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'\ .‘:" .
The Rous sarcttma virus (RSV) gr¢ gene (v-;r;)‘)s one of

‘thé'most extensively studied oncogenes, yet the mechanism by

which it transforms virus—-infected cells remains unsolved.
N
The sxuﬂifof mutants of RSV provides considerable

information on the function of fho.u-gr; protein (péd0vV—8SCeH

*

Characterization of the chicken cellular countorpar( of

the v-3r¢c gene (c;ggg) has‘prouidod clues as @o‘tho v
‘ \

alterations required to pﬁodgce'an oncogene from a normal
cellutar gene (proto-oncqgene). Characterization of the

human c-src gene will be usc*ul_for_futdrb studies aimed at
M - - R -4
detecting possible human c-grgc alterations associated with

human ncoplastic.disordors.

[

The nucleotjde sequence of the 3’ three—-quarters of a
molecularly cloned human c-grg gene was determined. This
region of the c-grc gene c‘!oqoi the tyrosine Kinase domain

of ps0CTRLE and corresponds to exons 4 through 12 of the

chicken c-g;g gene. Human C-3r¢c is very strongly conseruod
. -with rtspoct to the chtckon C~3rc gene; P07 nuclootido

homq}ogy ‘and 98% amino acid homol ogr exists botuoon human.

-

‘and chicken c-grc. The exon sizes Ind the locations of the
oiqnffntron boundar ies are identical Iin human. and chicken - .

‘c-3rg. Sequences within introns art‘not;cbnsonvod, and most

of the introns of human C-Src are much largor than tho

-

corrospondlﬂb chlckon c-srg introns.: .

The strong amino acid conservation of this region of

pSO0C~RLE of sgpecies as divergent as humans and chickens




‘in RSVU-infected cells.

. -

suggcsts that this portion of péoc 2L gpecifies one or more

functson;) domains that are of great |mportanco to some’

1

aspect of normal cellular growth or di(ferentiation.

13

The nature of the lesions in three fusiform mutants
(Wo101, WO201, ang tsSTSZ?) of the Schmidt- ~Ruppin strain of
RSV waiAdotormlnod by molecular cloning and DNA soquonctng.
WOo101, WO201, and tseST329 all contained an in frame deletion
in the v-grg rcgion,todrng for amino acids 1146-140 of
pddiﬁi. The dcleto& segment is flanked by consensus splice

donor- and acceptor sequences and cpntafns an appropriately

positioned branchpoint iccoptor‘consensus sequence,

suégosting that the deletion occurred throuéh an aberfant
RNA spaicing event. ‘fhoso results suggest that a protein
domain within the N-terminal 1/3 of pé0V 2L g important

for controlling morbhological parameters of transformation

’

¥

STS29 also contained a point mutation which results in

the substitution of Iysiﬁo'for Qlutamic acid at position 93.

This lesion is adjacent. tS an amino-terminal tyrosine which
may possess a functionally imporiant role in affecting
pé0RLL Kinase activity and/or function. Both of the lesions
p;psont in STS29 contribute to the }cmpcrnturc-sonsiélvc
phenotype of this mutint as &omonstratnd by the generation
of nonbt; ST329/wtRSV hyyrlas containing oltﬁor the deletion
or.psiﬁt mutation of'éT529. This resuvit demonstriates the

impor tance of N-terminal sequences in controlling the Kinas

activity of péOVTRLG,




ACINOWLEOGEMENTS

1 would liKe to express my appreclation to Dr. D.J.

Fujita for his support and enthusiasm throughout the course

of this Pesearch. ! thank Dr. E. Ball, Dr. 6. Mackie, and

Dr. K. Ebisuzaki for their continued interest and advice. 1
am indebted to Dr. A. Ridgway and Dr. A. Tanaka for their
agsistance and expert advice. ] would also like to thank all
tﬁc members of the Cancer Research Laboratory who provided

-

an enjoyable working environment. 1 gratefully acknowledge

. the support of the National Cancer Institute of Canada.

Special thanks to my parents and to my wife, Brenda, for

their support and encouragement.




IABLE OF CONTENTS

Page

C'ERT!FXMTE OF wlmTlm 8 6 % % 6 B & " 8BS " P e C E P BE PSS st 3 “
ABSTMCT P % & & % & 0 8 48 8B B & D % NS B AR B A DS LN E SN S sy i"‘
-MMEDGWTS ------ *® 0% v 8 s s ® % 6 ¢ 0 v "8 000 S e BB e LI I ) U
TABLE OF CONTENTS . ...ccierenccoscnan ceeereessensennn . vl

LIST OF TABLES .....cccvvevenccnancnns cecena ceeenes ViKY
LIST OF FIGURES € 9 5 8B % & 2 & % 8 S8 B 88 B s e G v B I N EREERE R ix
ABBRW!AT“ ms ® # 8 8 B % 5 2B * S S S AL S D S S PO CE R RSO NS P AN ‘.C L] x
CHAPTER 1 - GENERAL INTRODUCTION .......covievnnienenns 1
1.1 The RSV grg'gene ...... ceessennae ceesesestsesanaa 2
1.2 Cellylar sr¢c genes ...... ceccsrons P B |

ios ObJ.CtiV" o R & " e S S8 AP ET ARG S F eSO FTE LS rNEETE S 16

CHAPTER 2 - MOLECULAR CLONING AND DNA SEQUENCING
OF THE HUMAN CELLULAR SRC GENE ........... 18

2!1 lntf“uction .'t.l.".'l..“..!'..'..'!'lll.l.l. 19‘
2.2 Materials and methods ....icvsvvececnsrrnscnnace 22
2.2.1 Chemicals ....iiovevneveccssonsacsssasssses 22
2.2.2 Bacteria, plasmids, and virus strains ..... 22
2.2.3 Preparation of radiolabeled '
' viral gr¢ ODNA probe ........c.ctiveeeccenans 22 .
2.2.4 Spun column procedure for removal
. Qf free n;‘c‘.otid.‘ e P e e s s e s Re s ssA s o0 23
2.2.5 Screening of the human genomic library .... 24 °
2.2.6 Large scale preparation of lambda DNa ..... 26
2.2.7 Restriction endonuclease .
digestion o0f DNA ..ccrvecveersrccrssosnssoress 26
2.2.8 Electroelution of DNA fragments ....cec0... 27
2.2.9 Subcloning of the human srg
gene Into MIAMPB .....ccccvceevcaccoscocnns 28
2°.2.10 Preparation of single-stranded
M13 template DNA .......ccneue.%eu... ceee. 29
2.2.1% Hybridization of M13 subclones -
. to v-3rg probes ....ccvvcctsecscscsssseecass 30
2.2.12 DNA sequencing of Mi3 subclones .......... 30
2.3 ReSUItS .. ..cinienerencnnncnerssssssasssesesss 32
2.3.1 Structure of the human cellular ~
BLC QONE .. .v..evvesavsecscasossscsararssass 32
2.3.2 Sequencingsstrategy for human grg .ceceeeeec. 32
2.3.3 Accuraoy’gi the sequencing procedure ...... 39
2.3.4 Nucleotide sequence of the 3’ three-

quarters of human grg and the )
deduced amino acid sequence ............... 40
2.3.3 Exon and intron organization

“of human CellUlar SPC cveeveccsccseiencnass 46 -
'.2.4 D"cu"‘o“ 2 8 8 &0 0 8B P B ¢S 84O S 0 A P S B F S B D DD RPN e 52

2




*

CHAPTER 3 ~ CLONI&G AND._CHARACTERI ZATION OF FUSIFORM .

MUTANTS OF SARCOMA VIRUS ....... cesee

3‘1 !ntroduction l."I"lll'll....tliioil.l’lll‘&.‘.l

3.2 Materials and methHods ....:ivecusrasiiscnnsnvns

302-1 Grmth m.d\ll S e B s s e PSP IR LTRSS REYIRGCERAROOEERLNE ERA S

3.2.2 Cells and VITUSES ... ceittttsnnvancansensane

3.2.3 Molecular cloning of mutant viral DNAs ....
3.2:4 |]p vitro packaging of

lambda DNA ..... v 0200 vaen weeterane ev e

3.2.5 Sequencing of mutant viral DNAs ...........

3.2.4 Analysis of viral RNA in infected cells ...

(1> T1 RNAse/RNAse A mapping ....cicvece.as

(1i) SI mapping .....icveenn. seaseensre e
3.2.7 Treatment of cells with agents that.

affect cellular methylation

W

W WAPWWWRWWW

1

2 wo’ol o 8 8 8 g v s 9 e e s e
3 NOZOI -l.o.oouun-ac--nc-.;o.o-ovoa!..l. ooooo
4 gr529 ....... ® e " o0 820 00

® ® B & & 500 E s e Esg e

® 8 8.5 8 008 80 0 S0 00 s

S5 Analysis of grc RNA in RSVU-infected cells
& Effect of RNA methylation on splicing ....
1
t

w

scussion ..... Cesscsesasssassases ceeareseean
Genetically stable deletions mediated
by aberrant RNA splicing events ..........
.4.2 Detection of cleavage of wt RSV RNA at
the proposed splice acceptor site ........
3.4.3 A common region of v-ar¢c is deleted
In several fusiform viruses ......cccoc00.
'3.4.4 A Putative domain of pé0V~2LSL control-
" ting transformed-cell morphology .........~

. CHAPTER 4 - TWO SEFARATE LESIONS ARE REQUIRED TO
PRODUCE THE TEMPERATURE-SENSITIVE'
- PHmoTYPE OF msz? * 8 & B oS 0 & 3 04SSR

4.1 Introduction .....cco0000000c0cvecrssnnssvsencss

4.2 Materials and methods .....cicivevieresnnnnnss

- 4,2.1° Construction of hybrig viral DNAs ........
4.2.2 Transfection of virkl ONA into chicken

* . embryo fibroblasts ....c.ccvereencrencense

4.2.3 Focus assay of RBV .....vcvinveronecnenesnea

4.3 R.'u‘t' .O!‘l..lll..liiilll'l.!’ll.l..'...l...'l

4.3.1 Leslons present in S8TI29 ...vceeveereosnases

4,3.2 1lsolation of hybrid viral molecules ......

4,3.3 Transfection of viral DNA molecules ......

‘.‘ D"cu"'on .Q..l‘-..l'.ll...l.."....'.'.l..l.li
, i .

stY ,.0.'.....Dl'.l.'....l....ll

a9 ® 98 8 6008 P e b9

REFERENCEE .........c000000

. ;
.l‘lln‘.'.lno-.."-l-l-ll'CQO

UITA -’.oocccnoo —-———

'..‘QID.QUI\O'.OI‘).I.l.-lq.n...l-......t

vil

R.'u't‘ 'l."."l.ll'l...".ll...l.lll -...‘.....-‘
.3, Cloning and sequencing of vir $ ...

112

116

122

123
126-
126"

127
12?7
129
129
129
130
133

138

141

173




S
s T ]
LIST OF TABLES ° -
. Table ‘ - Description Page
) S Splice donor and acceptor sequences of i _‘
hum.ﬂ C‘m l'l.’ll..’..lll‘lll‘.l.l‘l‘l.l..ll!’4‘7

11 Intron size in the c-grg genes of
: human and chicken

® 8 8 0 0 4 = 2 &0 02 s TN s e e st a0

111 -Aetivity of lambda packaging extracts ......... 77

IV’ . Phenotype of hybrid RSV molecules .......... 0. 134}

.
-
- .
!
:
t I '
. -
R . . .
- :““ = - . - .
o -
- P
Py
. -
. - -




"LIST OF FIBURES

PDescription Page -

Restriction map of the human c-g‘ene esssse 33

DOt blot l"l)’ c-.--'-oc-avt.i-a.-oc-c--‘-a---.cc 36
Regions of human c—-gr¢ sequenced .............~
Sample 80 cm squdncing gels ........

Coding Sequence of human c-srg
.xm‘4t° ‘2 ® & ® & 5 & B F & 060 9 e roD

Comparison of the structural aorganization
of the human and chicken c-grc genes .........

pd0RLS contains' a DNA-binding
.CONSENSUS SEQUENCE . oocesannon

4 06 e 2 "o NS8O LS

Southern blot of WO101 Hirt supernate DNA ....

v

Southern blot of STS29 Hirt supernate DNA ...,

Rostrlctlon analysis of lambda clones ........
Sequencing strategy for qulform mutants .....
Splice donor and acceptor used for grc mRNA ..

Thoiroglon deleted in the mutant virdl DNAs
resembles a eucaryotic Intron .....i00e000ues.

Soqyonco gel of WOIBL .........ccccvvcnnnnene
Sequence o¥ a second alteration in STS29 .....,
TL ﬁNﬁso/RNﬁso A mlﬁping—of viral RNA .0 aaen
S1 mapping of the proposed splice Accgptor .o
Effect of methylation on RNA splicing .......
Mechanism of mutant productlon ....cveveapens

‘A small reglion of overlap of deletions
present In fusiform mutants crecrsiesanereanae

Summary of p&OV~RLS N-terminal
“t.r‘t‘on' ......."..‘..."'.f"...‘.......-

" construction of hybrid wtRSU/STS29
Mm‘.c“"‘ ..‘..'.":‘".'......‘l.....'l'.'.

ix




ABBREVIATIONS

- base piirs,
-(counts per minute

~ N-2-hydroxyethylipiperazine-N’ -
2-ethanesulfonic acid

Kilo base pairs. - .

Y 4

Kd | " - Kilo daltons . .

ng‘ nanograﬁi.

PIPES piperazike-N,N"-bis(2-
otha?osulfonic acid)

RSV RPuﬁ'sarcoma virus
TCA ' trichloro-acetic acid
ts . temporatdéo-sqnsltluo
ugQ ' ¥ microgram

ul o3 microliter .

. wild-type




The author of this thesis has granted The University of Western Ontario a non-exclusive
license to reproduce and distribute copies of this thesis to users of Western Libraries.
Copyright remains with the author.

Electronic theses and dissertations available in The University of Western Ontario’s
institutional repository (Scholarship@Western) are solely for the purpose of private study
and research. They may not be copied or reproduced, except as permitted by copyright
laws, without written authority of the copyright owner. Any commercial use or
publication is strictly prohibited.

The original copyright license attesting to these terms and signed by the author of this
thesis may be found in the original print version of the thesis, held by Western Libraries.

The thesis approval page signed by the examining committee may also be found in the
original print version of the thesis held in Western Libraries.

Please contact Western Libraries for further information:
E-mail: libadmin@uwo.ca

Telephone: (519) 661-2111 Ext. 84796

Web site: http://www.lib.uwo.ca/




CHAPTER 1

CT ‘ GENERAL INTRODUCTION
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* The gr¢ gene of Rous sarcoma virus is the prototypical

t.1 THE R R

oncogene. Peyton Rous’ discovery in 1911 of a filterable
extract of a chicken tumor that could induce tumors when
.injected into healthx chickens (Rous, 1911) was not given
much credibility at the time, but the study of oﬁcogonit
transformation by Rous sarcoma virus and other retroviruses .
harboring oncogenes has now shed considerable light on the
mechanisms inuo‘&ed in the production of neoplasms (Bishop,

-
1983>. . T

"Rbus-igncom%‘ui;y} contains at least four Q;nos with
 the -order S{fggg—ggi—gﬁk—gggfgol}Ie)—s‘ in the genomic RNA
(Duesberg gt al, 19765 Joho et al, 1976). Three of these
genes arp involved in viral rcp!ication- The fourth 'ggr'.,
ggg. ls not‘roqu1rod for unral kopfic;tion, but is the sole
geno implncated in the ‘process of oncogonnc transformation
in RSV tnfectqd colls as domonstrated by numerous genetic
studies (Toroshima and Uggt 1969 Martin, {970; Kawai and
‘Hanafusa, 1971; Uogt, 19713 Biggsvgl gL; 19?5) Tﬁ; product
of the scg geno ls a 60kd phosphoprotoin named péO0RLL  which: A\
was orogﬁglhly idontifiod as a transformation-specific

antlgen prosont ln avian sarcama virus-transformed cells

(8ruggo and Ernkson, 1977; Brugge ¢t al, 1978; Jay gt al,

1978; Purchlo 11 gl, 1978). Enzymatically active ps0RLES has

been sfhthoslztd‘by in vitro translation of the 3’ one-

.  §
thlrd of Rous sarcdmc virus H*A (Purchlo 2t al, 19?7; Beemon

and Huntor, 19?8; Erlkson et ;l, 1978). The amino acid

=4

-

-
-5




sequence of the viral gr¢ protein was deduced from the
*

nucleotide sequence of cloned proviral DNA (Czernilofsky et

al, 1980} Delorbe gt a1, 1980; Takera and Hanafusa,‘l982;
Schwartz ¢t al, 1983). These spquances indicated that the
viral gsrg gene is abl; to code for 31 protein containing 526
amino acids with a molecular weight of approximately 40,000,
which is in agreement with the size of the tumor antigen -~
detected in Rous sarcoma virus infected cells.

The subcellular localization of psOYV~RLL g
predominately in the region of the plasma membrane.
}mmunofluoroffcnco microscopy studies havé}shown that
péO”"lﬁi is p;rticulartly concentrated near cell-cell
Jgﬁctions (Rohrscﬁheidor, 1979; Krueger ¢t al, 1980b) and
adhesion plaques (Rohrschneider, 1980). So&e diffusi
crtoplasmic fluorescence has been reported, and one group
?ﬁp shown an association of p4OV™RLL with tho crtoskeleton
(Burr ¢t al, 1980). The results oi.lmmunocrtochomical . -
oioctronfmicroscopy are in agreement wlth‘tho plasma
membrane localtization of the gr¢ protein (w}ll+ngham et al,
1979). This study showed that ps0V™RLS was concentrated at
Qap Junctions.'ébbcclidlar fractionation has also
demonstrated the localization of psOVY~RLS predominantly
within the cellular membrane fraction (Courtneidge ot al,

{9803 Krueger gt 31, 1980b). In tho;o studies, pé&OV RS
behaves as an integral membrand protein. An unusual! nuclear
envelope and Juxtanuclear reticular 6cmbrano localization of

b - :

the v—;gg'ﬁrbtoln has been reported in RSU-transformed rat

.y,




. > 4

cells (KruogoF et al, 1980a). The srg pro}oins in these

cells are altered in their amino—tormonus,.pnd this

alteration may prevent the translocation of p&0RLS to the
s

crtoplasmic membrane (Garber et il, 1982),

PSORLL was shown to possess a cyclic AMP-independent
protein Kinase activity Q7 the ability of crude and purified
preparations of ps0iL& tp phospkorvlate the lgé heavy chain
in an immuno-precipitatibn reaction. as wellxas Various
protein substrates jn vitro (Collett-and Erikson, 1978;
Levinson et al, 1978; Ertikson et al, 197%a; Eriksop ¢t al, \
1979b; Maness gt al, 1979). Eventually it was discovered
that péﬂiﬁﬁ possessed_ an %PusuaL pr;ttin kuoasi activity
spicific for: tyrosine residues kCoflott gi_gl, 1980; Hﬁntor
and Sefton, 1980; Levinson et al, 1980).

The tyrosine kinase actiyvity of psORL& was first
described by Hunter and Sefton (1980), and since this was
perceived as an uncommon . form of protein modificaiion. it
provided an opportunit}‘to look for.targets of the péolﬁi
Kinase in cells transformed by RSV. Phosphotyr05in: is
present in normal cells at a lou;l:of less than O.IZ‘of the
phosphorylatod'amino.acids. Phospaoscrinq comprises the
mljg:;tr (907> wjthqphosphothroonlno acfounting fo;~5_to 107
of collular'phosphoamino acids. Cells transforhpd by.Rév
show a ten-fold iﬁ;rcaso in thollovol of cellular
pgasphotyrosino, and sobor;l proteins that show an lncr;as;

in phosphotyrosine levels have been ‘investigated with the o

‘hope of finding components of the cellular machinery

o

S



participating in the process of oncogenic transformation.
Thls’approach is justified by the observation that tyrosine
phosphorylation of cellular proteins is strongly correlated

with transformation mediated by the gr¢ protein as shown by

3 -

Sefton and-collabprators (}980b). Collular.ﬁhosphotyrosine
levels are nqt e!@yated 3; cells infected with

tcmporature-sonsiﬁ;uc muiihts of the RSV grg gene when the
cells are grown at the restrictive teﬁperaturo. Shifting of

rl

these cells to the permissive temperature results in a rapid

increase in cellular phosphotyrosine followed by

morphological, transformation.’se results suggest that

phosphorylation o§\;ellular pro®eins by ps0RLE s important:

e
b »
3

for the production of the transformed phenotype.’
Two of the suggested targets of p&03ILS are peripheral -~
membrane BEoloiﬂs, which is in agreement with the
cell-membrane localization of p&ORLL (Rohrschneider, 19;9;
Willingham ¢t ;i, 1979; ‘Sohrschneider, !980).‘A 34,000
molecular woiqhtwprotoin (p34) is heavily pho:phorylatcd
upon transformation by RSV (Erikson and Erikson, 17980; Radke
et al, 1980)'and p3é has been shown to be present in monomer
and dimer. forms as a component of the terminal web found on
the inner surfﬂcc'of ‘some opltgolia) cells (Erikson gl‘;l,‘
1984, G;rko and Weber, 1984?. Increased tyrosine
phosphorylation'of a human protein ro!ntodlto péé was
observed in A431 cells responding to EGF treatment (Hunter
and Cooper, 1981). Vinculin, a lBOkd*protoin localized in

» ‘ * .
adhesion plaques, contains 10-fold more phosphotyrosine in
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RSV transformed cells, but only appro;imately 17 of isolated
vinculin molocﬁles con‘a}n phosphotyrosine (Sefton gt 3!,
1981 . Adhesion plaéuos ar; involved in anchorln9' .
actinﬁ;ontagoing microfilaments to the plasma membrane as
well as the attachment of cells to the subgratum. P661t£

has been found to be localized in adhesion plaques by

‘indirect immunofluorescence (Rohrschneider, 1980). Since

L}

be that only the ‘UDp°8:\<£:°n of vinculin present in

adhesion plaques is phosphorrylated by psOR S, and

vinculin is also present diffusely in-the cytoplasm,\Ct may

phosphorylation of .vinculin may be able to alter the
3;choring of microfilaments thereby causing a change in
celtlular morphology.

A.potential crtoptasmic taFQoT/of p&0RLS g the SOkd
phosphoprotein involved in a tri-molecular complex with

p40RLE and the p?0 heat-shock protein ¢(Hunter and Sefton,
1980; Brugge ;;i;i, 1981; Oppermann et al, 1981a). PSO is
phosphorylated on serine residues innormal cells, but
becomes phosphorylated on tyro;:nc after infection with RSV
(Brugég and Darrow, 1982). The comﬁlox'botwoon pS0, ;90. and
péolﬂﬁ has been jmplicatod in the transport of p60RL& to the
cell membrane (Cour tneidge andtplshop, 19823 Brugge Li.ll.
1983). Another poniblo cytog?asmic target of the psORLS
tyrosine kinase is a p42 protein of unknown function which
has also'boon shown “to bo'phosphorylatod on trrosrho wﬁ;n

cells are treated wfth various mitogenic agents (Gilmore and

Martin, 19833 Cooper gt a), 1984). In addition, three

-

vt
¢




non-rate determining enzymes of glycolysis have been shown

.
.

to possess increased phosphotyrosine levels in

RSV-transformed cells (Cooper ¢t al, 1983b).

In order to investigate the relevance of the

-

phosphorytation of the presumed targets of péO;Lg' Cooper et

al (1983a) attempted to correlate phosphorylation of

N

suggested targets with the proddctibn of * .
trinsformation-rolatod‘parlmeters;in a scri.s‘of partially
transforming mutants of RSV. There was no correlation.

be tween ého ph&sphorrlation of the p36, p42, or an
additional p28 cytoplasmic target with the production of
morphological changes in mutant-infected cells. The
phosph&.&latngg of p36, p42, or the total pho;photyrosino'
content of cells correlated well with the production of

5 /.

plasminogen activator, and the phosphoryiation of p28 and

. p42 correlated well with increased hexose transport.
L J L *
P However, even when good correlations were observed, -
¥

significant exceptions were noted. The investigators suggest

that some of the presumed targets of p&0RLE phosphoryiated '

-

on tyrosine residues may not be causally related to the
expression of transformation-induced propor%lod.
The possibility that the poténtial targets-of the
pSORLS Kinase which have been identified are a reflection of
. the high level of src expression in RSV-transformed cells

. was suggested by experiments performed by Jakobovit; et al

(1984), in which the RSV srg gene was |inked to a .

[

;
L e

N + L
regulatable promoter. Transformation of celils was acheived® - ¥
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with levels of 960355‘10—{o¥q lower than the level of p§01££
in RSV-transformed cells. At thisg Tower level of grg
expression, no phosphorylation of the p348 protein was
detected. Since p3& is thought to be a major target of the-
src protein, it may be -that the phosphorylated targets
detected in RSU-transformed cells are merely a result of the
high level of grc expression, and if there are targets of
pSORLE directly involved in the‘process of oncogenic
transformatioﬁr they may not be easi{f detected by currehé
me thods.

Fur ther stﬁdies on the structure of p&0RLSE have
revealed several covalent modifications impor tant for

transforming activity. The amino~terminus of p&ORL&E contains

myristic acid (Buss and Sefton, 1984). The importance of

i

this modlffcation for membrane association and transforming

activity of pS0RLS has been elegantliy demdnstrated by

Hanafusa and c0rworkoff‘(c;oss‘gl al,1984; Garber ¢t al,
1983). By constructing various N-terminal delétiens of
pS0RLS  these inuostigatorsashowod that the first ten amino
acids aéo required for myristlryation and mcmbr;no
associabion. Viral pé0RL& % phosphorrlat}d on serine and-
tyrosine residues, and*scvoral-groups have {nuostigatod the
effect of these modifications on pSORLE activity. The serine
residue at position 17 in viral pé0RLS g phosphorrla!od‘br

a cyclic AMP-stimulated protein Kinase’, and the tyrosine at

position 416 is phosphorylated in a cycli<c AMP-independent

fashion (Collett gt al, 1979a; Hunter and Sefton, 1980




Smant et al, 1981; Patchinsky ¢t al, 1982). Both of these

resjdues have been removed by ipn vitro mutagenesis (Cross

and Hanafusa, 1983; Snyder gt al, 1983), and the mutant

proteins retain transforming ability, although the deletion

-

of tyrosine 4146 Qenerates a2 mutant which takes longer to

produce transformed cells after transfection of the in vitrg
- -
construct (Cross and MHanafusa, 1983). This lag was not

observed when tyrosine 413 was substituted by phenylalanine
(Snyder ¢t a1, 1983). These experiments suggest that Qﬁe
maJor-sitos of phosphorylation detected in vira!‘péoiﬁﬁ may
not be essential for transforming abiiitr.

Recent reports have &omonstrate; an assoclation between
amlno;torminal tyrosine phosphorylaiioq of p40V 2L and
increased Kinase activity of the sr¢c protein (Collett $1 al,
19837 Purchio gt al, 1983). When immuncaffinity purified
pS0V RLE was -incubated with ATP/ng+ and subsequegtly

‘ropurtfiod’on hexylamine-agarose, a slénlficant incroas; in
the activity of the enzyme resulted. An 18-¥0ld increase in
éﬁé tyrosine pﬂosphorrlat}on of the 36 kd pqtativo-target

iéotoin wWas observed. The more active form of the enzyme

" .potsessed several new sites of tyrosine phosphorylation. The

»

vast-majority of the now'phosphory!ation occurred on

amino-terminal tyrosine residues that were not precisely
locatized. The investigators coﬁcludcd that amino-terminal

. tyrosine phosphorylation is able to activate pdOvV—2LC . -

. *

As a result of the enormous effort put into the

investigation of viral oncogenes, we have been made aware of




~

* '

- N * -,
the fac‘ that gr¢c ig Just one member of a large family of
- - . . .

tyrosine Kinase oncogenes (Cooper and Hunter, 198la; anitr,

L284). A strotchxof approximately 2350 amino acids within the
carboxy-terminal half of pSORLS g known to be the protein '
&inase domain. This has been substaq}lgted by the
demonstration of tyrosine Kinase activity in a
carboxy-termin}l fragment generated by proteoclytic cleavage
‘o§4p60V'§55 (Levinson et al, 1981). A very homologous domain
of.noughly the same lgngth is found in each of the other six
viral ontogenes shown to have tyrosine-specific protein

‘ Krna;e ;ctiJity (yes, fqor, abl, 12;, iig, and ‘rgog). One of
th§ two oncogenes carried by avian crythrobiastosi;>virus,
the erb-B b'hf is also related to this tyrosine kinase

-

faﬁf;x of oncogenes. Recent work on the EGF receptor has
~demon{£rttrd‘a strikKing homology between tg; receptor ;nd
the ggh—é oncagcho. In fact, erhb-B app;ars to be a truncated
form';f tholEGF receptor, containing the coding region for
the internal catalytic domain and the transmembrane segment
but not the EGF-binding domain (Hunter, 1984). Since the EGF
r;c;ptor‘har an associated tyrosine Kinase ac}ivlir. cougg?:
>

. *‘
it be ﬁhpt:thé‘tycoilnc Kinase family of oncogenes is >

somehow able to deliver a signal for the cell to divi
the ¢$s¢nc’ of the usuaf_éruwth-promoting signals? Furthc}
invostig;kions on the functions of the normal cellular

countorpari; of viral tyrosine Kinase oncogenes is required

to provide a definitive answer. : '

&
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1.2 CELLULAR SRC GENES
The discovery in 1976 by Stehelin et al of 1gg;relatod

sequences in normal uninfected cells, pgyed the way for

future studies on the role of cellular broto—oncogenos in .
cell growth and their possibloginvolvemont in the production
of naturally occurring nooplasms.'Spector et al 1978c)

found cellular grc sequences in (41 vertebrates which were
examined. Srg-specific mRNA has been ‘detected in uninfected
chicken cells (Spector ¢t 31, -1978a; Spector et al, 1978b).

A 1Lg-liko gene #r om Proscophila has been cloned and

characterized, and shows 40% amino acid homology with giral

_ $0C (Shilo and Weinberg, 1981} Hof¢man ¢t al, 1983; )
Hoffman-Falk ¢t al, 1983; Simon ¢t al, 1983; Simon et al,
1985). The amino acid sequence of thisvﬁgggggnill e

. protein is oqua}ly related to the viral grc and yeg genes,
S0 ig Is possible that a single ancestral gono\nas
diversified into c~gr¢ and c-yes since the diJ:rgcnce of
Chordatbt and Arthropods. A 60,000 mdlcéular’wcigbt cellular
arc protein antigenically related to viral p&0RLS uas
‘detected in uninfected vertebrate cells (Collett et al,
1978; Oppermann gt al, 1979), suggesting that the virus has

acquired and is capable of expressing the entire gene. A
»

tyrosine Kinase activity was immuno-precipiltated from
Rrosophila cells with antlgody reactive with viral igg,
(Simon 2t al, 1983), but the protein responsible f9r “his
activity was not determined. Similarly, t;roslno Kinase

activity was detected l& extracts from the freshwater sponge

-+




Spengilla lacustris by immunoprecipitation anti-v-grg

antibody, but not from yeast or tetrahyme is represents
the most distant phylogenetic extension of grg tyrosige
Kinase functional homology (Barnekow and §ch;rt!,q!984>.

To furthor‘iddress the mechanism o; acquisitXBn and
generation of transformlng ability of the 15; gono‘;arriod
by Rous sarcoma virus, the cellular grc gene l; thc natural
host of RSV has been cloned and characterized (Parkor ;1 als
1981; Shalloway et al, 1981; Takera ¢t al, 19681; éwanstrom
et al, 1983; Takera ana‘Hana$u§A, 1983). The chicken c-grg
gene is composed of twelve exon regions corresponding to tﬁo
coding sequence and 35’ untranslatod_rcgion of tho viral srg ‘
gene. The ;oundaries of the v-grg bcﬁe suggest that the
c-gg;’éeno was captured by the virus th?ough recombination
at the DNA level on both sides oé the c-sr¢ déno;

Interestingly, the predicted carboxy terminus _of the chicken

c-3r¢c gene differs from that of the v-gr¢g gene. The last 19

amino_acids of péOc ~3I'C have been replaced by 12 unrelated
:amlno acids in the v-sr¢ pro(ein.’ln addition, ;horo are
souoral°isolat0d amino acid changos throughout the viral 1ﬂ; ‘
protonn (TaKeya and Hanafu'n, 1983).

Since the viral gng gene is altered relative to the
cellular "grc gene, the importance of these alterations for
the 4transforming acti;{ty of péob—g;g have boog investigated
by several groups (Hanafusa ¢t a], 1984; Iba.gt al, 1984}

Parker ¢t al, 1984; Shalloway gt jl. 1984). In il studlos

‘-

porfornod to date, the qpllular » a4 gcno hag boon unablte to
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offfcicntiy tfansform primary fiprobla;f;, éuop when
expressed at high levels. Substitutioa of the viral c;fboxr'

- termrinus for the cellular gr¢g carboxy t;fminus gehéraffffi“;
hybrid protein capable of inducing oncogenic t;ansform;{igg;

This and other experiments showiﬁo the possihle inuo]vom!ig )

of other v~grc specific amino acid changes in the oncogenic
activity of psov-2CS (Iba et al, 1984) suggest that the
‘aétfuitg of pso°~HC g tightix regulated in normal rqifs-
and structural chingos ih the sr¢ protein aré required to
activate its oncogenIC~pdtontiAtﬂ | 1
The cellular srg pqotoin is bhosﬁhor;{ated“on‘sgrine:

and tyrosine residues. The soriéc‘nosidub at position 17
that is phosphorylated in psovV ™R L, g ilso‘ﬁhoiphoryiited
in ps0c~2ES (Collo}t et al,.1979b; Karess and Hanafusa,
1981). Phoipho;ylation of tyrosine 414 of cellular pé&iﬁiA‘ '
do;s not occur jp giggl:ﬁut another Chtrrminal.tyioslne at
A;mfno acid 527, is.tﬁ; major 'site of tyrosine .
phosphorylation (Qollottrgi al, l979b; Karissiand-ﬁanafpsa; )
1981; Smart gt 3], 19813 équor et al, 1986). Courtneidge
(1983 hls'propodod‘that péoc‘lﬂiAaﬁtiuity is nogatlui;y

. X i
regulated in normal cells by tyrosine phosphorylation in the

Cf{éfﬁinﬂ‘ of the c-sr¢c protein. Treatment of cells @itﬁ the

tumor promoters, lZ—D—trirgdocanoflfphorbol~13*a£otato (fPﬁﬁ‘

.

- and to!dclh{ﬁ, or synthetic diacy!glyqorol, results in the -

L 3

phosphorylat%dn\of a serine at posltiqn‘l2 tn both v-grg and
C~Sre progclﬁs (Gould et al, 1985). The phosphoryliation is

mediated by protein kinase C, and essentially all péoRES -

LR .

'
r

~
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molecules are phosphorylateg!at’scrine 12 iftor treatment of
cells with agents known to activate protein Kinase C. The

investigator§~were‘unuble to detect any increase in psORLS
kinase activity associated with this modification (Godld et
4 ‘ ,
1, 198%),

Amino—-terminal phosphorylation of the collu}ar’lhg

protein has recentiy been shown to be associated with
- ' ’
increased tyrosine Kinase activity. Increased activity of

-

P4OCTRCL was detected in rat cells infected with polyoma

virus. C-grc protein molecules associated wi th the- polyoma

mhdale-éiizd tumor antigen were shown to possess an bTouitoq

tyrosine kinase activity associated With a navel site of
.-—""" N ’

tyrosine phosphorylation .in the amino-terminal half of

-

p&OCT 2L (Yongndfo et at, 19685). Amino-terminal tyrosine

_phosphoryiation of the Wuman c-srg gene péodﬁct hxsﬂboob

< P
issociatep with\ingréasod tyrosine Kinase activity in human

.neuroblastpm;s'(8o1§ﬁ et ;L{ 1985) .

"Cellular grc ig detected onily at a very low tevel in

host normal qol}d,~é iié;ch for a normal cell oxhibiting an
increased I;uei ;?~€;£ég ixprossron was conductcd w‘th the
tntontlon of findnng,out ‘more about the normal functiop of
the ggg_prctoln. Cottqﬁ and Bpuggo conducted a study of e
exprissibn |n d'vclopjng chlckon ombryos. The gng geno was
foand to be - transiontly exprcssod in tho dvuoloplno brhin,
sugges ting that péoc'lﬁh ptay; a roio in neuronal -
'dluolopﬁont4600gt?n and Brugge, 1983). Slmi]ar results were

- : . . 3
reported by Maness and co-workers In the developing chhck‘




neural rgtlni where PSORLS was localized In developing
retinal neurons by immunacytochemical staining using
anti-y-grg antisera (Sorge et al, 1984). ]p situ _
hybridization experiments weing the Drosophila gene most
closely rc[atod}to v-3re¢, domqnstr;tod the association of
sre donc expression with developing neural tissue and muscle

(Simon ¢t al, 1983). $rc gene expression was correlated with
’ »

dl*forontiaglpn but not with cellﬁlar division and growth of
neurons. The association of src with neural tissue has been
strengthened further by the discovery of increased s$rec
"Kinase activity in human neuroblastomas (Bolen et al, 1985,
Téc investigation of the mechanism of the production of
neoplasms br*viral oncogenes has turned out to be an
investigitio& éf the role of normal celiular proteins in the
control of cellular growth and development. Oncogene
ros;arch has already converged with the growth factor and
growth factor roceptor fields due to the discovered identltyﬁ

of several oncogenes and certain growth factors and

receptors (e.g. PDGF/sis, Waterfield et al, 1983; EGF

receptor/erb-B, Downward et al, 1984; CSF-1 receptor/fmg,
Sherr ¢t al, (;85). Each time the normal cellutar fuﬁction
of an oncogon} is identified, we obtain a more complete
undorstanding of t;\vzontrol of cellular qrouth and the loss

-

of control that can lead to neophkasm.
LY
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Our laboratory has been primarily interested in the

structué and function of the grgc gene in both the viral and
cellular farm. Our intention has been to Qain as much
information qQn t normal as well as the oncogenic function
of these proteins. We have molecularly cloned and determined
the BNA séquen;l of the'human cellular gr¢c gene. The
characterization of the igg gene in humans will constitute
the founda{ion fgr future studies aimed at detecting
possible alterations of cellular src *in human neoplastic
disorders, as well as studies on the structure and function
of this brotoin in normal human.growth and dcvolopment:'Tho
characterization of human ce!lu)ag';_g may alsoc shed some
light on the roported detoctton%ii two forms of the gr¢
protein in human cells (Shealy and Erikson, 1981). Since the’
cellultar src gene of chickens has atroady been
characterized, it allows us to make observations on the
evolutionary conservation of this gene between two
relatively distant species.

The second line of investigation we have pursued
involves the characterization of fusiform mutants of RSV.
Four mutants of this type are in use in our laboratoryj
w0101, WO201, WO40! and ST329 (Fujita gt al, 1981a). These

N
mutants have been shown to possess an unlinked pattern of
transformation parameters, giving fiso to cells which have
the growth properties of transformed cells but exhibit an

unusual elongated spindle shape in contrast -to the usual




rounded cel!l morphology of RSV-transformed cells. Previous

L4

studies m our laboratory have shown that all of these

-

mutants harbor amino-termtnal deletions in péOSFE (FujJita g&f
al, 1981a). Molecular cloning and sequencing of the proviral.
ONA of these mutants will help to define regions of the src¢
protein which are involvey in producing some of the
morphologlical changes induced in cells transformed by RSV.
The STS29 mutant is also a temperature-sensitive mutant

(FuJita gt al, 1981b). The Kinase activity of the srgc gene

’

-

product is inhibited at the restrictive temperature, and
STS529 infected cells behave as normal cells™under these

_ conditions. By'idontifying the grg lesion(s) responsible for
the temporatureLsensiglve behaviour it may be pos;)blo to
.p:bposo a mechanism for the tomporaturo—sonsitiufty of the

Kinase activity,. : .
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CHAPTER 2
MOLECULAR CLONING AND DNA SEQUENCING
‘ - OF THE HUMAN CELLUL,AR~SRC GENE
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2.1 INTRODUCTION

Aithough considerable informat;on has been obtained
regarding the RSV v-sr¢ and the chicken c-grc genes and
their protein products, relatively little is Known about the
human c—-sr¢ gene. A human p&é0RLS phosphoproé;in has been
detected by immunoprecipitation of human cell extracts with
antl-v-grg antiserum obtained from Q:bbits bearing tumors
induced by RSV (Oppermann ¢t 3l, 1979; Rohrschneid;r et al,
1979; Sefton et al, 1980a). Our laboratory has isolated
molecular clon;s of’ the human cellular $r¢ gene from a humir
dinomic DNA library (Lawn ¢t al, 1978). One of the clones
isolated (ASSH)-sp;nnod 14 kilobases of human DNA,' and
contained sequences capable of hybridizing to most of the
viral ggg.gtnc, andluas chosen for further charactorization;u
After extensive characterization of this clione, it was
discovered that sequences coding for the carboxy-terminus
but not the amino-terminus of sr¢c were present. écrooning
of the tambda library for clones containing additional 5'
soquoncos-r{suttod in the isolation of a ctone (AS11H) which
possessed an additional céding exon containing the start
codon of the hum‘ﬁ Src gene. To Verify that the lambda
clones aontained fragments of human DNA originating from the’
same locus, lambda clod;s S3H AND S11H were digested with ?
different r;strlction endonucleases and subjected to
Southorﬂ blotting with v-gpc probes. The presence of many
ldcn}ical'1£;-hrbridlzing bands demonstrated the overlapping

nature of these clones. Additional Southern hibrldjzations

<




were performed using human placental DNA, and the Hofa and

WI-38 human cell lines to prove that. .the 1ambda clones
.reprosonted an authentic locus present in human genomic DNA.
The cloning and DNA sequencing of the human gr¢g »
amino-terminal coding sequence was porformod by AKio Taﬁika
in our taboratory. Initial screening o; the human f!brary
was conducted by Joe Baar, and restriction enzyme mapping of
lambda clones was performed by Janet Radul. Fine structure
restriction enzyme mapping of AS3H and ASI1H ff' po;formod
by Carol Gibbs in the laboratory of H.-J. Kung, and this
proved to be very helpful for planning the strategies used
for DNA sequencing. Since the coding sequence of humap f I
is split by many 1arg; introns, ; DNA sequencing strategy
was employed that allowed the selection ;4 regions —
containing exons of huﬁan grc. Large DNA fragments capaplo
of hrbridizing to the viral grg gene were digested with
restriction enzymes thtt cut DNA frequently and the
resulting fragments were subcloned into }ﬁo M13mp8 vector

(Messing, 1982). Individual subclones were selected for

sequencing by their ability to hybridize to the viral sr¢

LY

gene.

During the fbuostiqation of the human srg gono,.wo
became aware of a possible second human c—-g3rg locus located
on human chromosome § (Parker gi al, 1985). This locus
possssses a more distant homology to the v-arg gene, nna has

been r;caﬁtly shown to be the human equivalent of the v-fgr

gene (Nishfzaua 2t al, 1986). The human c-srg, Tocus we have




tnvestigated is located on human chromosome 20, and
represents the human gene with the greatest homology to
v-aLs- .

Our laboratory has successfully cloned and sequenced

‘

the entire coding region of the human srg gene. Human c-3rg
spans 20 kb of cellular DNA and the coding s;quence is
interrupted by 10 intron segments. This chapter will
describe the isolation of human c-gr¢c genomic clones, the

S

ONA sequencing of the 3~ three-quariors of the human c-srg

coding sequence, and the surpri;ing homology of this gene to

~

the valutionarily distant chicken c-grc gene.
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2.2 MATERIALS AND METHODS e
. ' - . ]

2.2.1 CHEMICALS.
i ’
The following radiochemicals were purchased from New -

England Nuclear Corp.: [alpha-32p)gaTP (800.0 Ci/mmol);
talpha-32p)dCTP (3000.0 Ci/mmol); [alpha-335)1dATP (500
Ci/mﬁol). Ul tra-pure urea was from Schwarz/Mann. Acrylamide
wa; from BDH Chemicals Ltd. TEMED and APS were from Bio-Rad
Laboratories. IPTG and X-Gal were from BRL (Bethesda
Research Laboratories Inc.). Doxtr{n sulfate was from

Pharmacia. Other chemicals were purchased from Sigma

Chemical Co., J.T. Baker, and Fischer.

2.2.2 BACTERIAL, PLASMID, AND VIRUS STRAINS

A lambda charondA human fetal! liver library was
. -

obtained from Fritsch (Lawn ;l‘gl, 1978). The phage host
b;ctoria was DPSOsupF, and required NZCY-DT (10 grams NZ
amine, S grami yeast extract, S graﬁs NaCl, 2 grams MgCl,,
0.1 gram diaminopimelic acid, O-beQPIm thymidine per liter)
for growth. Plasmid subclones of human 3r¢ in PBR32Z were
provided by A. Tanaka and A. Ridgway in our lab. Mi12mpB8 r.f.
and the JM103 host bacterium was provided by Dr. D.T.
Denhardt. JMI03 was grown in SOB medium (20 grams
Bacto-tryptono,'s grlms-yoast o;tract, 0.5 gram NaCl per

-

lTiter, plus 20ml of 1M MQS0O4 sterilized separately).

2.2.3 PREPARATION OF RADIOLABELED VIRAL SRC DNA PROBE
Vg

A 3.1 kb EcoRl fragment of RSV cont.ln}ng the entire

viral src gene obtained from W. DelLorbe (DbdLorbe ¢t al,
. 4
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1980) was nick transiated in the presence of 50 to 100

microcuries of talpha-szPJdCTP using a modification of the
procedure of Rigby gt al (1977)>. The rgactidn was performed

in a volume of 20 to 30 ul containing 0.1 ug probe DNA, S50

mM Tris-HC! pH 7.2, 10 mM MQSO4, 1 mM dithiothreitol, 500 ugQ
per m! bovine serum albumin, 0.1 mM of each of dATP, dTTP,
and dGTP. 0.5 microliters of DNase 1 (0.1 ug per ml) was
added followed by S units of DNA polymerase 1. After
incub#tion for one hour at 15 degrees C, the reaction was
stopped by the addition of éDTe to 25 mM and the volume was
adjusted to 100 ul. The uningorporated nucleotides were
removed with a "spun column®" (next section) and tca
precipitable counfs were measured. Total acid precipitable
cpm varied between 10 and S0 million cpm per 0.1 ug of DNA.

Poor labelling usually indicated impure DNA,

2.2.4 SPUN COLUMN PROCEDURE FOR REMOVAL OF FREE NUCLEOTIDES
This procedure is-from Maniatis ¢t al <l982), an&ﬂéan
be used to remove over 80%Z of the free nucleotides prosont
after nick-translation. The pﬁttom of a ' ml disposable -
- syringe was plugged with a sma??k’gount of sterile glass
- wool, and thq column was flllcd’g?éh G~50 oqu!libratc& with-

TE (pH 8.0). The column was placed in a 13 ml centrifuge
tube and spun briefly at 135009 in a clinical centrifuge to
pack the column. The column was refilled and packed untit

+ ™

the column volume was 0.9 to 1.0 ml. 100"yl of TE was added

. and the column was spun for 4 minutes. The DNA sample was

.

added in a volume of 106 ul and the column was sdun at 1300g
x .




"

for 4 minutes with a 1.5 m] eppendorf tube placed uﬁdorneath.

to collect the sample.

2.2.5 SCREENING OF THE HUMAN GENOMIC LIBR;RY
! 1 of aﬁ overnight culture of DPSOsupF was
innoculat;d into 20 mls of“NZCY—DT and grown to an ODGOOnm'
of approximately 1.0. Up to 20,000 plaques per 100 mm plate
or 60,000 per 150 mm plate were screened using the Plaque 3
traﬂs*or method of Benton and Davis (1977), Briefly, 0.1 ml

of an appropriate dilution of phage was mixed with 0.2 ml of

bacteria and the phage were allowed to absorb to the ..
bacteria for 15 minut:s. 3 to ? mis of soft agar (NZCY-DT +
7.0 grams per liter agar) at 45 degrees C was added, quickly
. | ﬁéxod and péﬁredvéavo plates céntaining hard agar (NZCY—DTA+
15.0 grams por'litec agar). A#tor overnight incubation at 37
degrees, the plates were cooled to 4 degrees C and labelled
nitrocellulose %ilt;ﬁs (Schleicher & Schuell, Inc.) were

-

placed onto the lawn of bacterial cells and left in place
2
for one to two minutes. While in contact with the plate, the

.

filter was marked assymetrically with a 20 gauge needle
attached to an ink-filled syringe. The filter was then
careful ly removed and placéd into denaturing solution (1.5 M

NaCl, 0.5 M NaCOH) for" one minute and then transferred into

heutralizing solution (0.3 M Tris-HC! pH 8, 3 NaCl) for one
to five minutes and thon air dried. The proc&gs was.ropoatod

..

in order to make addi tional replicag, howovi}‘ the

nitrocelliulose filter was left on the plate for two to three
. 2] -

minutes. to allpﬁ absorption of more phage. After alr-drrlngﬂ’ -




the filters were baked for two hour; at 80 degrees C in a
vacq;m oven. |

Filters were hybridized using a2 modification of the
procedure of uah!;gl al (195?). Pr;hybridizatjon was for

four to elght hours at 42 degrees in a solution containing

S0/ formamide, 3IX SSC (i1X SSC is 0.15 M NaCl! and 0.015 M

trisodium citrate), IX Denhardts” (0.2 mg/ml of each of
f;co!l, polyvinylpyrrol idone, and bovine serum albumln), 20
mﬂ disodium phosphate, 10/ dextran sul fate, and 100 ug/ml
_mﬁ\~u/é:naturod E.- coli. total nuc!o;c acid. After . |
prohrbrldrzat:on, up to 10 million ac:d proctpitablo cpm of
denatured probc was added, and hybrtdizatton was allowed to
proceed ouornight at 42 dogrods in a sealed plastic bag.
‘After hybrid{zatlon, the filters were washed at least five
times in 2X SSC-0.1% SDS followed by'two 30 minute washes in
a l;rgo volume B&f 1X QSC—O.IZ SDS at 42 degrees and then a
single wash in 0.2X SSC for 30 minutes at qoéﬁ temperature.
The fﬁltors were air dried, then exposed to XAR-35 film
(Kodak) for one to three days. Films were aligned with the
filters and the positions of alignment holes on the fil ters
were marked onto the film qith a pon;‘Dupficato filters were
compared, and signals present on both filters were aligned
with the master plate and the agar surrounding the signal
location was cut out and placed info-l ml of phage buffer

(10 mM Tris-pH 7, 10 mM MgCl,). By replating at a lower

densi ty (<{000 phage per plate), and subsequent rescreening,

the hybridizing phage were purified to homogeneity.
. : : L
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-- incubated at--37 degrees- € for 8 hours with vigorous shakKing.™

.. extraction, and & final chloroform extraction. The DNA waw -

2.2.84 LARBE SCARE PREPﬁRﬂTIQ& OF LAMBDA DNA
4 X 1010 pacterial cetls w;ro resuspended in 10 ﬁis of .

phage buffer, mixed with 8 X 108 pgagc particles and

incubated at 37 degrees C for lsk;inutcs. The ;hagi'and

. . y
bacteria were then innoculated into | liter of NZCY-DT and

i ml of chloroform was added and the flask was incubated for .
another 15 minutes. A 10 minute céntrffugation at 5,000 rpm

was perform@d'ta-pgllgt’hnlysod bacftriq and debris. DNase I ..

LA >

* - ) R ) .,:‘\r‘ 2 N ) i
and RNase A were added to the supernate. at ‘a concentration
‘ Tl L oo - I Y i o
of 10 ug/ml each. The supernate was spun at 16,000 rpm in a )

T19 rotor for $0 minutes at 4 degrees C. The rosultipg
pellet was resuspended in 4 mls of 10 mM Tris—-HC} bH 8, 25-
mM EDTA. The solution was placed at &8 degroes‘c for 10
hinutcs, SDS was ;ddod to G.ZZ.‘proteiﬁase 4 Qa; ;ddgd_to FY
final concontration of 200 ug/;l: After incubation. at 48 ’
degrees C for 30 minutes, the phage DNA was exfracgfd one

time with phenol, followed by a phenol-chltoroform

precipitated by the addition of 2 volumes of ethanol wi thout
added salt, gently po[]otod for I? seconds at 5,000 rpm,
washed with 70% othanél, dried under vacuum, and resuspended
in 1-2 mls of ~TE PH 2.5. This method allowed the isolation .
of approximately 1 ug of lambda DNA pof ml of 1ytic cult&ro.
The purified DNA was easily digested by restriction

endonucleases.

2.2.7 RESTRICTION ENDONUCLEASE DIGESTION OF DNA
\, .

-~
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Restriction endonycleases were purchased from New
England Bidlabs, BRL,- or Boehringer-Mannheim. Al]

restriction onzy;nc digest‘ions of DNA were done in the

buffers recommended by the suppliér and at a enzyme unit to

. . . , N
DNA ratio of 2 to 4 units tos ! microgram of DNA in-a 2 to 4

N hour d%goition at 37‘6ogroos. Digested DNAs wgr('run on
agarose (BRL) gels (0.7 to 1.8 X in TAE with 1 microgram per:
m1 ethidium bromide) and stained DNA bands were visuvalized

: br iilumination wi th uttravnolet light to verify that
N | ucomprotr digestion had occurred. Hind Il aigosted 1 ambda

(.

_ DNA (BRL) was used for molecular. weight standards.

2.2.8 ‘ELECTROELUTION OF DNA FRAGMENTS
ALl ‘ ‘fragmonts.of human gr¢ used for subcioning were
obtained b* digestion of a pltasmid subclgone and

eloctroo)u’ian of the desired fFagm:nt fraom agarose gels as

-follows. The desired DNA band was localizod oh the gol usnng
& long-wav length ultravlolet lamp The rog;on of the gel
containing tho band was cut out ;nd p!aced in a dialys:s

.tube fitled with TAE buffer. The DNA was eluted from the gcl

slico at 100 volts for one hour, at uh&ch timo tho DNA was

stuck tightiy. to the dialysis membrane and the gel! slice was
removed.

» .

ONA and the solution was romoved.from‘tht dialysis bag,

he current was reversed momentarlly'QO‘frio @ho_

extracte

-

phonol—cjloroférm.oxtrgction and ethano! precipitation in

with buganol several times followed by

-~

‘the presdnce of 2.5 M ammonium acetate.

— L L
b A aam e e > -
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2.2.9 SUBCLGNING OF THE HUMAN SBQ GENE INTO MI3MPE

DNA - 6ragmonts which hadg been‘prevaously g\gﬁﬁ“ﬁg
contttn sequences homologous to viral 1_; by hybrvdszatbon
studées (Gibbs et “al.., 1985), Were digested with Aly I
and{br Hae 111 restn}ctidh }n&ohucleaits which gon;rntcd'
blunt-ended *ragmeﬁt; fhat:wero ;ubsequent}r ligated into
the bl&ﬁt—endgq Sma i cleaved K} 3mp8. The restriction enzyme
was fhactib§¢od by he¢ating or ;emov;d by phgnol/cﬁloroform
e}trattion And-eth;noi precipitifioﬂ if the enzyme could not

be lnaehuattd br heattng (Hae I115..A 0.6 kb Bgm HI

-fragment contannlng the carboxy—t.rmnnal coding region was

cloned directly into the Bam‘HI s:to _of Hlampe Pst 1 and
Pst I/Puu Il dsgestaons were porformfd on a 2.8 kKb Bam HI
fragmont, and the resulting fragments were inserted intd the

appropriate sites ih‘Hlamps. Ligationi were performed at 15

1

-degrees for 4 to 8 hours in 10 to 20 ul of ligation'bhffor

(66 mM Tris—~HC] pH 2-5 5 mM MQC‘Z’ s mM DTT,.and KS mﬁ ATP)

with 2 units T4 DNA lngase (BRL). 50 to 500 ng of lugatod

DNA was then qsqd»to ﬁransform JMI03 bacterial cells made

compefent by treatment with S50 mM CaCl, for 20 minutes on

“ice (Han?ol and Higa, 1970). Af{or lbéubatioﬁ'for 40 minutes

on ice, the mikturkoas heat-shocked at 42 d;groi; for éwo'
minutes and D.2 ml o# !og—phaso JHIOS (mado by-grcwlng a
17100 dilution of an ovornight culture ﬁpr 1-2 hours) were
added. Aftor .the addltion 04 10 ul of 0.1 M 1PT8 and 30 ul
of X-Qal (BRL)..tho col[s were mixed with 3 mls of gof@ agar

-

and spread on 100 mm LB plates. Overnight incubation at 37




, (‘\/ ‘ 3

degrees C allowed visualization of approximately equal
numbers of clear (containing DNA inserts) and blue-coloured

plaques (religated vector).

- »
-

2.2.10 PREPARATION OF SINGLE-STRANDED M13 TEMPLATE DNA

Individuatl well isolated plaq&es were picked and placed
into 2 mis of exponentially Qrowing JMI03 (see previous
'soction), and grown for & to 12 hours at 37 degrees L with
* constant agitation. The bacteria were pelleted br a 10"
minute centrifugation, and 1.2 mis of supernate was removed
andg mixed with 0)3 a}s of 2.5 M NaCl- 254 PEG in a 1.5 m!
eppendorf tube. The mixture was left at room temporaiure for
15 minutes, put*on ice ?or S minutes, then ;entrifuged-for
13 minutes at 4 degrees C. The resulting pellet was
carefully drained using microcapillary tubes and resuspended
in 0.4 ml of 10 mM Tris-HCl.pH‘ﬁ,'l miM éDTA (TE pH 8, 0.5x
sarkosyl. The viral DNA was then roﬁrocipitatcd by adding
C O.IAmlfgi¢j/¥roshly made solutioo containing 2.5 M NaCl, 2354
PEG./d.SZ sarkosyl, using the method described above. The
poll;t was resuspended in 0.1 bl~of'TE—sark0tyl and
phodol/cploroform oxtrafﬁ,d twice followed by a single
chloroform extraction. The DNA was precipitated by the
addition of ammonium acetate to 2.5 M plus two volumes of

N 9?3/ ethanol, placed at -70 dogroos.for 30 minutes, and

7 .
centrifuged for 135 minutes. The purified DNA pellet was
tinsed with 70%Z ethanol, dried under vacuum, and resuspended

in 20 ul of TE pH 7.95.
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2.2.11 HYBRIDIZATION OF M13 SUBCLONES TO V~-SRC PROBES

2 ul of virus-containing supernatant (see previous
section) from o;ch subclione was spotted onto nitrocellulose
filters (Schleicher & Schuell) and the filters were treated
and hrybridized to radiolabelled 25& probt As-described in
section 2.2.5. Most of the hybridizing clonos could be
detectod by exposure of fi!tors to Kodak XAR 5 film for 6

hours with a Dupont Cronex ifitensifying screen.

2.2.12 DNA SEQUENCING OF M13 SUBCLONES

The procedures used for DNA sequencing are
modifications of the method described by Sanger et al 1927

for sequencing using Ialpha—SZPJdATp,
, -
Biggin et al (1983) when (alpha-35S)1dATP was used. The

or the method of

template was anneatled to a 17.nucl¢ot7do primer (New England”

Biolabs) in a 0.5 m! Eppendorf tube containing 3 ul (1-2 ug).

.

template, 2 ul (5ng) primer, 1.5 ul reaction buffer (100 mM
Tris pH 9; 30 mM MgCl2) and 4 ul water. The tube was soaf;d
and placed into a 15 m! test tube in boif}ng water. After S
minutes, the test tube was rcmovo? and .llow;d to cool to
room tcmp;katuro. 1 ul of radiolabelled dATP was added, then
0.5 ul of DNA polymerase Klenow fragment (35 units/ul, BRL),
and 3.0 ul atiquots were added to each of fho four reaction
tubes containing 1 ul ddANTP (0.1 to 2’uﬂ1 and 1 ul dNTP mix
(10 uM of the inhibited nucleotide and 150 uM of tNe other
three). The reaction was incubated fqﬂrls mlnutus at 30

degrees C (20 minutes if [35S1ATP was used), and then 1 ul

of “"chase mix" (0.5 mM of each ANTP). was added to each tube




and the reaction was continued for an additional 135 minutes.

The reaction was terminated by the addition of 10 ul of 951

i*“~7 formamide, 10 mM EDTA.contalning 0.2/ bromphenol blue ;nd )

B )
0.2, xylene cyanol. The samples were bdiled for 5 minutes
and put on ice before lsadiug onto sequencing gels.

Sequencing gels (40 cm long by 0.3 cm thick) of 8«

acrylamide, 0.4% Bis-acrylamide, 8 M urea, were made up and
run in 90 mM Tris, 90 mM boric acid, 2.5 mM EDTA. These gels

“

were used to sequence up to 250 nucleotides from the Mi3

.

primer. Sequence over 3500 nucleotides fromxlhe')(imer could
be obtained by using 80 cm gels run in a buffer cyntaining
138 mM Tris, 45 mM boric acid, 2.5 mM EDTA (Anderson, 1981).
The gels were prehoatod to-50 degrees before the DNA sample
was loaded. Gels were run at an average cutrent of_ 25
mHliFmporcs foc,-.‘tims ranging from 2 hours for short gcl‘s
to 249 hours for long 63]3. A meta! plate was attached to the

front of the glass plate to avoid uneven heating of the gel.

1$ 132p, labeling was used, the gels were covered with
cellophane and exposed to Kodak XAR-3 film at -70 degrees
overnight. When (3581 labe! was used, the gel was fixed in
107 acetic acld‘for 10 minutes, rinsed for 10 minutes in
water, and dried on a gel dryer. The dried gel was then
exposed directly to the film at room temperature for 1 to 2
days. Sequences obtained were compared witﬁ the vsrc gene

using a sequence comparision program designed for the Apple

It co&%utor (Larson and Messing, 1982).




2.3 RESULTS

2.3.1 STRUCTURE OF THE HUMAN CELLULAR §g§ GENE
Approximately one million recombinant bacteriophagc‘

from a lambda Charon 4A human genomic 1ibrary were screened

with a radiolabelled viral sr¢c DNA probe as described in

materials and methods. A total of 10 recombinant clones
confaining human cellular sr¢ sequences were isolated. Four

of these clongg. designated S3H, S4H, SSH, and SiiH, were
.used for a restriction enzyme mapping study« ane structuro
. % ~

._'-’ ,ﬁ rthrictlon enzyme mapping was performdﬂ*on SSH &nd SJ!H~

.. - .o~ .S

»,

<+
Exbn—contalnlng regions of the human g < gene«vbrg locatized

-

)
e
*

by comblning restriction enzyme mapping wlth South:rn
blotting (Southern, 1973) analysis using either total v-gr¢ .
probes or pgobcs specific for certain regions of v-gr¢. ’
#igure 1 show; the restriction map of human cellular sr¢g
with the exon locations indicated and the regions of the

. gene represented by the lambda recombinant phage isolated.

-

2.3 SEQUENCING STRATEGY FOR HUMAN SRC
Since the hum sr¢ locus spans some 20 kb of cellular
DNA and is split by ma;y large introns, some larger than 2
Kb, we ado;‘d A sequencing strageg? that would avoid
sequencing the large amount of pNA that did not code for the
« human 1;; protﬂ}n. Spoclf}c restriction endonuclease
fragments that had been shown in Southern blotting studies

_to.contsin regions homologous to v-grg 4£CGibbs gt a1, 1983,

wcr* subclioned into M13mp8, and subclones were selected for




Figure 1. Restriction map of the human c-3rg gene. The
topography of the human c~-gr¢ locus is shown with the
reQions represented by lambda phage clones indicated below.
Abbreviations and symbols: R!, Eco RI} Xh, Xho I; Ba, Bam
HI; Bg, Bgl 11 H3, Hind IIl} Sa, Sal 1; Kp, Kpn I; 1B, il
exons regQions representing human c-grg coding sequences; o,
Alu family repeatesd sequence; XR- lambda ChdA right arm; NL-
lambda Ch4A left arm. From Gibbs ¢t a), 198S5. :

v

A 4
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sequencing by ﬁybr:dization to v-gr¢ in "dot blot® assays

¢

(see section 2.2.11). A sample "dot blot® assay is shown in

Figure 2. The DNA fragments used for subcloning were: a 3.9

kb Bam H! to Hind 111 fragment containing exons 4 and 5 (see
Fig. 13 the ratioﬁalé for nunibering human grg exons will be
explained in the discussion section); a 2% Kb Hind 111
fragment containing exons 6 and 7; a 2.8 kb Bam HI segment
containing exon 8, 9, 10, and part of 11; a 400 bp Bam HI
fragment containing the rest of ‘exon 1'l and exon 12 (the
carboxy- terminal codinb-rogioﬁ of human ggg).‘The.actual
regions and ého sgrands (5’ to 3’ or 3"io S/ strand)
sf?ucnced are ;l;ustratcd)?n Figure 3. Any ambiguities in

the sequence determined from one strand were resolved by the

sequence gq&d from the other strand. -

2.3.3 ACCURACY OF THE SEGQUENCING PROCEDURE
We are confident. of the s;qugnces determined using the
"dideoxy method for severa) reasons: (i) the sequences read
from gels were, in goﬁéral,~unambibuo§s; Cti) any Fogion
where there Q&s any doubt as to the sequence obtained was
clarified by the sequence riad 4ro@ the other strand; (lii)\
the three carbgxy—terminal exons of human c-gr¢ have bdon
) sgquoncod by another group using the Maxam and Gllbort ’

-
m of ONA sequencing (Parkor 3_1 al, 1983), and thc

scquonco determined corrosponds exqctly to the soquonco I

havo determined for this roglon; (iu) 1 havo partlcip;tcd in

L

sequencing the B qcno of bacteriophage Mu using .the same

v ' method, and the sequence determined agrees with the sequence :

y .
. .‘\\\~ . .
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at *
Figure 2. Dot blot assay. A representative dot blot is . ’ s

shown. 80 Hae 11] subcliones of the 2.9 kb Hind 111 fragment

containing exons 6 and 7 (see Figure 1) were tested using

the procedure described in the text. The faintly hybridizing 4
spots (e.g. 23), represent subclones containing a 7 bp Hae

111 fragment within exon 7,

a
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of this gene derived by the Maxam and Gilbert sequencing

/
procgduﬁe (Miller ¢t al, 1984). Fpr illustrative purposos{ B
Figure. 4 shows two representative 80 cm DNA sequencing

gels. Note the much clearer and finer DNA bands in the upper

~

-

region of the gel in which [3551dATP was used. The chaéor

bands are due to the lower: energy of (35s3 beta emissions,

and the sharper pattern allows more nucleotides to be read
from each gel. Finer bands than those shown in Figure 4

/ -
could be obtained by loading less DNA onto the gel, but tgiq

oy
resulted in an increased exposure time of the autoradioljram

.

which was inconvenient. Also, the safety of the procedﬁro is

increased due to the lower energy of the:radioictivo

emissions (Biggin ¢t al, 1983). o &

- [

2.3.4 NUCLEOTIDE SEQUENCE OF THE 3'\THREE-QUARTERS OF HUMAN
: ~ { . . .
Sﬂg AND THE DEDUCED AMINO ACID SEQUENCE

" Thi's section describes the nucleotide soqu;nco of the

.

nine exon regions of human c-gr¢c that correspond to

nucleotides 341 to 1342 of the u~-grg coding region
(Czernilofsky et al, 1980; Takeya and Hanafusa, 1982) and -
. " are predicted to code for theé carboxy—-terminal

*

three—quarters of human pé0RLS. The predicted nucleotide

sequence of mature human Src mRNA and the deduced amino acid

sequence ¥or this region of the human grc protein are g
presented in Fjgure 3. Human c-3rgc is compared with the
chicken cellular src gene using the exon and nucleotide

numbering scheme of chicken c-grg since .the number and -

location of introns in the humar c-g3rg gene was found to be




A
AL

Figure 4. Sample 80 cm sequencing géls. The autoradiogram
on the left represents a sequence ladder generated using
[325)dATP. Thée aytoradiogram on the right is a sequence
gererated with JdATP. The nucleotide represented by
several of the bands is indicated at the bottom of the
autoradiogram. Numbers indicate the size of the single-
stranded DNA fragments soparatod. Detailed procedures are
doscrlbod in the toxt. . N

. - .
l
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Figure 5. Coding sequence of human c-grg exons 4 to 12. The
nucleotide sequence and the deduced amino acid sequence of
the 3’ three-quarters of the human c-grg¢ coglgg sequence is
compared with the homologous chicken c-gr¢c €xons., Only
nucleotides or amino acids that differ from those of human
c~gr¢c are shown for chicken c-gr¢c. The beginning of each
c~grg exon is indicated by a numbered vertical line. The
sequence enclosed by the solid lines is the carboxy—terminal
region of c-grg that is different from v-srg. The dotted
lines enclose the tyrosine Kinase domain that is conserved
among several tyrosine Kinase oncogenes. Numbers beside the
sequence represent the nucleotide number of the srg coding
sequence. The numbers in brackets represent the amino acid
number of pSORLS,
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identical to that of chicken c-3gr¢ (Takeya and Hanafusa,
1983). Ndzlcotido and amino acid residues of-chicken srg are
indicated only where they differ from the human gr¢ géne.
There 1s considerable nucleotide conservation of cellular
$rc between the two species, since 87/ (1100 of 1258
residues) of the nucleotides are homolégous. The haJoriﬁy of
the nucleotide substitutions are phenotypically silent
changes iin the third position of each codon, resulting in no
amino acid substitutions, and therefore only a 2/ divergence
exists at the amino acid level., Furthermore, all nine of the
amino acid charwges that were observed within this region of
pé0grc are conservative substitutions as defined by the
criteria of French and Robson (i19$83). Interestingly, both
the molecular size and the relative hydrophobiéity of the
amino acid residues are conserved in seven of the nine
changes. The tyrosine residue at position 418 which 1s
pho;;hory!atcd in viral .p40RLS jn vivo and in chicken ps0ORCS
in vitro (Oppermarn ¢t al, 1979; Smart ¢t al, 1981) has also
been conserved in the human grg gene, as has lysine 2993,
wgich has been implicated as an ATP-binding site in viral
ps0RLE (Kamps gt al, 1984).

Of¢ particular significance is the sequence homology at

the 3’ ends of the human and chicken cellular 9¥g genes. The

, »
predicted amino acid sequence of the human p4ORCS carboxy

terminus is identical to that of the chicken grg protein but

different from that of RSV pé0RLS, Takeya and Hanafusa

{1983) have shown that the last 19 amino acids predicted to




be the chicken cellular src carboxy-terminus have been
substituted by twelve unrelated amino acids 1n the viral gr¢g
protein. The v-grc specific 3’ coding region is thought to
have been captured by RSY through a recombinational event
nn;olving a region 1 kb downstream from the norma) ch:ck{n
cellular grc termination codon. Our nucleotide sequencing
resul( predicting the i1dentical amino acid sequence at the
carboxy-termini of the human and chicken p&02LL molecules
supports this model. HOwever, we have no evidence at this
time suggesting the existence of an analogous "v-grc-like®
sequence downstream’ from the carboxy-terminal coding region
of human sr¢cy hrbridization analyses with a v-gr¢ probe have
failted to dotezt such a sequence within a region extending 2

kb downstream from the termination codon of human grg.

2.3.5 EXON AND INTRON ORGANIZATION OF HUMAN CELLULAR SRC
The sequence data demonstrates that the human igg exon
sizes and Jdintron—exon junctions of exons 4 through 12 are
identical to those of the chicken srg gene (Takeya and
Hanafusa, 19833 Figure 35; Table 1), Sequences of the
predicted human $rg¢ splice sites bordering each exon are
listed in Table 1. All of the putative splice acceptor
signals are similar to the consensus sequence YNYYYNEAG/,
@nd the presumed splice donor signals conform to the /GTNAG
consensus sequence, strongly suggesting that these regions
are indeed splice junctions. The chicken cellular grg gene
spans 8 Kb of cellular DNA (Takeya and Hanafusa, 1983),

whereas the human gene covers over 20 kb. This discrepancy
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1s due to the much 1i}gor average size of human introns

(Table 2; Figure &).

In contrast to the extensive nucleotide homéloqy found
within€human and chicken cellular sr¢ exons, sequences
within the introns have not been conserved. This 4ind}ng is
supported by several lines of euidence; (1> the proposed
intron regions do not form heteroduplexes that are visible
by electron microscopy, even under low-stringency spreading
conditions, in contrast to the exon regions (C, Gibbs,
personal communication); only one of the corresponding
introns has a similar size (Table 2); the nucleotide
sequence of human src intron #11 was compared to chicken

intron #11, and no regions of homology were discovered

(Takeya and Hanafusa, personal communication).

[l




TABLE II ‘
INTRON SIZE IN THE C-SRC GENES OF HIMAN AND CHICKEN

INTRON SIZE (BASE PAIRS)®

INTRON® HUMAN C-SRC  CHICKEN C-SRC
‘ 350 390
5 1750 1010
6 ‘ 1200 350
7 2300 85
8 1600 78
9 780 61
10 160 118
1l 280 79

a Human intron sizes are estimates from restriction enzyme mapping and

DNA sequencing information. Chicken intron sizes are from Takeya and
Hanafusa (1983).

b Introns are numbered here with the same number as the exon located
immediately 5' of the intron.




Figure 6., Comparison of the structural orgsnization of the
human and chicken c-src genes. Theé structure of the human
and chicken c-gr¢c genes are drawn to scale, showing a
similar spacing of exon units, but much larger introns in
the human c-grc gene.
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2.4 DISCUSSION

The human cellular sr¢ gene displars the typical
.-
intron—-exon structure characteristic oi eucaryotic cellular

¥

genes. Human $rc spans some 20 Kb of DNA, but contains only

¥

1.4 Kb of coding sequences. To limit the amount of
non-coding sequence obtained, we specifically sequenced th;
regions surrounding the codingdfxons which represent the
information carried into the mature mRNA after proccssing'of
primary RNA transcripts. Exon regions were §el¢cted by
hybridization to v-§££<probes and their identity as true
exons of human src was confirmed by the presence of a
cont?nuous open reading frame coding for amino acids
homologous to v-srg, and the oxisteﬁce 6? splice donor and
acceptor sequeﬁces at appropriate junction locations where
the homology to v-src¢ ;erminated. In the midst of this
study, the sequ&t&; of the chicken cellular g$rg gene was
published (Takera and Hanafusa, 1983). Exons of human sr¢

have been numbered by analogy to corresponding exons of the

chicken grc gene, which exhibits the same general ‘structural

organization as human gr¢. Human gr¢c exons 4 through 12 have
been found to correspond precisely to the homologous chicken
| Sr¢c exons with respect to gxoﬁ size and loc;tion of -
ean~intron boundaries. However, most of the human introns
are much larger (Table 2), which accogunts for the larger
size of the human srg locus (20 kb) when compared with the

chicken gene (& kb; Figure 6.




The coding roglon~of,tho cellular grc gene is very
highly conserved in chickens and humans, exhibiting 87/
nucleotide homology, which probably reflects strong
functional cons}r;ints’on p&02LS evolution, as well as &
similar pattern of codon usage in vertebrates (Hastings and
Emors;n, 1983). On the amino acid level, 98/ homolod‘ exists
be tween their products‘iﬁ the corresponding region
encompassing amino acids 113 to 333, and the nine amino acid
changes observed in this region can be interpreted as
conservative substitutions (French and Robson, 1983). In -
contrast to the highly conserved nature of t;e cellular scc
Qene, - the humgh é-ng gon; shires much le¢ss amino acid
homology (72%) with the chicken c-myc gene, and contifns
several large dolotion; ahd_inscrtions relative to chicken
cmyg (Colbry et al, 1983; Watson et al, 1983).

It h;s.boon suggtsfod thaé the p4OBLE protein contains
at least two functional domains: a domain in the .
carboxy-to;minal half, containing tyrosine Kinase activity,
and one or more domains in the)amino-torminal half which may
kffect“mpmbrano binding, cell morphology, and tumorigenicity
(Fujita gt al, 198la; Levinson ¢t al, 1981; Cross ¢t 3],
1984 Parsons gt al, 1984; Stoko; et al, 1984). The region -
of human c-gr¢ described here encompasses the tyrosine

Kinase domaid which is highly homologous to the - L

corresponding region of chicken c-grg. The domain of p4soRLE

specified by this region also oxhiblss considerable homology

to regions within several oncogene products, including those




of the abl, igi, fps, and yeg genes. They are al)l apparently
members of a gene family coding for proteins that possess a
tyrosine Kinase activity (Hampe et al, 1982; Goffen ¢t al,
1983; Hunter, 1984). In contrast to the strong homology of
the tyrosine Kinase domiain, !ﬁe DNA sequence of the human.

-~

c-srg amino terminus (exon 2) has been determined, and it

contains a.region of non—-homology Wwhich may reflect a
species—specific alteration in ;60225 structure and function
(A. TanakKa, personal communication).

Al though we have not performed an exhaustive analysis
of the structural features of human pé40ELS ae predicted by
our goquencing results, we have noticed that several regions
thought to be of functional importance in viral and/or
cellular s8rg have been tonserved in human src. For example,
the tyrosine 414 residue and adjacent amino acids are .
totally conserved in human p&02L&; this tyrosine is Known to
be phosphorytated in viral grg molecules in vivog and chicken
ps0C~RLE in vitrg, although it is apparently not
phosphorylated on chicken péDc™2LS& 1359429 (Oppermann ¢t
al, 1979; Smart et al, 15581;. It is not Known at this time
whether or not this site is pho;phorrlat;d on human pé0RL%

molecules. Lysine 295, a residue involved in ATP binding of

the vir src protein (Kamps gt al, 1984), and neighbouring

amino acids have been conserved in both the human and
chicken cellular grg proteins.
A close visual examination of the amino acid sequance

.revealed the presence of a region within ps0RLE that shares
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strong homology to regions that are highly conserved in
several regulatory proteins that have-DNA binding activity,
including the repressor and cro proteins of bacteriophage
Jambda and 434, and the Mu phage B transposition protein
(Sauer et al, 1982; Ohlendorf et al, 1983; Miller gt al,
1984). This region is centered around glycine 288 in human
p&ORES and ingclydes the accepted consensus sequence
rosfduosx R
61y(284) -X-X-X-G1 ¥ ( 288 -X-X-X-X-X~-110(294) .
Several kpown(procaﬁyotiCJﬁNA binding br?teiﬂs cont;up a

characteristic structug‘(ymotif consisting of a2 DNA binding

domain containing two alpha-helical regions separated by a

rovofse turn océurring at the central glycine of the
consensus sequence (Sauer gt al, 1982; Ghlondoéf ;ﬁ al,
1983). A computorjpid seéogdary structuro prodiftion
(courtesy of G.,énaconas) indicates that the sequence of
amino acids in this region is conslsgoét with this
structure. For illustratiuo‘purposos; Figure 7 prbuidos a
comparison be tween this‘r;gion of the human ;Lg protein and
the DNA binding domains of six Known procaryetié DNA binding
-

proteins that possess additional homology to this region of

"the c-grg protein. Of the 22 amino acids in this region of

'c-g3r&, 13 can be found ly'an identical Position in one of

the DNA binding proteins shown. Of the nine non-homologous

L]

N

~
(classified by molecular size and Aydrophobicity) as the

residues, é can be assign‘f to tﬁo saﬂo'consoruatiuo group

s

residues observed in the procaryotic DNA blddlng proteins.,

.




Figure 7. pé&0RLK contains a DNA-binding consensus sequence.
The region of the gr¢ protein described in the text, i
compared with DNA binding regions of procaryotic regulatory
proteins (Sauer gt al, 1982; Ohlendorf gt al, 1983).
Residues marked by a heavy bar are conrsenxus residues found
in a large number of DNA binding regions examined. Human

c~gr¢c amino acids that match those in corrbsponding regions
of certain procaryotic DNA binding domclns are ‘under!ined,
as are the matching residues.
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Two of the cxcepf:ons are t;yptophane residues at positions
y

282 and 286 of péO0RLS which are residues w:th a small

molecular size 1n the DNA binding proteins. The only other

exception 1s the presence of an asparagine at position 287

?hlch 1s normatly a hydrophobie residue.

The possible DNA binding regron of human c-grg s
conserved in chicken and RSV ps0RLE (Czernilofsky gt al,
1980; Takera and Hanafusa, 1983). We do not not the
sighificance of this result, nor do we know if this region
can indeed function as ; DNAa binding region. Such an
activity is highly speculative, since the majority of pé0R_&
ﬁoleCUlos are localized at the inner surface of the cellular
plasma membrane (Willingham et a1, 1979), and a DNA binding
activity has not been demonstrated for the grg protein. A
putative DNA binding sequence has been reported for the
product of the avian myeloblastos:s virus myb gene, which is
known to be localized in the cell nucleus (Lipsick et al,
1984). It 13 possible that the presence of a DNA
binding-like sequence in this region of the 3rg protein is
merely a reflection of the ATP binding domain which overlaps
with this region in viral pé0RLS (Kamps ¢t al, 1984),
However, it should be noted that bovine cAMP dependent
prot;in Kinase docs.not contain the DNA binding consensus,

)

al though it pbss;;tos conserved residugs thought to be
L ’

important for ATP binding ?ar%}u@ Dayhofé, 1982; K.%\
(s, { )

et al, 1984).

_— b




The last 19 amino acids of the predicted human psoRLS
protein are identical to those of the chicken carboxy
terminus. In contrast, these |9 amino acids are replaced by
12 unrelated amino acids in the RSV sr¢ protein., This
finding lends further support to the hypothesis that the 3-
terminus of v-src was acquired by a recombinational event
involving the capture of a region downstreah from the normal

chicken c-gr¢ carboxy terminus (Takerya and Hanafusa, 1983).

It 1s perhaps also possible that\tho p&OVTRLE

carboxy-terminal region was derived through an alternative
splicing mechanism. However, this possibility seems less
liKely, since a consensus splice donor sequence is not
present in this region and the nucleotide homology between
the human and chicken c—grc¢c genes exftnd! up to, but not
berond, the proposed termination codon for each gene,
suggesting that this region signals an authentic psoRL&
carboxy terminus (Fig. 4).

. Experiments designed to test the transforming ability
of chicken c-3r¢ indicate that c-gr¢ is not capable of
inducing cellular transformation (Hanafusa gt al, 1984; Iba
¢t al, 1984; Parker gt 3], 17984; Shallow;y et al, 1954).
However, chimeric forms of chicKen c-gr¢ and RSV v-grg that
contain the v-gr¢ carboxy-terminal coding region are capable
of causing efficient transformation of infected cells. In
addltlon, recent evidence suggests that alterations in other
chicken c-grg regions may resul! in transforming activity

(Iba ¢t al, 1984). These results suggest, by analogy, that




certain alterations of the human gr¢c gene might affect its
functional activity and/or tts ability to transform
appropriate cells. At this time, the involvement of gr¢g in
the development or progression of specific human neoplastic
disorders has not been clearly documented. Howsver, the
level of expression of grc mRNA has been reported to'bo
elevated in some human leukemias (Rosson and Tereba, 1983;
Slamon et al, 1984), and increased pé0RCS Kkinase actiyity
has been found in human neuroblastomas (Bolen ¢t al, 1983).
’ In conclusion, we have demonstrated that the nucleotide
sequence and exon structure of the 3° three-quarters of the
human c-grg gene are higﬁly consorv;g relative to that of
chicken c-grgc. The conservative nature of the amino §cnd
changes observed suggests that the thrco-dimonsiogal
structure of this region of human and chickcn psORLS o
nearly identical. This finaing is conslston} with the
suggestion that p40OBCS has an important role in cellular
function and possibly plars a tissue spetific role in
d&ve)opmcnt or differentiation (Gonda et al, 19821 Mueller

et ;i‘ 1982; Cotton and Brugge, 1983; Sorge ¢t al, 1984).
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CHAPTER 3
CLCNIP:JG AND CHARACTERIZATION OF FUSIFORM

MUTANTS OF ROUS SARCOMA VIRUS
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3.1 INTRODUCTION

Chicken embryo .fibroblasts infected with wild-type (wt)
RSV, develop a typical rounded transformed cell morphology
within several days. In contrast, cells transformed by

fusiform mutants of RSV exhibit an elongated spindle shape,.

This fusiform or morphf phenotype was first described by
Temin (1960). Cells transformed by some fusiform mutants
have been shown to display an unlinked pattern of
transformation parameters (Anderson et al, 1981; Fujita gt
al, 1981b). Such cells expressed many typical
trans;ormation parameters such as increased hexose uptake,
increased level of plasminogen activator, density
independent growth, and in some cases, tumorigenicity in
vivg. However, cells transformed by these viruses also
retained high levels of fibronec{in and cell adhesiveness,
and exhibited less disruption of actin containing
microfilaments (Fujita et gi, 1981b)>. Several fusiform
mutants have been 1solated and characterized (Temin, 1960
Yoshii and Vogt, 1970; Anderson ¢t al, 1981; Fujita et al,
1981a; Fujita et al, 1981b; Oppermann ¢t al, 1981, Khtunufa
and Yoshida, 1983), but the exact molecular nature of the
genomic lf;ions involved had been determined for only one of
the naturally occurring mutants (Kitamura and Yoshida,
"1983). RSV mJtants containing various amino-terminal
altorationgfin pooY " RLS have been generateéd by in vitro

mutagenesjs (Cross ¢t al, 1984; Hughes gt al, 1984; Cross gt

al, 1983) and some of these mutants are reported as causing




a fusiform type morphology of iqfected cells, These mutants
indicate a!tor;tiqns that may cause the fusiform pheﬁotrpc,
provided that no additional mutations have occurrad ;fter
transfection of in vitrg constructs.

The occurrence of fusiform mutants, and the unlinked
pattern of transformation parameters reported for some of
them, suggests that the src gene exerts its effects by
acting on more than one substrate. Analysis of the genomic
alterations in these mutants should provide clues concerning
a possible functional domain within p&02LE responsible foF
some of.the morphalogical changes observed in cells
transformed by RSV.

This chapter presents the results obtained 4roé a
molecular cloning and DNA sequencing analysis of the lesions
present in the v-grc gene of three fusiform mutants: W00},
W0201, and tsST32% (Fujita et 31, 1981a). Characterization
of the sr¢c proteins of these mutants by partial proteolytic
cleavage, had revealed the presence of gr¢ proteins of 35 or
36 kd that were lacking regions present in the amino
terminal one-quarter of wild-type péov'lﬁﬂl(Fujiti et al,
1981a). Analysis of tyrosine phosphorylation of the two
major porlphorallpro(oin targeis of’pébv‘iﬁﬁ. the 34 kd
target, found in opithcl{al cell brush borders (Gerke and

Weber, 1984), or the 130 kd vinculin target, found in

adhesion plaques (Sefton ¢t a3}, {281), revealed no obvious

"~

differences in the ievel of phosphorylation between

wild-type and fusiform mutants (Bechberger and Fuji ta,




¢d

unpublished observation), However, unlike some other mutants
described as having a fusiform morphology, WO101 and WO20!
were found to be highly tqmorégensc tn chickens, and their
src proteins were found to be assocrated with the cell
membrane fraction at levels comparable to wild-type RSV
(Bechberger and Fujgita, unpublished results)., '

The obyective of this study was to determine the nature
of the v-srg lesions reponsible for tﬂe preduction of the
fusiform phenotype 1n these mutants in an attempt to define
a specific region of the v-src gene responsible for the
morphological differences observed between wild—type and
fusiform RSVU-transformed chicken fibroblasts, u} have
cioned and sequenced supercoiled DNA intermediates of the
Wwoi10t, Wo201 and STS529 mutant grc genes; the observed
alterations help define more precisely a region of the grc¢
gene that may be imfortant in the induction of mofpho!ogical
changes by the)ggg protein. The results suggest that
aberrant RNA splicing events, followed by reverse

transcription, can serve as a mechanism to cause stable

deletions in a retroviral genome.




3.2 MATERIALS AND METHQDS

3.2.1 GROWTH MEDIA

Chicken embryo fibroblasts were grown in Dulbeccos
media (Gibco) supplemented with 104 TPB, S/ cal+t serum
(Gibco) and antibiotics. Virus~-transformed cells were grown

'n media containing 0.354 dimethyl sulfoxide.
3.2.2 CELLS AND VIRUSES

Wild-type SR-A was obtained originally from H. Hanafusa
through W.S. and H. Robinson. Isolation of mutants has been
described previoysly (Fuyrta et al, 1¥81a; Fu41?§ et al,
1981b). Chicken embryo fibroblasts were prepared from day
ten embryos (Spafas), as described previously (Fuyita et al,

1981b) .
3.2.3 MOLECULAR CLONING OF MUTANT UIRAL DNAS

Chicken embryo fibroblasts were seeded onto five 1350mm
plates at a densi1ty of approximately 107 cells per plate and
infected at a multiplicity of 2 to 4. Cellular DNA was
harvested at 18-249 hours after infection from Hirt
supernatant ff;ctions of cell extracts (Hirt, 1967), which
were greatly enriched in Jiral DNA supercoils. Southern
blotting (Southern, 1973) using a v-gr¢ probe (Delorbe gt
al, 1980 ;as performed wi th fll preparations to ensure the
presen

uPf viral DNA and to help predict the cloning

"f. The DNA preparation was cleaved with Sac 1,

L]
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which cleaves carcul;re'iral DNA at a unique site (Delorbe "’.“‘
et al, 1980>, and then ligated into thzSac 1 site of lambda
- L

gtWES (Leder¥ig al, 19??)}’A tyrpical ltigation contained 2ug
of Sac | cleaved NQtWES and 1 ug of Sac:l cleaved Hirt
supernatant DNA in a total volume of 20 ul, Ligations were
for 4-12 hours at room temperature (see section 2.2.9 for
conditions). The recombinant !ambda DNAwwas packaged 1n 4

vitro as described below. The AgtWES library was screened

with a DNA probe made from the pSRA-2 mplecu]gr clone
(Delorbe et al, 1980; 2.2.3), and positive clones were
isolated at a frequency of 1/5,000 to 1/80,000 plaques
plated. The method used for screening lambda plagques s

described in chapter 2 (section 2.2.9).

- —

3.2.4 IN VYITRO PACKAGING OF LAMBDA DNA

The procedure used for packaging of lambda DNA was a
modification of the method of Hohn gt a1(1979). Briefly, gho
two temperature-sensitive lysogens, BHB2490 and BHB2488
were streaked on LB plates and individual colonies were
tested for inducibility a{ 42 degrees C. The prehead donor
strain, BHB2490 was used to innoculate 3500ml of NZ m;dia to
an 0D oonm ©f 0-1. The culture was then grown at 32 degrees
C until an OD, gpnm OFf 0.3 was acheived. The culture was
induced at 45 degrees C for 1353 minutes, then grown at 37
degrees C for three hours. The cells were collected by
‘ccntrifugation for 10 minutes at 35000 rpm at 4 degrees C.

The same procedure was repeated for the packaging protein

S




donor strain BHB2488, except that three 500 ml cultures were
prepared. The BHB2490 cells were resuspended in 3.4 mls of
cold sonication buffer (20 mM Tris pH 8, 1 mM EDTA, 3 mM
HgCIz, S mM beta-mercaptoethano!l). The sclution was
sonicated on 1ce until the solution clearodf,and then
centrifuged at 4 degrees C for 10 minutes at 10,000 rpm. The
supernatant was collected, an equal volume of cold
sonication buffer was added, and 1/& volume of packaging
buffer was added (& mM Tris pH 8, SO0 mM spermidine, 50 mM
putrescine, 20 mM MgCl,, 30 mM ATP, 30 mM
beta-mercaptoethanol?. 13 ul of the resulting mixture was
aliquoted into precooieq Eppendorf tubes and frozen in
liquid nitrogen. The BHB 2488 cells were resuspended in 3 ml

Y

cold sucrose solution (104 sucrose, 3530 mM Tris pH 7.5, o

split Iinto & Eppendorf tubes, and 25 ul of lysozyme solution

(2 g&{ml lysozyme in 0.2 M Tris pH 8) was added to each
tube and the tubes were frozen in liquid nitrogen. The tubes
Twere tQawod. pooled, and then 1350 ul of packaging buffer was
added. 10 ul! aliquots were frozen in Eppendorf tubes, and .
stored at -70 degrees C.

1 ug of ligated NQtWES DNA was added to the prehead
donor lrsate and the packaging Trsate was addod; After |
hour, 1 m! of lambda storage buffer was added (10 mM Tris pH
7.5, 10 mM MQSO,4), and the recombinant phage was titered on

DP30 sup F.

3.2.3 SEQUENCING OF MUTANT VIRAL DNAS
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The 3.0 kKilobase (kb)) Eco RI fragment containing the
v-gr¢c gene, or the entire 9.4 kb Sac 1 fragment, was
purified from lambda clones carrying mutant RSV genomes by
gel electrophoresis (see 2.2.8), digested with Pst | or AIQ
I and subcloned into Mi3mpl8 (Messing, 1983) for dideoxy
sequencing. Sequencing was performed using [alpha-sssldATP

as described in chapter 2 (Anderson et al, 1983,

3.2.84 ANALYSIS OF CELLULAR RNA IN VIRUS-INFECTED CELLS
S

(i Ti RNASE/RNASE A MAPPING: A 345 base pair (bp) Pst 1
fragment of pSRA-2 encompassing the region found to be
deleted in the mutants (see Figure 1!) was ligated into the
Pst 1 site of the pSP 44 vector (Melton et al, 1984). HBIOI
bacterial cells made competent by the CaClz me thod (Mande
and Higa, 1970) were transformed with tht‘!igated DNQ, ada
ampicillin (30 ug/ml) resistant colonies were examined for
the presence of the plasmid and insert by small scale
isolation of plasmid DN (Mantatis et al, 1982 and
restriction enzyme digestléﬁ with Hinc Il which cleaves once
within the vector and once within th; insert. Plasmid clones
containing th; Pst | fragment inserted in the reverse
(antisense) orientation werp selected. Large-scale isolation
of plasmid DNA was performed using an alkaline lrsis method
followed-by CsCl! buoyrant density centrifugation (Maniatis ¢t
al, 1982>. The pﬁasmid DNA was cleaved wit; Hinc I1, which
c’cavcs the Pst | fragment 12 nucleotides from the 3’ end of

the non-coding strand, and transcription with SP & RNA
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polymerase was perfo;rcd with (alpha-32P3GTP (New England
Nuclear) using the conditions recommmended by the supplier
(Promega Biotec). The resulting 345 base transcript was
hybridized to cellular RNA extracted from virus—infected
cells using the guanidinium isothiocranate-cesium chloride
method (Maniatis et al, 1982), and digested with T1 RNAse
and RNAse A using the conditions recommmended by the
supplier (Promeqga Biotec). The resulting fragments were run

on sequencing gels, and exposures of less than & hours tqg

Kodak XAR-35 ilm were sufficient to visualize major bands.

(ii) 81 AASPJNG: The 345 bp Pst I fragment was
dephosphorylated with calf intestinal phosphatase, end
labeled with polynucleotide Kinase in the prtseﬁce of
[gamma~-32P)IATP (Maniatis et al, 1982), cleaved with Hinc 11,
and used for Si mapping (Berk and Sharp, 19??)'of infected
cel]l RNA, Cellular RNA was hy;;idizod to denatured probe DNA
for 4 hour; at 45 degrees C in 807 formamido\containing 40
mM PIPES (pH 6.7), 0.4 M NaCl, § mM EDTA. For Si digestion,
the reaction was adjusted to 400 ul with Si buffer (0.03 M
sodium acetate [pH 4.5), 0.25 M NaCl, 1| mM 2ZnSO04, 5% )
glycerdl, 20 ug/ml denatured calf thymus DNA), and 40 units
Qf 81 nuclease (Caleochem) was added. Samples were
rincub?tod at 43 degrees C for | hour aﬁdvthon ethanol

pr'cfpitatodlwifh 5 ug of tRNA as carrier. The pellet was

resuspended in 10 ul of 80/ formamide-1 mM:EDTA-0.14% xylene

cranol, and heated at Y0 degrees C for Zznin. 5 ul of each

sample was run on a sequencing gel (see Chapter 2).

.
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3.2.7 TREATMENT OF-CELLS WITH AGENTS THAT AFFECT

CELLULAR METHYLATION

Chicken cells infected with wt RSV were treated with
agents that affect methylation of nucleic acid and then
total cellular RNA was extracted and the utilization of the
presumed Sp{ice acceptor sequence was studied using S!
analysis as described above. Methrlation of nucleic acid was
inhibited by treating cells for 12 hours with 40 mM
qyclolcucine (Sigma) in minimal essentiat media (Gibeo}

containing 10 mM methionine. Methylation of crtosine
residues was 3pecifically anhibitedlby treatment with S uM
S-azacrtidine for 24 hours (Tarlor et 3), 1984).
Concentrations of the methylation inhibntori were gelected
based on previously published studies in which chicken cells
were treated with these agents (Stoltzfus and Dano,‘l982;

Leshin, 1985). The effect of non-specific methrlation was

investigated by treating cells with 40 mM crclolteucine and |

ug‘ml dimethy! sulfate for 12 hours.




3.3 RESULTS

3.3.1 CLONING AND SEQUENCING OF HUTANT VIRAL DNAS

Southern blotting experiments performed on Hirt
supernatant DNA from virus infected cells allowed an
estimate of the freguency of the desired viral TONA in the
preparation, and indicated the number of recomBinant AQtWES
‘phIQQ required to ensure isolat:on of a clone containing RSV

DNA. Figures 8 and 9 show the results of the Southern

blotting exper iments performed on WOI0! and ST329 Hirt
Supernatant DNA. WOLI01 and WO020f Hirt supernatant DNASs

contained a .arge circular DNA molecule (18 kb) which
: -

appeared 50 be a dimer containing two complete RS\ genomes
tn opposite orientations (Figure B8). The predaqtodhfroqucngy
I ’ "of viral DMNA in the STS29 preparation (Figure %) aér;od wi th

“ the actual frequency of mutant isolation observed

S

" (approximately 1 of 5,000 plaques screened).

Enrichment of viral circular DNA molegules by Hirt
7 .

$ractionation allowed the i1soltation of rccombi?ant clones of

Y

. -
the mutant viruses at an average frequency of 1/10,000

#

. )
tambda plagues plated. Use of an acid phenol procedure to <
enpich for ipbcrcollpd DNA molecules (Delorbe 2t al, 1980),

gid not increase the cloning cfit;}tncr. possibly due to a
r ‘; .
large amount of relaxed circular molecules in the DNA

+

+

iropiratian. The DNﬁ*Ir’- each Hirt stornatant fraction was .

-

cleaved with Sac 1 #nd ligated into 8ac I c}oauod xgtués
. ) '

vector DNA (Leder gt al, 1977), which had been derived from




&

Figure 8. Southern blot of WOiI0! Hirt supernate DNA . 10 ug
of Hirt supernatant DNA from WOI0! cells was digested wi'th
appropriate restriction enzymes, electrophoresed on 0.7/
agarose, transferred to nitrocellulose, and hybridized to
v-3rg probe as described 1n the text. An autoradiogram of
the nitrocellulose ¢ilter is shown. Lane (a) is undigested,
lane (b) 13 digested with Sac I, and lane (c) is digested

with Eco RI. The numbers on the right represent the sizes of
the DNA bands (kb).
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Figure 11. Sequencing strategy for fusiform mutants. The
region of the RSV genome containing the v-grc gene is shown.
The arrows indicate the direction and extent of sequence
obtained. Abbreviations 8nd symbols: t.s., location of the

temperature-sensitivity associated lesion in ST329; S.A.,
splice acc

location

gemp ™ |
an?UOZOl .

deletion present in all three mutants; ATG,
the grc gene; TAG, stop codon of the grg ‘
I; A, Alu 1; Pn, Pst | site altered in WOLIO0I

) J
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Figure . Southern blot of ST329 Hirt supernate DNA. Lanes
(a) and (b) contain 0.1 and 1.0 ng of the WO101 9.4 Kb Sac I
fragment respectivetly. Lane (c) is 10 ug of undigested STS3529
Hirt supernatant DNA. Lane (d) is 10 ug of Sac | digested
8§T329 Hirt supernatant DNA.
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a AQtWES variant (sQtWES) lacking the 1.1 kb *stuffer"

’
fragment, which was constructed by packaging religated Sac |
cleaved MNQtWES. The recombinant lambda QtWES libraries
constructed contained iﬁom 100,000 to 500,000 recombinant

» LN ] P

clones. The results of typical ligation.and packaging

experiments are shown in Table 3. -

»

Recombinant phage were screened wit nomic SR-A DNA

*
™

probe (Benton and Davis, 1977; Delarbe ¢t il, 1980), and up
to 10 independent clones were isoclated for each viral mutant
an;\yzed. Five indcpon&ent AQLWES recombinant clones
represinting each of QO!O!,PNOZOl and ST52¢9 che analyzed,
and al! were found to harbour a ?.4 kb insert of prov;ral
DNA. These 944 kb inserts all contaanod a 3.0 kb Eco R1
fragment encompassing the v-sr¢ gene (Fugure 10). Thns
iragmtnt was slnghtlr smaller in.size than the corresponding
3.1 kb fragmont dornvod from wild-type RSV SR-A DNA (Delorbe
et al, 1980). '

The DNA sequence of theuontiro.ggg gene from the spliéy
acceptor used for the production of subgenomic grg mRNA  to
the tormination‘cbdon of péO0VTRLS was datorﬁinod for all
three mutantS'qﬁilyzod. Pst I or AIL I subclones of the 3.0
kb Eco RI fragmont of RSV were coustructod in Mi3mp18. )
DldOOXY soigzgplng was pc#formcd, and the rogbons sequenced
are shown in Figure 11, Tk(kscquonco af the 3° end of the
ada gene, including the splice donor used for the goﬁoration
q‘lsubgonanlc arc mRNA was determined as u,ll..and

corresponds oxacflr to thp publ ished sequence from thlf

.




TABLE III
ACTIVITY OF LAMBDA PACKAGING EXTRACTS

DNA PACKAGED®

'NO DNA

-

we lambdd

lambda gtWES
religated Sac I
cut lambda gtWES

Sac 1 gtWES +
ST529 DNA

Sac I gtWES +
WOl0l DNA

Sac I QtWES +
W0201 DNA

DNA was packaged in vitro as described in the text.

PFU/ml = plaque forming units per ml when the phage was titered

on DP50 supF.
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Figure 10. Restriction analysis of lambda clones.
Restriction enzyme analysis of four putative STS29 !ambda
clones isolated ?nom \QtWES recombinant libraries as
described in the text. ! ug of lambda DNA wis digested with
Eco Rl and analyzed on a 0.7/ agarose gel. Lanes (a), (b),
and (c) contain the restriction pattern of actual ST529
virus clones. Lane (d) is a clone which possesses a 9.4 kb
Sac I insert in the orientation opposite to  'that of the
clones in lanes (a) and (b). The lower band in lanes (a) and
(b) is the 3.0 Kb Eco Rl fragment containing the srg gene.
Lane (c) is a randomly selected. 'ambda clone that was
purified. . s
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Figure 11, Sequencing strategy for fusiform mutants. The
region of the RSV genome containing the v-3r¢ gene is shown.
The arrows indicate the direction and extent of sequence
obtained. Abbreviations 8nd symbols: t.s., location of the
temperature-sensitivity associated lesion in ST329; S.A.,
splice acc or used to generate grg subgenomic mRNAj) del.,
location deletion present in all three mutants; ATG,
start co the sr¢c genej; TAG, stop codon of the grg i

oene o 1; A, Alu I; P», Pst | site altered in WO10!
and WO20Y.

*

-~




81

Q¥ L




[ 4

L]

region o¥ SR-A (Swanstrom ¢t al, 1982; Figure 12). éoquoncos
of Pst 1 or Alu | fragments obtained from independent 1ambda
clones of the same viral mutant corresponded mx;ct}y, and

indicated that the alterations that were found did not arise

from minority components of the viral mutant popultation.

3.3.2 WO101

Sequence analysis of the viral DNA of the WO101 mutant
revealed a deletion of 7?5 nucleotides in the 5’ region of
the srg gene:. Figure 13A shows the boundaries of the
deletion oﬁseruod in this mutant. The deletion removes
nucleotides 347 to 422 (amino acids 1146-140) of the srg
coding region, which generates an I: frame deletion of 25 .
amino acids yet does not alter tﬁo amino acids flanking the

deletion. The loss of 23 amino acids .2::05 with a previous

report from our laporatory that these mutants lacked 3;4 kd

of protein in the N—-terminal one-quarter of pSOVT™RLS (Fujita o

;;,gl, 1981a). Except for the deletion, and a nearby silent
single base substitution at position 322, (C to T; Figure
19>, the nuclooildo sequence of the ontiro‘}.7 khh gr¢ region
ts identical to th‘t'pr:;ibu;ly reported for the grc gene of
‘SR-A (Czcrn{lofiky_gj al, 1980; T;koyi and Hanafusa, 1982).
Figurb 14 is a sequencing gel which shows the altgrations
present in WOL01.

The d;lotlon p;osont in this mutunt.is very unq:yal;
since consensus RMNA splfco dondr and spllco'accoptor

soqu;hcot,'(undorlinod in Figure 13A) are found at the ends

b + .
of the deleted segment. The potential splice acceptor



Figure 12. Splice doner and acceptor used for grg mRNA. (A)
The sequence surroqndino\QQ; 3’ splice donor of RSV is
shown. The amino acids of the amino terminus of the gaq gene
product are shown. The splice donor used for the production
of subgenomic RSV mRNAs is underiined. (B) The sequence
surrounding the splice accoptor*uscd for the production of
aCC su nomic mRNA is shown. The amino acids of the

p&ovV- amino terminus are shown. The spllco acceptor
signal is underlined.
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Figure 13. The region deleted 1n the mutant viral DNAs
resembles a ®wearyotic intron. (A) Region of v-srg deleted
im fusiform mutants. Bracketed numbers indicate amino acid
number of p&0V RELE (Takeya and Hanafusa, 1982). The
under!ined sequences indicate the proposed splice donor and
acceptor soquogzrs. The dotted underlining represents the

proposed -branchpoint acceptor sequence. (B) Proposed RNA =
lariat formation within the intron-like region. The splice

donor sequence is shown looped onto the branchpoint acceptor g
sequence (Reed and Maniatis, 1983), with positions of .
possible base-pairing indicated by vertical lines. The . T
dotted ®ine shows the predicted 2° to 5’ phosphodiester bond,

formed during pre-mRNA splicing.
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Fidure 14, Sequence gel

of WO101. The sequence of the

region of WO10! containing the alterations described in the
text is shown. The single base pair change (C to T) is

The position of the deletion is indicated
by the line ending with A,

indicated by a =,
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conforms exactiy to the accepted consensus C(YNYYYNCAG)

sequence (Sharp, 1981), and the splice donor (GTNAC) differs

from the consensus (GTNAG) (Sharp,, 1981) only at the €| fth
position which 1s C 1in wt SR—A (Takéya and Hanafusa, 1982),
A sequence similar to the consensus sequence for branchpoint
formation (PyXPyTPuAPy; Reed and Hantatt;t 1983) i1s located
18 nucleotides upstream $rom the proposed splice acceptor .
site. Interestingly, this region 14 an inverted repeat of .
the splice donor—flke sequence 94 this<ryptic tntron, and
pairing of these complementary sequences might assist
branchpoint formation and splicing (Figure 138).

The dinucleotide AG preceding the splic® donor sequence
and contained within“the splice acceptor s;quonce is the
only repeat flaAKEHQ this deletion, so 1t 15 unlikely that

—
homologous recombination generated this mutation., Non- °

homologous recombination has bfen shown to occur at

relatively high frequency. through topoisomerase | mediated
events (Bullock ¢t al, 1984), and a preferred cleavage site
(AAG) exists at the 3° Jjunction of this deletion, However,
since there is no site at the 3’ junction, and very few DNA
copies of RSV are present in the cell, the frequency of sucp
an event would be expected to be much'lower than the

observed frequency of ﬁu;ant isolation (ca. 0.24 of foci .

examined; 1. Nedic and D. Fujita, unpublished observation).

6
3.3.3 Wwo201.
The sequence of the entire 1.7 Kb srg region of‘NOZOI
was identical to that determined for WO101. The exact
*

\ .




correspondence of the WOIO! and WO201 mutant $r¢ genes could
be explained by three porsible mechanisms: i) the observed
deletion could have ocqurred in two imdependent events, ana

- -

i . .
‘the si1lent single base change at position 322 could have
pre-existed in the wrld-type viral stock used for the

¢‘ - o Py
isdi{(ion of the mutants; ii) the deletion mutant may have
been present 1n the wt stock before 1t was.split for mutant
isolation; 1ii) crosslcoﬂtaminatlon might have occurred

»

during virus propagation. These alternatives are considered

.

further 1n the discussion section,
3.3.4 STS529

. sTs2e also contained the same deletian of 75
nucleotides observed in WO101 and WOZ201, but does not
contain the C to T lransltion at position 325} The base
subsitution present in WO101 and WO20t dostr;ys a Pst 1
endonuclease site in wt SV proviral DNA, and this Pst 1
site is intact in STS29 DNA. In addition’'to the same
deletion found in WO10! and WO201, ST%29 contains.a G -to A
subtgiiution at nucloétidc 277 of gr¢g, causing the
substitution of lysine for glutamic acid at‘rosiduo 3 of
péblﬂﬂ (Figure 19). A scEgion of a sequencing gel con;aining
_the ST329 point mutation is shown in Figure 15. This
alteration is presumably responsible for the temperature
sensitivity of the ST329 gr¢ gene product, as it imparts a

considerable change in charge (+2) at amino acid 93 of

P

80



Figure 15. Sequence of a second alteration in STS29. The

sequence of STS29 viral DNA surrounding the G to A
transition at nucleotide 277 of the v-gr¢ gene
indicated by a =,

is shown. The
altered nucleotide is .







.

PSOV-%LC  The ts nature of this mutant will be discussed

further in the next chapter.
3.3.5 ANALYSIS OF SRL RNA IN RSV-INFECTED CELLS

The analysis of cellular RNA from infected cells was
performed to confirm the existence of the deletion observed
in cloned viral DNA, and to investigate whether or Bot the
alternative splice donor or acceptor signals implicated in
the mutant deletions are used at a detectable level! 1n wt ,r
RSV RNA., The state of RNA in virus 1nfected cells was
examined through RNQS; mapping experiments using a uniformly
[alpha—32P]GTP labeled 348 nucleotide RNA probe specific for
the region involuved 1n the mutant deletions. Figure 14
shows the result of hybridizing the 348 nucleotide
radiolabeled RNA probe (containing 333 bases complementary
to the region of v-sr¢ involved in the deletions) to mutant
and wild-type infected cel]l] RNA followed by digestion with
RNase A and RNase T!1., Chicken embryo fibroblasts which had
been transfected with the pSRA-2 molecular clone (Delorbe ¢t
al, 1980) of RSV were used as a source of‘w11d—type RSV RNA

to avoid the possibility of mutations accumulating in

passaged wt RSV stocks. The probe protected the expected 245
nucleotide RNA fragment in the WO101, W0201, and WOS29
infected cell RNA‘ffanos b, ¢, and e), demonstrating the
existence of the observped deletion in viral RNA. Uild*iypo

infected cellular RNA protected the expected 333 nucleotide

fragment (lanes a and g), with no additional bands at the




Figure §16. T1 RNAse/RNAse A mapping of viral RNA, 10ug of
cellular RNA was hybridized with a [alpha-~ 2p)GTP tabelled
348 base RNA probe overnight at 45 degrees C and digested
with T1 and RNase A. Cellular RNA was from chicken embryo
fibroblasts infected with the following viruges: tanes (a)
and (g), wild-type SRA; lane (b)), WO101; l/)nﬁ (¢>, WO201;
lane (d), uninfected; lane (e), ST329. Lahe (f) is a marker.
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positions of the splice acteptor or donor ‘*%;f" flanking
the deletions observed in the mutants studied. Uninfected

cell RNA (lane d) showed only a faint 348 nucleotide RNA

band, resulting from hybridization ‘the probe to vector
ONA present in the hybridization mixture. Bands which
appeared upon longer exposure of gels, corresponded t"
positions containing several radiolabeled GTP residues in
‘the probe andﬁcouid be seen in lanes containing no wild-type
RNA .

In order to overcome the background problems assocliated
with probe degradation in the Ti-RNase A mapping
experiments, standard S! mapping (Berk and Sharp, 1977 of;
viral RNA was performed using the 845 bp Pst 1 fragment end
labeled and digested with Hinc I} to produce a 336 base pair
fragment labeled at the 3° end only. The results of the Si
mapping oxp;;imont are shown in Figure 17, The expected
protoctod fragment of 245 nucleotides is observed with ST329
infected cell RNA (lane bD>. A protoctodrfrcgmont of the same
size i3 detected at a lTow !euol (approximately 0.54) in
wild-type RSV (pSRA-2) infected cellular RNA (lane c). This

band is not detected “in the control lane containing no

wild-type RNA (lane a) even if 100,000 cpm of probe was

- used, so it is not an artifact due to probe degradation. If
100,000 cpm of probe was hybridized to uninfected cell RNA, .
no bands were visible follBuwing S1 digestion (data not

»

ajowr). These results suggest that the splice acceptor
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Figure 17. Si1 mapping of the. proposed splice acceptor. Si
mapping of wild type RSVU-infected cellular RNA. 20ug of
cellular RNA was hybridized with a 334 base-pair, 3/
end-labelled Hinc II- Pst 1 fragment spanning the deleted
region (see Fig. 1). Lane (a) is a control showing
degradation af probe alone. (a) contains 1000 cpm of probe.
Lanes (b) and (c) contain 100,000 cpm hybridized to celliutar
RNA and digested with Si,. Lane (b) is cellular RNA from
ST329-Infected cells, lane (c) contains wild-type (SRA-2)
Infected cell RNA.
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sequence described here 15 used at a low Jeve!l 1n wt

’

RSVU-infected cells., .- S

T’

3.3.6 EFFECT OF RNA METHYLATION ON SPLICING

Cells infected with wt RSV were subjected toc treatments
which affect methylation of nucleic acid, cellular RNA was
isolated, and S1 mapping was performed as described in the
previous section, The relative intensity of tﬁe labeled DNA
band representing cleavage of wt RSV RNA at the proposed
splice acceptor site was compared to the intensity of the
full-length DﬁA band by performing dens: tometer scans on
various !:fqtures of the autoradiogram shown in Figure 18,
as well as zuttvng.out bands from the gel and measuring the
radicactivity. Within experimental error, no significant
effect on the use of the pgbposed splice acceptor sequence
was cbserved when wt RSU-infected celils were troatodguth ]
mM S-azacytidine (lane b).‘Cycloleucine treatment caused a
fnu;-fo!d reduction n tgo level of cleavage of RSV RNA at
tho‘propostd splice acceptor site (lane d). Treatment of

infected cells with crcloleucine and dimethylsulfate

resulted in the same five—-fold reductjion (lane e¢).

- ‘

89



Figure 18. Effect of methyiation on RNA splicing. Chicken
embryo fibroblasts infected with wt RSV were subjected to ~
various treatments and S1 mapping was performed on cellular
RNA. Lane (b)) is untreated. Lane (c) is S—azacytidine

treated. Lane (d) is cycloleucine treated. Lane-(e) is
cycloleucine plus dimethyisulfate treated. Lane (a) is
STS29-infected cellular RNA.







3.4  DISCUSSION

3.4,1 GENETICALLY STABLE DELETIONS MEDIATED BY ABERRANT RNA

t

SPLICING EVENTS

The unusual deletion observed 1n the WO101, WO201, and-
ST329 mutants is flanked by potential splice donor and
acceptor sequences. Tﬁefs‘ and 3’ yunctions of the deletion
are in the cxaci posiiibns expected 1 f an aberraht RNA
splicing event was involved in the generation of these
hutants. Figure 19 diagrams the predicted mechanism of
mutant produyction from wild-type infected cells. The cryptic

intron was presumably splicedg out of genome-length viral RNA
- by a relatiuﬂ‘y rare spl icl’vont and packaged to proddce
a mutant virus particle, which would then infect other
cells. Reverse granscription of the viral RNA wouyld result
in prowviral DNA harboring this deletion. Subsequent
transcription would result in the stable transmission of
this lesion to progeny virus. B

To our knowledge, this is the first indication of a
deletion in the coding region of a eucaryotic viral genome
which was likely to have arisen through a mechanism
involving RNA splicing and reverse transcription. It is also
possible that a point mutation occurred at the DNA level to
produce a splice donor sequence that would exactly match the

consensus sequence. However, this would probably not

Increase the level of this splicing event since splice

donors which do not match the consensus sequence at the




»”

Figure 19. Mechanism of mutant production. Genome-length
viral RNA (wt RNA) |is aberrantly spliced at the site of the
deletion to produce,a mutant RNA genome which is
subsequently packaged to prqﬁuco a fusiform viral particle.
d: splice donorj a: splice asceptor; &; deletion in RNA.
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fourth or fifth position exi1s5t 1n the chicken cellular sgrg
gene (Takeya and Hanafusa, 1¥83), Iin which they are

efficiently used.

k3

1

Recent reports have demonstrated the irnvolvement of
intron sequences In lartat formation during pre-mRNA *
splicing (Reed and Man:atis, 1985). A sequence similar to

the consensus sequence for branchpoint formation

(PyXPyTPuAPy) caﬁ be found 18 nucleotides upstream from the
proposed splice acceptor, which 1s the same spacing observed
in the human alpha globin IVUS 2 and rat insul:in JUS | (Reed
*
and Maniatis, 1983). We have noticed that the consensus
sequence for branchpoint formation resembles the inverse
complement of the splice donor consensus sequence. [f the
proposed splice donor sequence of this cryptic intron s
compared with the inverse complement of the suggested
branchpéint sequence, a 7 of 8 nucleotide match 158 found.

Interestingly, these two sequences differ from their

respective consensus sequences at a single position, but the

two differing residues complement each other and contribute
to the match found between these two consensud sequences. I+
base—-pairing occurred between these two sequences in viral
RNA, it might assist in branchpoint formation and splicing
of this cryptic intron, since this would bring the G res:due
at the boginhing of the intron close to the A residue in the
branchpoint acceptor consensus sequence (Figure 13B). The

close proximity of these two residues might enhance the




t

secondary structure in controlling the use of splice sites

formation of the 2° to 35’ phosphodiester bond of the

branchod‘RNA structure.

The question arises, however, as to why the proposed
splicing event does not occur at a high rate 1n normal
wild-type RSU-infected cells. Other than the existence of
consensus splice donor, splice acceptor, and branchpoint
acceptor sequences, the requirements for splicing are not
completely understood (Sharp, 1985), sc there is possibly
some requirement for splicing that this pseudo-intron 1lacks,
and the splice which produced this deletion was a PQ]&QIUQ‘Y‘
rare mistake. Since the region deleted from the virus
contains several characteristics of a eucaryotic intron and
there Is no evidence of homologous recombination having
occurred, we conclude that this deletion was generated by an
unusual splicing event which is pr;sumab1y a low frequency
*mistake® of the RNA splicing machinery. The consensus
sequences éiscu;sod above cannot be the only f;ctors

controlling the splicing of this intron—like untt.

A recent report has demonstrated the impor tance of RNA

"(Solnick, 1986). This study showed that exons were not

efficiently spliced from pre-mRNAs if the exon was placed In
the loop of a hairpin structure created by inserting 100 bp
inverted repeats into the flanking intron sequences. This
study indicates the importance of RNA secondary structure in

controlling the utilization of splice donor and acceptor

sequences (n yivo. It is unlikely that the 8 bp inverted




.repeat located within the cryptic intron described here is

[ U : L ’
preventing spiiciqg from occurring. Secondary structure
~ [ 4

formed by the association of these 1nverted repeats might
«\actuatiy enhance splicing as discussed above.

We have noticed that the splice donor sequence involved
in the fusiform delet:ions 1s S5 bp gownstream from the exon
37exon 4 yunction 1n the human and chicken cellular src
genes. 1f expn sequences are important in the selection of
splice donor and splice acceptor sites, the utilization of
this splice donor sequence may be due to i1ts close proximity

to an actual S’ exon boundary.
. AN

Another study has suggested a requirement of methylated
residues 1n viral RNA for splicing to occur in the RSV

system (Staltzfus and Dane, 1982). Several

Néﬁmgthyladenosvne (mSA) residues are present in the 3 half¢
of ;he RSV genome. The production of subgenomic mRNAsS was
shown to boy;nhibnted in the presence of an agent that
decreases DNA and RNA methylation (crcloleucine). 1t has
been proposed that méA may be a positive signal for branch
fqrmatfon'during pre-mRNA splicing (Zeitlin and
-Efstra{iadi&. 1984). In this regard, the consc;sus scqgég;os
surroundﬁng lhe A residue involved in branchpoint for j%:pn
, >

(PuAPY; Sharp, 1983) resemble the consensus rosiduéggazﬂg

. : Ti
surrounding sites of RSV RNA methylation (PuAC; Kane and
Beemon, 1985). Several of the sites of mSA RNA methylation
have been lotalized in RSV RNA (Kane and Beemon, 1983), and

two sites of RNA methylation are in close proximity to the
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cryptic intron described in this chapter (350 and &0 bp‘5’ to
the proposed splice donor sequence). In contrast to the
models of m®A function discussed above, Kane and Beemon
(1985) have suggested that méA negatively regulate; the
utilization of potential splice acceptor sequences.

In order to 1nvestigate the possibil:ty of methyiation
controlling the splicing of this cryptic intron, wt
RSU-infected cells were treated with agents that affect
methylation of nucleic acid. The five-fold reduction of
cleavage occurring at the proposed'spf:ce acceptor site
' observed in the presence of 40 mM cycloleucine was similar
to the three to four-fold reduction i1n the production of RSV
subgenomic RNAs reported by Stoltzfus and Dane (19822.
Inhibition of cytosine methyf:tlon by 5—az;cytid|ne did not
produce any significant effect on the utilization of the
splice acceptor sequence, suggesting that 1t is the
reduction of m®A residues that is affecting the level of
utilization of the splice acceptor sequence.\The inhibition
of cleavage at the proposed splice acgoptor site in the
presence of cycloleucine supports the hypothesis that this
sequence is indeed capable of funct;oning as x splice
acceptor. Since treatment with cycloleucine has a
detrimental effect on the level of splicing bccurring at the
splice acceptor site within the cgrptic intron, the low
level of utilization of this site in wt RSV RNA may not be
due to x lack of m%A residues near the splice acceptor site.

<

However, there may be a 1ow level of methylation occurring




at the A residue within the branchpoint acceptor consensus

sequence which is located 18 bp S’ toc the splice acceptor.

This A residue is also within an AAC s which 18 a

potential site of RNA methylation (Kane Beemon, 1983).
{f methylationh of this A residue 1s required for splicing,
methylation at this site may be occurring :1n 0.3 of the RNA
molecules, re{u!tung in the 0.34 level of splicing detected
at this site. The lower splicing efficiency in «the Bresence
of cycloleucine could also be explained by a general
reduction in splicing efficiency due to the inhibition of
méG capping of pre-mRNAs.

Alternatively, 1t 1s possible that a specific cellular
environment may control this unusual RNA spljcing'euent. A
particular state of cellular differentiation may be required
for this sblic:ng event to occu;. Since chicken embryo
fibroblast preparations are of a heterogeneous nature, the
low frequency of utilization of the splice acceptor sequence
detected 1n wt R“SV—infoc.ted chicken embryo’broblasts may
be due to the low freqyency presence of a particular
differentiated cell type that is capable of performing this
splicing event. Perhaps certain cells types are able to
control their morphologQy by regulating the frequency of
occurence of similtar splicing events. The splice donor and
acceptor sequences involved in the splicing of this cryptic
intron are present in the chicKen c—;ﬁ; gene, which suggests

tgat this event could occur in RNA transcripts of the c-srg¢g

gene. However, It is not possible to extend theories

»>




regarding the possible splicing of this cryptic intron to
the human c-gr¢ gene, since neither the sp}ice‘donor or
acceptor sequence is intact 1n human c-gr¢ (Figure 3.

The frequency of occurrence of this splicing event is
of particular interest, since three of four fusiform mutants
isolated from the same wild type stock contained identiéel
deletions. On the bast+s O0F current evidence, we are not able

to distinguish whether the deletion observed in the three

Y e -

morphf mutants described here arose through three
independent events, or if this partucula; &eletion was
present in the original wild-type stock gsod for mutant
isolation. Utilization of the sp%iée acceptor sequence in
wild-type RSU-infected cells as doddced from S| mapping of
wt RSU-infected cellular RNA (Figure 17), was at a leve!
similar to the frequency df mutant isolation, and supports
the possibility of identical deletions arising from
independent events. ST329 was isolated by D. Fujita in the
laboratory of W.$ and H. Robinson several years prior to the
isolation of the walOI and WO201 mutants (Fujita i& at,
1981b), and contaips a point mutation relative to wt RSV
that is different from the point mutation present in WO101
'anq UOZO!,Isupporting the possibilty that the deletion in
the ST32% virus arose independentliy of the WO10! and WO201

doJotiong.

3.4.2 DETECTION OF CLEAVAGE OF WT RSV RNA AT THE PROPOSED
SRLICE ACCEPTOR SITE ™ -
- /’

w/
/’—\‘—-"/




Ti-RNase A mapping demonstrated the presence of the
deletions observed at the DNA level in the viral RNA of the
mutants. No protected fragments corresponding to the
utxlczagaon of the splice donor or splice acceptor sequences

were detected above th; background produced by probe . y
’
L]

degradation.

When S1 nuclease mapping was performed, the background

created by probe degradation was low enough to allow
—

*”

detection of a protected fragment corr;spond'ng to cleavage
of the RNA at the proposed splice acceptor site. The
intensity of this band was approximately 0.5/ of the
full-legngth wt RSV RNA-protected aNA band. These results '
suggest that the splice acceptor.sequence described here may
be used at a low level in wild-type RSV infected cells. The
frequency of splicing of the cryptic intron.can not be |
inferred by observing the irequeﬁcr at which either the
spl?co donor or acceptor site is used. However, the
frequency of splicing of this intron must be less ;han 0.5
percent. This frequency 's similar to the unusually high
frequency of mutant iiolation (approximately 0.2/ of foci
examined; I. Nedic 'and D. Fujita, unpublishoa ;bsoévation)i
It therefore appears that the event which created Eho
deletions observed in the mutants was a low frequency,
aberrant RNA splicing svent. The i;troduction of a stop

. codon into the intron-1like scgmonf in wt RSV would allow
selection of fusiform revertants that had spliced out thlﬁ\

-

s
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region and might allow quantitation of this proposed

splicing event.

3.4.3 A COMMON REGION OF V-SRC IS DELETED IN SEVERAL

FUSIFORM MUTANT UIRUSES

LY

Another fus:form mutant that has been molecularly
characterized by DNA soquenﬁang 1 dl S5, a Pr-C mutant
described by K:tamura and Yoshida_ (1983). Fig. 20 diagrams
the deletion of WO10! ;nd compares :t wrth the d! S
deletion. D! 35 contains two deletions; the first delettan
of 194 nucleotides (435 a.a.) causes a frameshift in src
which continues for 33 aminp acids before the correct
reading frame is restored by an additional deletion of 11
nuc!oot|d{f. The leston 1dentified 'n WOI10!, WO201, and
ST529 mutants descr i bed here creates a {ess drastic

alteration in the gr¢g protein, deleting only 23 amino acids

with no changes in the rematning amino acids of pé0v—srg.

However , H‘dqlotton overlaps with a small portion of the
deletion defined in di S, suggesting that the region defined
by this overlap is important for the production of the
fusiform ;orphology. It is 1important to note that the

fusi form-associated deletions do not extend into the kinase
domain of p&OY RLE which is consistent with the previously
reported kinaso’;cYuuity of these mutants (Fujita ¢t al,
1981a; Kltamura and Yoshida, 1?83).

w The region in or near the overlap may be important in :

regulating the activity or substrate specificity of the srg




Figure 20. ASsmall of overlap of deletions present .
in fus:tform mutants. The sequence shown 18 of SR-A (Takeya ~
and Hanafusa, 1982). The amino acids in italics are those oOf

the proposed internal open reading frame. The shaded region

is the region of querlap which contains the start codon of

the open reading™~frame (24), The deletion identified In

WC101, WO201, and ST329 is indicated by the heavy

underlining. The lighter underlining indicates the regions

deleted in the dl S mutant (19). The dotted underlining

represents the region of missense amino acids in dl 3.

Additional alterations present in ST52% and WO101/W0201

are
also indicated below the wild-type sequence.
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protein i1tself, possibly resulting in an alteration in
L]

phosphoryiation of one or more targets affecting the

Y

morphological changes 1n transformed cells. In th:is regard,
[
two mutants of Rous sarcoma virys that were created by in

vitro mutagenes:is (NY310 and NY311) possess deletions that

overlap with this region and are reported as causing

fusi form transformed-cell morphology (Cross et al, 1985;
Figure 31). Of particular i1nterest is the presence of both a
trosine at position 138 and a serine residue at posi tion
140 v the region of overlap between the WO10! and dI5
deletions (Figure 20). Mutations replacing either of these
residues might have an effect on the morphology of
transformed cells 1 f phosphorylation of these residues 1i1s
impor tant.,

A particularily anteréstang observation 15 that the
overlap region of LOI0l and di 5 deletions contains the
start codon and several possible coding residues of an open
rgadnng frame sufficient to code for a small 7kd prﬁheun
f:om the -1 reading frame within the gr¢c mRNA 1n 1nfected
cells, as shown by the amino acid sequence 1n i1talics above
the normal coding sequence of p&0Y RLE n Figure 5. The
shaded region 1s the region of overlap which contains the
start codon of the internal open reading frame. The ability
of the sr¢c gene to produce two proteins was suggested by a
study of mutant 000 and its revertant 000#% by Mardon and

Varmus (1983). The 7Kd protein itself was not detected in

this study, but its existence was implied by the apparent




&

»

use of the internal AUG of the open reading frame. The
results ;ound wnthtthe fusiform mutants suggests that the
’kd open reading frame might possibly be i1nvolved in
pPOd;Can some of the morphotlogical alterations observed in
cells transformed by RSV, since the two deletions identified
overlap at the nitiation codon of the internal open reading
frame. However, 1t 1s difficult to reconcile this
possibility with the following observations: 1, The sequence
of wild-type Pr-C determined by Kitamura and Yoshida (1983
reveals a stop codon immediately following the AfG of the
7Kd internai open reading frame. 2. The 000* revertant is
not capable of producing the 7kd peptide, and there 15 no
'report of abnormal morphololigy 1n this transformed revertant
(Mardon and Varmus, 1983; Oppermann et al, 1981)>. 3. The
deletion of amino acids 173-227 of p&OV™SLLC (tsCHII®)
removes over half of the open reading frame, but does not
cause fus!iform morphology 1n mutant-infected cells (Bryant
and Parsons, 1982; Figure 21). Also, a comparison of the
open reading frame between chicken and human c-src
demonstrates a lack of evolutionary conservation of the
proposed product, suggesting that it does not play an
important role in normal cell growth and development (A.

Tanaka, unpublished observation).

£

-

3.4.4 A PUTATIVE DOMAIN OF PsoVY~SRC CONTROLLING

TRANSFORMED-CELL HORPHOL0€3~\
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The results ohtained with the fusiform mutants suggest
that the region of the sr¢ gene near the initiator of a 7 Kkd
internal open reading frame 1s 1mportant in the control of
the morphology of cells transformed by Rous sarcoma virus.
1t 15 probable that the region of overlap of the
fusiform-assoctated deleticns discussed above 15 of
importance in the function of pé0Y " 2LS&  tself. For example,
this region of p&0YTELE may be part of a protein domatn that
influences the spec\flcaty or extent of phosphorylation of
one or more cellular target proteins responsible for some of
the morphological dhanges in RSV-transformed cells, and
disruption of this domaln‘by the observed dclétcons may
prevent the src protein from acting on substrates which
normally lead to these morphological changes.

The possibility of additional amino-terminal soqucdc;s
contrfbutlng to a fussiform~related domain 1% sugg??tod i
one considers twa in vitro generated mutants (NY309,
1057C6A) that do not involve this region but alter regions
closer to the amnno-term}nus, and are reported as causing a
"fusiform-)like" morphology (Cross et LL: 1984; Hughes ¢t al,
1984; Figure 21). If the phenotype of these mutants is

indeed fusiform, it suggests that other regions of ~the

primary amino acid sequence of pé0V " REL contribute to the
fusiform-related domain. Alternatively, many different
alterations capable of affecting the size or conformation of

the amino-terminus of p&0Y™3LS may be sufficient to cause
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altered phosphorylation of a target important for
morphological transformation of cells infected with RSV,
Figure 21 1s a summary of several deletion mutants of
the amino-terminal region of psOV™RLE that have bee;
characterized. Analys:is of the overlaps of these deletions
suggests that a limited region of péOV‘ELS'as involved 1n
fus: form mutants, since all of the fusiform mutant deletions
aftect the region of pé0Y " 2LE gpanning amino acids S0 to
169, and deletions of amino acids 15 to 49 (NY308), or 173
to 227 (tsCH119> do not cause fusiform morphologyr.
Therefore, this region may coniain all the primary amino
aE;d sequences that comprise a domain responsible for —
selecting targets of the src protein i1nvolved 1n produging
morphological alterations 1n RSVU-transformed cells. The
involvement of amino acids 149 to 169 1n the generation of
fusiform mutants 1s in doubt, since the insertion of 30
amino dci1ds at position 128 (000%) does not create a
fus:iform mutant (Mardon and Varmus, 1983) and the mutants
containing deletions up to amino acid 1469 (NY310, NY320) are
reported as generating fusiform-type morphology after
several passages of virus—infected cells, and the viruses
are somewhat defective in focus formation (Cross et al,
19835). The generation of a fusiform mutant by the addition
of 30 amino acids at the N-terminus of p&OV RL& (1057CGA;
Hughes ¢t a1, 1984) can only be explained by an altered

conformation of the protein due to the addition of these

extra amino acids. However, this observation does not refute




Figure 21. Summary of p&0V™2LS N-terminal alterations. The
origin of each mutant is described in the text. The numbers
in brackets indicate the amino acid number at the beginning
and end of each deletion, or the position of an insertion.
Alterations below the dotted line are those mutants which
are capable of producing rounded virus—transformed cells.
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the hypothes s that amino acids 30 to 149 spec:fy a domain
of the sr¢c prote:n required for complete morphological
transformation of cells infected by Rous sarcoma virus. In
order to more closely define the region of p&OY " RL& ,puolived
in producing gérpho!ogical alterations 1n RSVU-transformed
cells, 1t wil) be necessary to 1solate additional RSV
mutants that conta:n amino-terminal p&0O¥Y " 2LE detletions, but
retarn a normal round transformed-cell morphology. It 18
significant that the deletions involved in all of the
fusiform—-type mutants characterized do not extend i1nto the
Kinase domain of p&OY~"3LE which 158 consistent with the
expectation that an altered sr¢g protein stil} requnr;s

kinase activity to produce the partially transformed

henotype. -




CHAPTER 4
TWO SEPARATE LESIONS ARE REQUIRED TO PRODUCE THE

TEMPERATURE-SENSITIVE PHENOTYPE OF ST529




INTRODUCT | ON

Al though the mechanism by which p&0Y ™28 transforms
cells remains unsolved, the i1solation and study» of
temperature-sensitive mutants of the src gene has lead to
significant advances in Knowledge regarding the function of

»
the src protein in RSU-transformed cells. Studies 1nvolving
ts src mutants have established the importance of the src
_gene product, its Kinase actrvity, and the membrane

localization of p&OV~SCE in the maintenance of the

transformed state (Toryoshima and Vogt, 19469; Har}vn, 1970;

-

Kawai and Hanafuga, 1971; Garber and Hanafusa, 1983).

5 [ 4
Analysis of ts mutants has also revealed the existgnce of

different functional domains within the p&O0Y "2BLEL protein. A
study by Stoker et al (1984) demonstrated that
carboxy-terminal lesions affecting Kinase activity, as well
as amino-terminal lesions that have little or n; effect on
Kinase activity, are capable of causing ; ts tran;formatlon‘
phenotype. The existence of ts lesions outside of ;he “
protein domain containing the kinase activity of p&0OV 2G|

suggests that additional amino-terminal protein domains are

responsible for the recognition of targets phosphorylated by

~ -

R

the gr¢ protein, or.for the modulation of the actiu;ty_of
péovRLE,

The lesion in a mutant with ts psOV RS activity was
recently charactorized by holecular cloping and DNA
sequencing (tsNY48; Nishizawa ¢t al, 1985>, and this mutant

was shown to possess two carboxry—terminal alterations that
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A

wor?*%oth required to produce the ts transformat:on
phenotype. The exact mechanism of the ts behaviour of this
mutant is unknown. It has been reported that tsNY&8
infected—-celis maintained at the non-permissive temperature
contain p&8Y 2LE aimost exclusively as a cytoplasmic protein
bound to the pS5S0 and p?Q proteins implicated in the . ]
transport of p&0Y RCE to the b}asma membrane. The carboxy
terminus of the-ggg protein is thought to be inuvolved in
_formlng the complex with p3S0 and p%0, since antisera raised
against the carboxy terminus of p&02CE do ﬁot precipitate
the complex as efficiently as does tumor-bearing rabbit
serum (Sefton and Walter, 1982}, and 1n vitro constructed
src mutants with extensive N—-terminal deletions are capable
of tr;nsiont complex formation. The inability of tsNYé8 to
transform cells at 41 degrees C coula be due to either a
decreased Kinase activity or ar, altered protern structure
resulting in the trapping of the src protein in the complex
wi th p30 and p¥%0. .

The cloning and sequencing of two other ts mutants has
been recently reported (Fincham and Wykeé, 1984). The ts
behaviour of each of LA24 and LA31 is due to a distinct
single amino acid substitution near the carboxy terminus of
the 3r¢ protein.

A ts mutant has been generated by in vitrg mutagenesis
(tsCHI119; Figure 20), and this mutant contains an .

amino-terminal deletion which is presumed to be responsible

for the ti phenotype of cells infected with this mutant
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(Bryant and Parson, 1982). The gr¢c protein from these cells

exhibited only a S50/ reduction 1n Kinase activity when

-

-~

1solated from cells grown at 42 degrees C. Th¢i’delotron may
encompass an amino-terminal domain of psOY 2LS that s
important for transforming a£i¥itr but not essential for
Kinase activity.

This chapter describes the analysis of the lestions
dirscovered in the ts fusiform™utant, STS29. Recombinant DNA
techniques were used to separate the two lesions present in
STS529 in order to determine if both were required‘to produce
the ts behaviour of STS2%9-infected cells. Hybrid viral DNA

molecules were transfected into chicken embryo fibroblasts,

and the resul*ing phenotype was observed.

S
~a
[




4.2, RATER]A METHQ

4.2.1 CONSTRUCTION OF HYBRID VIRAL DNAS

The method used to construct the hybrid molecules

required for this study took advantage of three convenitently

located restrictiton enzyme sites which cleave the viral DNA
into three fragments: (1) a Sac | to Sal I fragment
containing the gag, pol, and part of the enuv gene (i11) a Sal
1 to Hinc 11 fragment containing the rest of the env gene
and the beginning of the src gene which contained the single
G to A nucleotide substitution in STS29 viral DNA. (i11) a
Hinc Il to Sac I fragment containing the rest of the src
gene which harbored the 75 bp deletion 1n STD29 viral DNA.
The 1.5 kb Sal I to Hinc Il and the 2.3 kb Hinc Il to Sac I
fragments were obtained by digestion of viral DNA with all
three enzymes and electroelution (as described 1n chapter 2)
of the appropriately sized fragments. The 3.7 Kb Sac I to
Sal | fragment had to be obtained from a Sac 1/S5al 1
dugosQ}gq,éf viral DNA since Hinc Il cleaves several times
within this fragment. The three fragments were i1sclated from
both STS29 and wt RSV cloned viral DNAs.

Equimolar amoynts of each fragment were mixed w)th two
molar equivalents of Sac | clgau-d ANQtWES DNA. The WO032%
hybrid contarned 3’ ST3529 grg sequences joined to 3° wt grg.
UO?PI contained wt 3’ grg joined to 3° ST329 gr¢ (Figure

21). The mixture was ligated for 4 hours at room temperature

(see section 2.2.8 for conditions) and then packaged in




vitro (see section 3.2.49). The resulting phage stock was
plated at Yow density and & plagques were picked and
analyzed. The methods used for preparation of viral DNA and

analytical agarose gel electrophoresis are described In

chapter 2.

4.2.2 TRANSFECTION OF VIRAL DNA INTO CHICKEN EMBRYO

FIBROBLASTS

The technique used was similar to the CaCl,
transfection procedure described by Stowe and Wilkie (1978).
5 ug of Sac | cleaved lambda DNA containing a RSV viral DNA
insert was added to | ml of HEPES-buffered saline (137 mM
NaCl, 5 mM KC!, 7 mM NasHPO4, & mM dextrose, 20 mH HEPES pH
7.05), The DNA was precipitated by the addition of 0.l
volume qf 1.25 M CaCl, while bubbling Ny through the
solution. The precipitate was added to a 100 mm plate of
.chncken embryo fibroblasts which had been seeded at a
density of 1 X 109 cells per plate the previous day. After &
hours at 37 degrees, the medium was removed and the cell
monolayers were treated with 1| ml of 30« dsﬁethyl sul foxide
in HEPES-buffered saline for 4 minutes. The pliates were

washed with fresh medium and then maintained at 37 degrees C

wi th the media changed daily.

4.2.3 FOCUS ASSAY (OF RSV

Trypsinized chicken embryo fibraoblasts were seeded at a
i .
density of 1 X 10% cells per 40 mm-plate. Two hours after

plating, 0.1 ml of diluted (1071 to 10679y viral stock was




added to each plate. 12 hours after infect.on, the media was
removed and replaced with & mls of agar overlay (2X Hams,
107 TPB8, &, fetal calf serum, 0.1 sodium bicarbonate, 0.54
*\7 dimethy! sulfoxide, 0.7/ regular agar). 3-4 dars after
overlaying the cells, an extra 4 mis of agar overlay was

added. Foci of transformed cells were counted at day B.
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4.3 R LY

4.3.1 LESIONS PRESENT IN S752%

The cloning and sequencing of ST32%9 viral DNA moleCul}s

1s described 1n chapter 3. The position of the two STS29
alterations relative to the DNA sequence of wt RSV are shown
in Figure 20. The 75 bp deletion and the associration of this
deletion with the production of the fusiform morphology 18
described 1n chapter 3. The additional G to A transition at
nucleotide ?Z? of th; src coding sequence was thought to be
responsible for the ts ‘transformation phencutype of

- S8TSEP-infected cells. In order to Inugstigate the
pos;|bc1«tr that the deletion present m ST&éV«contrﬁbutcs
to the ts bhenotrpe, hybrid molecules were ‘constructed using

STS529 and wt SR-A RSV DNA ciones to allow the study of each

lesiton 1ndependently.
4.3.2 ISOLATION OF HYBRID VIRAL MOLECULES

Recombinant AQtWES phage containing hybrid RSV
molecules were genorated by mixing and ligating appropriate
c;Rbinatlons of the ??agments isolated from wt and ST529
viral DNAs, and packaging the DNA in vitro. Phage plaques

were picked at random, and the viral DNA was isolated and

tested by‘ostmct:on enzyme cleavage and agarose gel
electrophoresis., OFf the phage tested, at least haif of the
recombinants contained the desired 9.4 Kb insert of viral .

DNA. AQtWES phage containing no Sac I i1nsert comprised the




rest Of the phage 1solated. The ident:ty of the recombinants

with the structure of wt'RSU DNA was conflirmed by digestion
with Eco Rl, which rielded fragments of 3.7 gb, 3.1 kb, 2.0
kKb, and 0.3 kb, corresponding to the pattern expected from a
wt RSV molecule. The structure and name of the constructs s

shown 1n Figure 22.

<

4.3.3 TRANSFECTION OF VIRAL DNA MOLECULES

Small foci of transformed cells were visible three dars
after transfect:ion, and passage of the cells at this ti.me
resulted in plates of cells that were completely
transformed. Media was collected at six days post-
transfection, frozen at -70 degrees C, and kept as a viral
stock. The viral stocks were titered I1n focus assars, and
contained 1-2 X 107 focus-forming units per ml. Cells
transfected with WO326 recombinant DNA had a rounded celt
morphology identical to that of wt RSV-transformed cells.
Transformation by W0526 was not ts, as confirmed by parallel
focus assays performed at 37 and 42 degrees. %ransfection
with WOS01 yielded ccl]s with a fusiform transformed-cell
morpholoQy which were also non-ts. The ST529 molecular clone

produced temperature-sensitive fusiform transformation of
-

transfected cells.




Figure 22. Construction of hybrid wtRSVU/ST329 DNA molecules,
Wt RSV is indicated by the thick lines, ST329 is shown with
thin 1ines. The positions of the deletion and the
ts~associated alteration are indicated. The methods used to
construct the WQOS0iI and WOS28 hybrids are described in the
text. The major structura! features of proviral DNA are
shown, including the long terminal repea® (LTR). Restriction
enzyme sites used for construction of hybrid molecules are
shown . .
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4.4 DISCUSSION

In order to investigate whether or not the

-

fusiform-retated Be\etion in STS52% contributes to the ts

nature of this mutant, hybr{d Sr¢ genes were constructed

using STS29 and a wt RSV molecular clone. [t was possible to
separate the ts—associated lesion from the fus:form-
assocrated lesion by making use of a Hinc Il restriction
enzyme site which was located between the two lesions I1n
ST§29 viral DNA (see F{gur: 22). The scheme used for
construction took advantage of the packaging limits of A

. gpNAJ A ligation react ®on conta{nfng five different DNA
fragments was perfor&td, but only one poss:ible combu%ataon
of the five fragments could be efficiently ligated QAG
pacKaged. This selectiron resulted in the nsolatlon-of only
the hybrid molecules desired.

The biological actrvity of the hybrid viral DNA
molecules was tested by transfection i1nto chicken embryo
fibroblasts, which generated foct producing viable virus
particles and lead to the infection of the entire plate of
cells. Table 4 shows the results of transfections with
ST529, wOﬁgé, and WOS01. The W0O501 hybrid contained the 7S5

bp deletion at nucleotide 347 of the gr¢ gene coding

sequence, and produced infected cells that were fus:tftorm and
non-ts as expected from The results obtained with the WO101
;nd W0201 fusiform mutants. The W0324 hybrid molecule that
contained the single base change at nucleotide 277 of 1&;,

with no other alterations, produced transformed cells that




a

b

TABLE IV

1 ECULE

PHENQOTYPE OF HYBRID RSV MO

TRANSFORMED CELL MORPHOLOGY

TRANSFORMATION

37 “i

SR-A wed ROUNDED

STS29 FUSIFORM

w501 FUSTFORM

w526 ROUNDED

Morphelogy of cells within foci was observed
P 5

All viruses fadicated as positive had a transforming titer of

greater than iX10

is indicated as negative.

focus forming units per ml (ffu/ml). At 4l
degrees C, ST529 had a titer of approximately 1X10

&5

ffu/ml and
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were surprisingly, non~ts and possessed the same morphology

‘as wt RSVU~-transformed cellsutyhe molecular clone of STS29

produced fusiform-transformed cells that were ts. These
results indicate that the substitution of lysine for

glutamic acird at amino acid 93 of péOV-SLre g not sufficrent
. »

to produce a ts transformed-cell morphology, and the
deletion of amino acids 114 to 140 contributes Iin some way
to the ts nature of STS29-transformed chicken embryo
fibroblasts.

The additional G to A substitution at nucleotide 277 of

src, causes the substitdtion of lysine for glutamic acid at

residue 93 of péOYT2RLE (Figure 5). This alteration must
contribute to the temperaturé-sensitive transformation
phenotype of STS29 infected cells. The substitution of
Irysine for glutamic aci1d would produce a change in the local
charge of p&0Y™SLC of +2, significantly modifying {;o
electr;static environment of this region of p&02LS,
Presumably this region could'have some modulatory effect on
ps0Y "2LE Kinase activity, and the change in -this region 1n
the mutant might inhibit the Kinase activity at elivated
temperatures. The occurrence of a tyrosine residue adjacent
to the mutation may have some significance in this.respect,
since N-terminal phosphorylation on tyrosine Aas been
assoctated with increased péolii Kinase speci1fic activity
by several investigators (Collett et al, 1983; Purchio ef
al, 1983; Bolen ¢t al, 1985; Yonemoto ¢t al, 1983). Trrosine

phosphorylation within the N-terminal half of pé0V ™% C has
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2
been observed 1n the presence of high ATP concentrations and

results in elevated Kinase activity (Collett et al, 1983;
Purchio gt al, 1983). Interestingly, phosphaorylation of a
tyrosine residue in the corresponding region of murine
pé0c " 2L& has been shown to occur as a result 54 association
witth polyoma middle T antigen Iin polyoma virus transformed
cell lysates., This phosphorylation event has been correlated
with an increase 1n péoc"éﬁi Kinase activity (Yonemoto et
a1, 1985). If the tyrosine residue at position 92 is a site
of phosphorylation assotiated with increased Kinase
activity, the mutation in ST529 might conceivably inhibit
phosphorylation of tyrosine 92 at elcvated temperatures.
Examination of residues surrounding sites of tyrosine
phosphorrylation 1n several proteins has shown that
phosphorylated tyrosines are in close proximity to a
giutamic acid residue (Patschinsky et al, 1982)., The mutated
residue adjacent to tyrosine 92 in ST$29 is glutamic acid,
supporting the hypothesis that tyrosine 92 is a functionally
tmportant site of N-terminal tyrosine phosphory1ation.
Several other in vivp generated temperature-sensitive
$rc mutants have been characterized by DNA sequencing.
TsNYé8 contains two carboxy-terminal alterations that are
both required to produce the ts phenotype (Nishizawa et al,
1983). LA24 and LA3I (Finchaﬁ and Wyke, 1984) each contain a
;inglo amino acid change near the carboxy terminus that is
‘fosponsiblo ?or temperature-sensitive ps0RLS fctivity. The

in vitro ts mutant generated by Bryant and Parsons (1982),

-4




contains a deletion of amino acids 173-227, but does not

have & fully ts Kinase activity. R . -
ST329 represents a different class of ts mutant, sipce

1t contains two N-terminal alterations, associated with a

thermolabile pé0Y™2LE kinase activity. Also, it should be

noted that although the deletion present in ST52% can be

solely responsible for fusiform morphology, the results

obtained with hybrid viral molecules i1ndicate that the

deletion contributes 1n some way to the ts nature of this

mutant.
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This work 1nvestigated the structure and function of
the srg gene from two different aspects: the normal cellular
src gene and the oncogenic viral src gene. The structure of
the normal non-transforming human cellular sSrc gene was
determined and compared with the published chicken cellular
srg gene structure (Takeya and Hanafusa, 1983). This study
revealed a remarkable struct;ral conservation of the
cellular gr¢ gene between two evolutionarily distant
species. The coding region of both human and chicken
cellular gr¢g is deod into 11 exons and the sizes and
boundaries of src exons are identical in both species. The
human and chicken p&0%RLS predicted amino acid sequences are
P84 ho@ologous, suggesting an important, evolutionarily
conserved function for the gr¢ protein.

A possible DNA binding domain within the sr¢ protein
w;s described. The domain was detected by comparison of the
hum;n grg protein with the consensus residues of known DNA
binding domains. It is interesting to speculate that the src
protein might be able tg migrate into the nucleus to a small
extent and bind to tho‘;oqtrol regions of genes whose
expression is required for accelerated cell grawth,

-

The study of the fusiform mutants of Rous sarcoma virus

»

helped to define an amlno-terminal redion of the grc protein

that is likely to be involved in the interaction of the grc
.

protein with cellular targets that are Importakt for the

&

production of morphological changes in RSV-infected cells.
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It s possible that the fusiform mutations destror a domain

o#\tho s$r¢c protein that 1s rcqu;rcd for binding to vinculin,
and phosphorylation of vinculin at a site required to

Kl

produce morphological transformation i1s«-inhibited.
Analysis of the alterations in STS2% revealed two

amino-terminal alterat:rons that were required for the

by

production of the ts phenot.pe. A region of overlap was
found when the delet:ion observed in the WO10i, WO201, and
STS529 mutants was compared with the deletions 1n the di3

fusiform mutant described by Kitamura and Yoshida (19832,
The region of overlap contained amino’acids 135-x4q of
PSO0V—2FSC  This region presumably contains amino acid
residues that are crucial to the recognition of p&ovV 3%
targets inuolved in the control of cellular morphologr. We
also noticed that the region of overlap contains the
initiation codon of a previously described internal open
reading frame within the grc gene (Mardon and Varmus, 1983).
However, there is no evidence linking disruption of the
internal open reading frame with production of the fusiform
morphology.

A close analysis of the region deleted in the WOI0!,

WO201, and STS2%9 mutants showed that the dolot:d reqgion had

all the halimarks of a typical eucaryotic intron. S1 mapping
of wt RSV RNA indicated that the proposed spliice acceptor ¥
was utilized at a low frequency in wt RNA, This Is the first
indication of a stable deletion in A»odéaryoédc viral genome

arising through RNA splicing and reverse transcription.




The results obtained from the charactorizatlon of the
celliular srgc gene assisted in the analysis of the v-grc gene
in two ways. First, the comparison of the human and chicken
internal open reading frames showed a lack of evolutionary
conservation, supporting the notion that this reading frame
is not functionally important. Second, famil:arity with
splice donor and acceptor sequences gained ¢rom fhe analysis
of celiular sr¢ insured recognition of the |ntr'n-like
segment 1n v-3rg, as well as the proximity of XC! splice
donor to the exon 374 jyunction of c-grg.

Future work on human cellular gr¢ should be focussed on
detecting the role of c-src alterations in human c¢ancer or
possible i1n vitrg alterations that can lead to oncogenic

el
activity of péORLS

The results obtained from the analysis of the fusiform
mutants of RSV generates several new questions. [n vitro
mutagenesis can be performed to more precisely def;no‘amino
acid residues important for the morphological transformation
mediated by pdOV~RLC The efficiency of splicing of the
cryptic intron within v-gr¢c might be increased if
appropriate in gl&gg mutations were generated. It would be
intorosti;g to look at v-gr¢c RNA in several different

tissuosQTB see if there Is a tissue specific control of

splicing of the cryptic intron.

~ -
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