) showing the absence of viral DNA synthesis in the
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up fo 16 hodrs after infection and thereafter decreaséd. Figure 32 also
shows results obtained using infected cells treated with cytosine ara-
binoside (Ara C) to block viral DNA replication. The protein kinase
activity immunoprecipitated from such cells was comparable to that found
with the untreated cultures. These results indicate that the immuno-
reactive protein kinase activity is associated with an early viral func-
tion.
E. Rate of phosphorylatiqn in immunoprécipitates prepared from
cells infected with wild type Adenovirus 5 or Adenovirus 5 host

range mutants.

The data presented in figure 23 shows that Ad 5 host ranae mutants
of both,complementation groups are defective in the induction of immuno- -
precipitable protein kinase activity. To extenq these;observqtion;, the
rates of phosphorylation in 1mmunoprecipita?es from aroup I mutant hr 3
and group II mutant hr 6 infected cell extract§‘were compared to extracts
from cells infected with»wi]d EMPQ Xd 5. As shown in figur; 33, with
immunoprecipitates from wild t;pe Aa 5 infected cell extracts, th&\rate
of reaction was constant for éboutxz miﬁutes and then decreased. With
extracts from hr 3 infected cel]gf the ifitial rate of reaction was lower
than wi'th preparations frém wild type infected cells and after the 10
minute incubation the total amount of **P incorporation was less than with

wild type. Immunoprecipitates from hr 6 infected cells exhibited a very

Tow rate of *?P incorporation. Results similar to these were obtained when
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Figure 33.\_ In vitro phosphony]afion by immunoprecipitates from

cells infecied by wild type or host range mutants of Ad 5. KB cells were
infected with Ad 5 wt, group I host rénge mutant hr 3 or group II host
range mutant hr 6 and harvestedA12 hours post infection. Immunopre-
cipitates prepared using 14b anti;erum were incubated for different
periods of time with ATP (y-32P) and histone. _The number of fmoles
'inco;'p‘orated was calculated as described .in figure 25. Wild type Ad §

(G—0); hr 3 (&—8); hr 6 (O-1); mock infected (O); histone alone (X).
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immunoprecipitates were incubated with (y *?P) ATP in the absence of ;;
added histone (data not shown). This data indicates that the hr mutants e
of both complementation groups are deficient in inducing the Ad 5 re-

lated protein kinase, group Il more so than group I.

F. Detection of the Ad 5 tumor antigen related protein kinase in

~

Ad 5 transformed rat cells.

It was of interest to determine if the immunoreactive protein
kinase activity seen with productively infected cells could also be de-
tected in Ad 5 transformed &ells. The three Ad 5 transformed cell lines .
which were examined, 637-C3, 424-C1 and 512-C8, have been describ%d above.
Extracts from approximately 10° cells we;é immunoprecipitated with either
non-immune hamster serum or®14b antiserum and incubated for lb minutes
with (y %2P) ATP and histone. Figure 34 shows an autoradiograph of the
labelled products separated on the bel. With extracts. from two trans-
formed é%ﬁ] lines, 637-C3 and 424-C1, more protein kinasgcaétiv%ty was
observgd using 14b antiserum than with non-immune ;erum. The pattern of
phosphorylation in these 14b immunoprecipitates isl!similar to that seen
when EIZ;;?IS of lytically infected cells were used. In the case of the

512-C8 cell line, which contains only the leftmost 8% of the viral genome,

Tittle or no activity was observed.

"
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Figure 34. In vitro phosphorylation in immunoprecipitates from

Ad 5 transformed cells using non-immune hamster serum (NI) or 14b
antiserum (14b). Immunopreciaﬂtates were incubated for 10 minutes
with {y-3?P) ATP in the p nce of histone as described in materials

and methods and analysed by SDS-PAGE.
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DISCUSSION

As pointed out earlier, a number of studies have established
that no more than the leftmost 11% of the Adenovirus genome.is required
for cell transformation. This region encompasses early region 1, one
of 5 gene blocks expressed early in productive infection. ‘The work pre-
sented here has focused on the polypeptides encoded by the El region of
the viral genome. To assist in the ;tudy of these po]ypeptidei, Ad 5
host range mutants have been used. These mutants are of particu]a;
interest becausé they contain lesions mapping within this leftmost early
-region of the viral genome and are altered in their agi]ity to transform
(Frost and Williams, 1978; Galos and Williams, personal communication;
Graham et al, 1978).

fhé d(scussion of the work described here falls into three sec-
tions. The first section deals with the early viral proteins synthesized
in wt infected cells. The second and third sections are conceraed with
the defects expressed by the hr mutants and the characterization of pro-

tein kinase activity found associated with the early Ad 5 polypeptides.

I.. Early Viral Antigens in Adenovirus 5 Infected Cells

A. Virus-induced 58,000 dalton antigen.

The results presented here show the presence of a 58,000 dalton

protein in Ad S-infected KB “cells. This antigen was detected in immuno-

precipitates from wild type Ad 5 infected and transformed cells using

83
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three different antisera. The 58,000 dalton protein was not detected
in mock infected cell extracts treated with immune sera or in 1mmunopqe—
cipitates obtained from infected extracts using non-immune hamster
serum and only very small amounts of thjs protein were found when non-
immune rabb&t serum was used.. These results indicate that th;\SB,OOO
dalton antigen is both virally induced and spécif{ca1ly immunopre-
cipitated by immune sera. . B

Three lines of evidence presented here indicate that the 58;000
dalton protein is induced 'early' in productive iqfection. The 58,000
dalton antigen was first dgtected between 3 amd 8 hourg'after infection,
This time interval precedé§ most viral DNA synthesis (Green et al, 1970)
and hence the éxpression of 1ate*:ira] genes. Secondly, the kinetics of
synthesis of the 58,000 dalton protein during lytic infection was similar
to thai observed fbr the 72,000 dalton antigen immunoprecipitated with ?
antiserum. As discussed be?%g, the 72,000 dalton protein probably corres

ponds to the single-stranded DNA binding protein which is known to be a

84

viral coded early protein (Lewis et al, 1976). Finally, the 58,000 dal- '

ton protgin was detected in immunoprecipitates obtained from infected

“cells treated with cytosine arabinos%ﬁe to prevent replication of DNA.

Since the adené;?yus single-sfranded DNA binding protein may form
protéolytic breakdown products (Rosenwirth et al, 1976), it is important
to know whether the 58,000 dalton antigen is simply a degradation product
This possibility appears unlikely in view of the following evidence.

The 14b antiserum which binds the 58,000 dalton antigen does not react wi

('ythe 72,000 dalton protein. Consistent with this result is the fact that

th

~
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the 14b cell Hne does not contain the adenovirus DNA sequences which
specify the early 72,000 dalton protein {Lewis et al, 1976; Flint et al,
1976). 1In addition /ﬂ“pt1de mapp1ng studies by J. Downey and D. Rowe
(personal communicatwﬁn) indicate that the 58,000 dalton-antigen does
not share any peptides with the 72,000 dalton protein.

Several groups have immunoprecipitated adenovirus antigens from
cells early afterAinfgction. However, some disagreemént exists regarding
the_gglfcular weight of the major‘fgmor antigen reported here as being
58,00Q\?a]tons. Using 14b antiserum, Levinson and Levine (1977a, b)
and Ross‘gg_gl (1978), have also immunoprecipitated a 58,000 dalton poly-
peptide from KB cells early after Ad 5 infection.’ While it is Tikely
that this 58,000 dalton protein corresponds to the antigen of identical
molecular weight reported here, direct confirmation would require proteo-
lytic mapping studies. Van der Eb g}_gl_(1979);’have detected a 65,000

dalton protein frgm Ad 5 infected cells using several anti-tumor antisera

which is identical to tffe 58,000 dalton antigen identified by Levinson
and Levine (1977a, bj S. koss and P. Schrier, unpublished results; cited
by van der Eb et al, 1%9)." ‘G1lead et al (1976) and Wold and Green (1979),
have 1mmunoprec1p1tate a 53, 000 da]ton antigen from Ad 2-infected cells.
This. 2-1n§uced antigen was found to be closely related to a slightly
1§rger antigen immunoprecipitated from Ad 5-infected cell extracts (M.
Green, persongl communication) which hay carrespond to the 58,000 dalton
antigen described here. These reported differences in molecular weight

. 4
estimation may be the result of variation in electrophoresis method. ; )

¥
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A central quest1on regard1ng the 58,000 da]ton protein is

whether this antjgen is coded by viral or host sequences. The fo]]qwing
evidence based on Q;rk reported here and from several different 1abef§-
tories, suggests that“this antigen is encoded by the region of the viral
Qenome responsible for transformation and, more specifically, by the N
viral DNA sequences located between map units 4.5 and 11 (region E1B).

1.) As previously discussed, the 14b cell Tine expresses only the viral
mRNA transcribed from the leftmost 11% of the Ad 5 genome (Flint et al,
1976). Antiserum raised against tumors of 14b cells specifically bound
the 58,000 dalton protein, suggesting that the 58,000 dalton protein 15
encoded éy the viral DNA sequences corresponding to the Teftmost 11% of
the viral DNA molecule. Consistent with this finding, the 58,000 dalton
Qpntigen was detected in extracts from 14b cells. 2.) The 58,006 dalton pro-
tein was also detected in the Ad 5-transformed human cell 1ine’designated
as 293. This observation has been confirmed by D. RoNe (personal communi-
cation) who has‘immunop;ecipitated a protein of identical molecular weight
from this human cell line. Since the 293 cells have been shown to contain
and tran§c;}be only the Ad 5 ea}ly gene block I (Graham et al, 1977;
Aiello et al, 1979), this data also sugoests that the 58,000 dalton prqtein

r‘¢z”§s encoded by the viral DNA sequences within the leftmost 11% of the Ad

5 genome. 3.) Ross and Levine (personal communciation) have found that
dl 313, an Ad 5 deletion mutant lacking the viral DNA sequences from map
units 3.5 to 10.5 (Jores and Shenk, 1979), is defective in the synthesis
“of the 58,000 dalton protein. 4.) Weld and Green (1979) have obtained

rat antisera specific for a number of Ad 2-transformed cell lines. Anti-

serum directed against the F17 rat cell line, which contains and expresses

-
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only the leftmost 11% of the Ad 2 genome (Gallimore et al, 1974; Flint
et al, 1975) was found to immunoprecipitate predominantly two poly-
peptides of molecular weight 53,000 and 15,000 daltons from KB cells"®
early after Ad 2-infection. When antiserum directed against a rat cell
line transformed by a DNA fragment comprising the left 8% of the Ad 5
genome was usedlonly the 15,000 dalton antigen was immunoprecipitated.
This data suggests that at least some of the sequences coding for éhe
Ad 2 53,000’da1ton protein may be Tocated to the right of map unit 8.0.
5.) Van der Eb et al (1979) have selected early Ad 5 viral mRNA by
hybridization to specific DNA fragments from the viral transformation
;egion. When messenger RNA specified by the Virél DNA between map units
4.5 and 11.0 was translated in vitro, a 65,000 dalton protein was detected.
Little or none of this polypeptide was produced when the mRNA template
was selected by the DNA sequences contained within the leftmost 4.5% of}
the viral genome. In good agreement with these results, van der Eb and
coworkers were able to immunoprecipitate the 65,000 dalton protein only
from transformed cells containing a minimum of the leftmost 11% of the viral
genome; cell lines transformed by the leftmost 8% of the Ad 5 DNA induced
no detectable 65,000 dalton protein. These. same workers have also deter-
mined the nucleotide sequences of the leftmost 11.8% of the Ad 5 genome.
The only open reading frame for protein synthesis in region E1B begins at
about map unit 4.5 and extends to map unit 10. The viral DNA sequences
within this reading frame could code for a protein having a molecular weight
of 65,000. As previously mentioned, the 65,000 dalton protein found by
van der Eb et al (1979), is identical io the Ad 5-induced 58,000 dalton

antigen detected by Levinsen and Levine (1977a, b). 6.) Finally, the Ad 5
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group II host range mutants which are defective in the induction of the
58,000 dalton antigen, map within the viral DNA sequences between 6.1
and 9.0 map units (J. Williams, personal communicatioﬁ)f

Taken togetﬁer, these results provide sf;ong_e4}dence that the
58,000 dalton protein is encoded by the viral DNA sequencespbetween map T
units 4.5 and 11.0. It is therefore difficult to explain how a 58,000
dalton protein was immunoprecipitated from cells transformed by a viral
DNA fragmert~gomprising the 1eftmost 8.0% of tHe Ad 5 DNA (512-C8 cells).
However, it must be noted thai t@js protein was detected in extracts from
512-C8 cells in only 3 out of more than 20 tria]s and was not observed in
immunoprecipitates from two other cell lines transformed by the same viral
DNA fragment. It is possible that degfction of a 58,000 dalton protein

in 512-C8 cells resulted from inadvertant viral infection of the 512-C8

cells or contamination of the 512-C8 cell line with other virally trans-

'

formed cells.

To summarize the results discussed thus far, the evidence pre-
sented here and elsewhere suggests that the major Ad 5 tumor antigen of
Approximate molecular weight 58,900 may be classified as a polypeptide
induced during the early phase of viral infection. This antigen does not
appear to be a proteolytic degraQation product of the eaﬁ1y 72,000 dalton
protein (described below) and is probably encoded by thewviral DNA

sequences lying between map units 4.5 and 11.0.
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B. Other Virﬁ?-induced Antigens

P antiserum immunoprecipitated predominantly the 72,000 dalton
polypeptide. This antigen is induced during the early phase of viral

infection since it was first detected between 3 and 8 hours post infec-

.tion and synthesized in infected cells treated with cytosine arabinoside

to prevent viral DNA replication. The 72,000 dalton protein detected
here is presumably identical to khe well-characterized single-stranded
DNA binding protein of 72,000 daltons identified by van der Vliet and
Levine (1973) and van der Vliet et al (1975). Both these polypeptides
are major early viral proteins which are also synthesized late in infec-
tion and neither protein is related to the 58,000 dalton antigen
(Levinson and Levine, 19771, b; Rosenwirth et al, 1978; Harter et al,
1976; Neuwald et al, 1977; D. Rowe and J. Downey, personal communication).
Studies with Ad 5 temperature-sensitive mutants which induce a thermo-
labile DNA binding protein suggest that this 72,000 dalton polypeptide is
required for the initiation of viral DNA replication (van der Vliet et al,
1977). Lewis et al (1976) have mapped the sequences encoding this poly-
peptide to the viral DNA between map units 58.5 and 70.7 (early gene
region 2). - In agreement with this mapping data tumor antisera raised
against the 14b and C43 cells, which lack viral DNA sequences corresponding
to early region 2, did not react with the 72,000 dalton protein.

In addition to the 72,000 dalton antigen, P antiserum also immuno-
precipitated two other virué-specific polypeptides of molecular Qeights
6&,000 and 44,000. These antigens were ngf_fgynd in immunoprec%pitates

obtained with tumor antisera. In a previous study, Saborio and Oberg
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(1976) detected proteins of similar molecular weight in Ad 2-infected
cell extracts immunoprecipitated with P antiserum. Tryptic fingerprint
analysis of the Ad 5 44,000 and 72,000 dalton proteins indicates that
the 44,000 dalton polypeptide may be a proteolytic breakdown product
of the 72,000 dalton protein (Rosenwirth et al, 1976). In addition,
the 67,000 dalton protein shares methionine containing peptides in
common with the 72,000 dalton protein (D. Rowe and J. Downey, personal
communication). Hence, b?th the 67,000 and 44,000 dalton proteins(;ay
represent proteolytic bréakdown produﬁts of the 72,000 dalton antigen.
With the double antibody technique all three antisera immuno-
precipitated a 10,500 dalton protein from lytically infected KB cells.
This polypeptide was reproduceably detected in wild type infected cell
extracts but not in mock infected extracts, indicating that it is virally
induced. However, when non-immune hamster or rabbit serum was employed
with the double antibody method some 10,500 dalton protein was immuno-
precipitated from infected cell extracts. In addition, with the protein
A-Sepharose method no 10,500 dalton was detected from either cytoplasmic
or nuclear extracts. Although these data suggest that the 10,500 dalton
polypeptide may have been immunoprecipitated non-specifically, no selec-
tive removal of this protein was observed when immunop}ecipitates con-
taining this protein were washed with buffer containing high salt concen-
trations. Hence it is presently not clear whether the 14b and C43 anti-

sera contain antibodies specifically directed against the 10,500 dalton

protein. In earlier work, Saborio and Oberg (1976) reported that a 10,500

dalton antigen could be synthesized in vitro using as a template mRNA

extracted early after Ad 2 infection. Ross et al, (1978) have immunopre-~

1
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cipitated a 10,000 dalton protein from Ad 5-infected KB cell extracts -

using a number of anti-tumor antisera including C43 and 14b. Harter
and Lewis (1978) and Chin and Maizel (1977) h;ve both detected an
early viral specific polypeptide of molecular weight 11,000 to 11,500
which is localized primarily in the cell nucleus. The gene coding for
an early 11,000 dalton pratein has been mapped by Lewis et al (1976)
to the viral DNA sequences between 91.5 and 96.8 map units. The
relationship of these polypeptides to the 10,500 dalton protein des-
cribed in this thesis is presently unknown.

Two minor virus-specific a;tigens of molecular weights 25,000
and 15,000 were frequently detected with 14b antiserum using the protein
A-Sepharose method. The early 25,000 dalton protein did 'not appear to
be induced by host range mutants of either complementation group nor
was this polypeptide found in immunoprecipitates using any non-immune
sera. Peptide mapping studies by J. Downey (per;ona1 communication) and the
pulse-chase experiments described here, sudgest that the 25,000 dalton
antigen 1is not generated from the 58,000 daiton protein. Recently, two
groups._have identified the viral gene encoding an early viral protein of
similar or f%entica] molecular weight. Spector et al (1979) have iso-
lated three early Ad 2 mRNA species transcribed from the viral DNA sequences
between map units 1 and 4.5. One of these mRNA's was found to direct
the synthesis of an early 28,000 dalton protein. In a similar study,
van der Eb et al (1979) tentatively mapped the gene coding for an early Ad5
25,000 dalton protein to the leftmost 4.5% of the viral genome. #It is
not presently known whether the 25,000 dalton protein described here is
related or identical to the polypeptides of similar molecular weight re-

¢

ported by these authors. A second minor antigen of 15,000 daltons was

&
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occasionally detected in immunoprecipitates from wild type infected

cells. More of this polypeptide appeared to be synthesized by group II
host range mutants than by wild type Ad 5 or group I mutants. Iden-
tification of an early Ad 2 or Ad 5 polypeptide of similar molecular
weight has been reported in several studies (cf. Wold and Green, 1979;
Gilead et al, 1976; van der Eb et al, 1979). The sequences coding for an
early Ad 2 or Ad 5 15,000 dalton protein have been mapped to the region of
the viral genome between 4.5 and 11.0 map units (Lewis et al, 1976; Harter

and Lewis, 1978; Spector et al, 1979). -

II. The Defect in Adenovirus 5 Host Ranoe Mutants

A, Group 11 Mutants

The group II lesion is contained within the viral DNA sequences
between map units 6.1 and 9.0 (GaLfbs and Willﬁams, personal communica-
tion). Since this region of the viral genome is expressed early after
infection (Flint et al, 1977; Berk and Sharp, 1977) it is somewhat sur-
prising that the defect expressed by the group II mutants does not sig-
nificantly affect late viral functions (see table 2). The group }I mutant
hr 6 synthesized wild type levels of viral DNA in non-permissive cells
even when Tow mu?tip]icities of infection were used (Lassam et al, 1978).
At similar input multiplicities (5 pfu/cell) this mutant also iﬁduced
the synthesis of late viral structural polypeptides.

The group II host range mutants were found to be defec%ive in



93

S22 pa1284uL jueinw [ dnoub JO SIOBUIXD WOA) PIULRIQO

seyerrdiooadounumy Ul pa3o9yap sem (2dA3 PLLM YILM UIDS 1RYJ %GT ueyy ssap) uiaioad uojjep QOG0T 8133t Audp 3

"UO131034UL 1M J433JB PAALDSQO JBY]

9Gg-02 U9am1aq Sem uo11dajul jueinw [ dnodb u4@3je punoy utdjoud uol[ep 000°8S pajeaidiosadounual JO juncwe ayy p

*s|190 Asupty

0AAQWS 104 WAO4SURA} ,A[3ALIJ0QR, [[L#A 2N SISP[QO4QL) OAUqwd FBJd 40 S[|3D utedq oAuqud jed Aaeurad waojpsueas ’
J0u LM ASY] 2BY} UL AJLALIOR UOL}RWAOSSURAY BALLIDS48p 3LqLyx3 sjueinu | dnoub g py ayj *//61 °[e 18 weyedg °3

v

"[L6T °le_ 38 uosiadey -q

\)/(\K 8/61 ‘le 3° wesse] ‘e
 a ot + + D - - ]

o P “3uelny

‘ : I dnoug

. 44 G Py
+ - + + "o- +, + 9 Iy

/uv juelny

. . I1 _dnouy

: 44 § PY

+ + + + + + + In S py

00S°0T 000“vY 000°8S 000°/9 000°2/ AILALIDY S1SaY3UAS uotjedf{day SNULA

SUL31044 J13108dGg [eaLp A[4R3 JO UOLIONpU] .ncowumsgomm:mLH uLalo4d ajeq .pUNG LBJLA ,

SINVLNW 39HVY LSOH G SNYIAONIQY 3HL A9 (3SSIUdX3 S133430 3JHL 40 AdVWMNS

¢ 318yt ¢

L



v oy P
PG TP A

94

the production of an immunoprecipitable 58,000 dalton protein, an
observation which has since been confirmed by Ross énd Levine (personal
communication). At present, it is not clear if these mutants fail to
induce the synthesis of any 58,000 dalton polypeptide, or whether they
produce an altered, non-immunoreactive protein. It would be surprising
if all four mutants of éroup Il made a 58,000 dalton protein which did
not react wiph antibody, and it seems more probable that these mutants
fail to induce the synthesis of thié protein.

With the exception of the 58,000 dalton antigen, the group Il
mutants induced the synthesis of all other major early viral antigens
found in wt infected KB cells (see table 2). Since these transformation-
negative mutants are(capab]e of synthesizing DNA and late viral proteins,
it may be tentatively concluded that the 58,000 dalton protein is involved
in initiation and/or maintenance of transformation. The conclusion that
this polypeptide plays a role in transformation is in agreement with the
fact that the 58,000 daiton antigen was detected in a number of Ad 5-

transformed cell lines.
B. Group I Mutants

At Jow multiplicities of infection, the group I mutants appear
unable to express major late viral functions. Using a multiplicity
of inféction of 5 pfu/cell no late virus structural proteins were de-
tected in extracts of'n£_3 infected Hela cells. Furthermore, Lassam
et al (1978) observed no detectable viral DNA synthesis in cells in-
fected with hr 3 at the same moi. 'These results suggest that the group

—
I lesion is expressed early afﬁer infection and that this lesion effec-

a o
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4,

e
tively blocks the expression of late viral functions.

At present, the relationship between the defects expressed by
group I mutants and the production of early virus-specific antigens
in cells infected with these mutants is unclear (see table 2). The group
I mutants induced the synthesis of the 72,000, 67,000 and 58,000 dalton
antigens but not the minor viral antigens of molecular weights 25,000
and 15,000. When the double antibody technique was used, significantly
less 10,500 dalton protein was immunoprecipitated from aroup I infected
cell extracts than from cells infected with wild type or the group II mu-
tants. However, as discussed above, the origin of this polypeptide is
not clear since it may have been immunoptecipitated non-specifically.
Hence, the connection between the reduction in synthesis of the 10,500
dalton protein and the group I defect is obscure. Recently, Ross and Le-
vine (personal communication) have reported that the aroup I mutant hr
1 induced 1ittle or no synthesis of an immunoreactive 10,000 dalton pro-
tein. This 10,000 dalton antigen could be identlcgﬁ to the 10,500 dalton
protein described here.

The finding that the group 1 mutants induced the synthesis of
the 72,000 dalton protein is in conflict with results reported by Berk
et al (1979). In their study, Berk and co-workers analysed the expression

of early viral mRNA in Hela cells after infection with host range mutants

of both complementation groups. Briefly, the group Il mutants were found

to induce the same early virus-specific mRNA's detected after wild type
infection. However, after group I mutant infection, only the RNA trans-
cribed from the viral DNA sequences between map units 1.5 and 4.5 was
expressed at wild type levels. (The amount of mRNA corresponding to

v
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early region 2 which encodes the 72,000 dalton protein (Lewis et al,
1976) was found to be 300 fold tess in qroup I mutant infected cells than
when wild type virus was used.) Lewis (personal communicagtion) has also

.

examined early viral mRNA synthesis in host range mutant infected cells
duction in expression of early viral mRNA from early reqion 2 in group
1 mutant infected cells.

These discreﬁancies could be attributed to leakiness of the host
range lesions. At high mult1p1icifies of infection there 1s a tendency
for the host range mutants to leak through the block resulting from the
host range lesion and proceed through the productive cycle (F. Graham
and J.F. w1lliaTs, personal communication). Hence, synthesis of the 72,000
dalton protein {; group I mutant infectéd ¢ells could be a consequence of
the relatively h)éh input multipljcity (35 pfu/cell) routinely used in
the immunoprecipitation studies. However, this 55551bi1ity appears un-
likely since this antigen was detected in hr 3 infected cells even when
a multiplicity of infection of 1 pfu/cell was used. At present, the

reasons behind the conflicting data outlined above is obscure.

ITE. Protein Kinase Activity Associated with Transformation Anticens

The data discussed above was principally concerned with identi-
fication of the early Ad 5 proteins involved in adenovirus‘transformat1on.
The possible function(s) of these proteins was also invessigated in this
study. Some insight into the function of viral transformation proteins

has been provided by Collett and Erikson (1928) who reported that the src
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gene product of Rous sarcoma virus was associated with protein kingse
activity. These results were later confirmed and extended by Levinson
et al (I378), who detected protein kinase activity in immunoprecipitates

obtaired using antibody specifically directed against the src protein.
Furthermore, the src gene product synthesized in vitro using segments )
of the RSV genome containing the viral transformation gene also exhibits
protein kinase activity (Erikson et al, 1978; Sefton et al, 1979). Since
the pioneering studies of Collett and Erikson (1978), protein kinase
activity has been found associated with a transformation-related protein
of another RNA tumor virus, murine sarcoma virus {Sen and Todaro, 1979);
with a transformation antigen of the DNA tumor virus polyoma virus (Smith
giigﬁ, 1979; Eckhardt et al, 1979; Schafthausen and Benjamen, 1979) and a
transformation gene product of the related simian virus 40 (Griffin et al,
1979), although some controversy exists about the latter results (Tjian
and Robbins, 1979).

The studies presented here provided the first evidence that
phosphotransferase activity, similar to that found with the RNA tumor
virus RSV, was also associated with the transformation related polypep-
tides of a DNA tumor virus. VUhen wild type Ad 5 infected cell extracts
were immunoprecipitated with 14b antiserum and incubated with (y-¢P)
ATP, phosphorylation of the heavy chain of the antibody occured. Only
a small amount of phosphotransferase activity was observed with immuno-
precipitates from mock infected cells or wild type infected cells immuno-
precipitated with non- immune hamster sera. The immunoprecipitable protein

kinase activity was also found in two lines of Ad 5 transformed rat cells.

These results demonstrate that the Ad 5 protein kinase activity was



dependent upon and associated w&th the presence of polypeptides
immunoprecipitated by 14b antiserum. Very recently, Raska et al (1979)
and P. Branton, S. Mak and S. Bayley (personal communication) have
found the transformation antigens of a different adenovirus serotype,
Ad 12, to be associated with protein kinase activity.

It could be arqued that the protein kinase activity detected
in 2 5 jnfected cells resulted from contaminating cellular protein
kinases trapped within the antigen-antibody complex. However, 1in view
of the results obtained using unrelated antibody, this possibilaty
appears unlikely. When human 19G and rabbit anti-human 1gG were 1mmuno-
precipitated in the presence of w1fd type infected cell extracts only a
low level of phosphotransferase activity was observed. Further, little
protein kinase activity was detected in a similar experiment using
bovine serum albumen (BSA) and rabbit anti-BSA. In these experiments,
the amount of antigen-antibody complex was probably far in excess of
that obtained using infected cell extracts and 14b antiserum. Although
not conclusive, these results suggest thﬁt only low levels of protein
kinase are trapped non-specifically in immunoprecipitates. Hence it is
unlikely that the Ad 5 associated protein kinase activity resulted from
entrapment.

The phosphotransferase activi}y immunoprecipitated from Ad 5
infected cell extracts first appeared between 6 and 8 hours after infec-
tion, with maximal activity observed using cell extracts prepared 16
hours post infection. When cytbsine arabinoside was used tO prevent
viral DNA synthesis, the Ad 5 related protein kinase activity was only

slightly less than that found with the untreated cultures. These data
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indicate that the immunoreactive protein kinase actividy is associated
with an early Ad 5 funct}o#. This conclusion is also suoported by the
fact that the phosphotransferase activity was immunoprecipitated with
14b antiserum. As mentioned above, this antiserum should contain anti-
“bodies directed against only those viral polypeptides encoded by the

transforming region of the Ad 5 gegome.

The Ad 5 host range mutants of both complementation groups were
found tg be defective in inducing the 1mmunoprecipitable protein k]ﬁase
act1v1£¥; With immunoprecipitates from group Il mutant hr 6 infected
cells, the rate of phosphotransferase activity observed was only slightly
above that detectedﬁwgth control mock infected extracts. The activity
obtained using group I mutant hr 3%infected cell immunoprecioitates was
also reduced relative to that found with wild type but was nevertheless
considerably areater than that seen with extracts from hr 6 infected
cells.

The observed protein kinase activity could be due to at least
three formal possibilities: a) a virus-induced cell protein kinase
specifically bound by the 14b antiserum; b) a cellular enzyme tightly
associated with one or more proteins bound to the 14b antiserum; c) a
virus coded phosphotransferase enzyme., As discussed immediately below,
the p}esent data tends to support the latter two possibilities.

a) The Ad 5 protein kinase activity was detected in infected human
KB cells and in transformed rat cells using 14b antiserum obtained from
namsters. Hence, if the phosphotransferase activity was due to a virus
induced cell enzyme, then the re]eve?t protein kinase in huaan, rat and

hamster cells would necessarily be antjgenically very similar. Furthermore,

3
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P. Branton (personal communication) has found that the Ad 5 immuno-
reactive protein kinase activity is not immunoprecipitated from tumor
antisera directed against Ad 12 transformed ce]is. Similarly, the

14b antiserum does not immunoprec%pitate the Ad 12 induced protein
kinase. Hence, if a virally induced host enzyme was responsible for

the protein kinase activity, each adenovirus serotype must induce ..
antigenically distinct host-coded protein kinases. Toggther these
results suggest that the Ad 5 protein kinase is not due to a host enzyme
specifically induced by viral infection. However, this possibility
cannot be.excluded in view of studies with RSV indicating that the
endogenous sarc protein kinases from a variety of species all cross-

react immunologically (Sefton, personal communication).

'b) The phasphotransferase activity could also be due to a cellular

protein kinase tightly associated with one or more viral transformation
proteins. At present, neither the data presented here nor that published
in any of thé\zﬁmaﬁ virus systems, rules out this péssibi]ity. In fact,
Tjién énd Robbins (1979) have suggested that the SV-40 induced protein
kinasé is actually a cellular gnzyme.which may be separated from SV-40
tumor antidens; However, in a simf]é study by Griffin é;_gl (1§79),
(\re found to retain phosphotrans-

highly purified SV-40 tumor antigens we

ferase activity.

. ¢) Finally, the protein kinase activity-could be due to a virally

coded&protein. Should this prove to be the case, the candidate poly-

‘ N
peptide(s) must be among those viral specified antigens immunoprecipitated
by.14b antiserum. "With the available data, it is not possible to speculate

-

as to wﬁich of these proteins could be a protein kinase.
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The data presented here and the work of others ﬁehtioned above,
suggests that the transforming region of many tumor virus genomes éodes
for a polypeptide associated with protein kinase activity. This suggests '
that viral transformation might proceed by a common mechanism involving
phosphorylation of cellular proteins. Participation of a p}otein kinase
in the events' leading to viral transformation is a particularly attrac--
tive idea, since protein phosphorylation is known to be involved in the
regulat{on of a wide variety of ce]]g]ar activities (Greengard, 1978;

Rubin and Rosen, 1975). At present, the target(s) of these viral

associated protein kinases is unknown.
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